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ABSTRACT

 Following DNA damage, the sequence-specific transcription factor p53 

functions as a node for orchestrating biological responses such as cell-cycle 

arrest, apoptosis, and senescence by promoting the transactivation of various 

target genes. Importantly, the ability of p53 to orchestrate these diverse 

processes critically depends on the regulation of p53 by cellular cofactors and 

modifying enzymes. Notably, p53 acetylation is essential for its  transcriptional 

activation following DNA damage. p53 is deacetylated by Sirtuin 1 (SIRT1), a 

nicotinamide adenine dinucleotide (NAD+)-dependent histone deacetylase, 

thereby repressing p53 transcriptional activation. Therefore, understanding how 

the SIRT1-p53 axis  is regulated during the DNA damage response is  essential 

for gaining insight into the mechanisms controlling p53 activation. Here we 

demonstrate that the membrane trafficking protein PACS-2 inhibits SIRT1-

mediated deacetylation of p53 to modulate the cellular response to DNA damage. 

We demonstrate that PACS-2 directly interacts with SIRT1 and inhibits SIRT1-

mediated deacetylation of p53 in vivo. Moreover, PACS-2 deficient cells have a 

SIRT1-dependent reduction in p53 acetylation and p21 expression, resulting in 

increased apoptosis  and reduced clonogenic survival in a p53- and p21-

dependent manner following DNA damage. Based on these observations, I 

propose that PACS-2 is  a critical regulator of the SIRT1-p53-p21 axis to modulate 

the DNA damage response.
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 In addition, the studies in this dissertation describe how the identification 

of PACS-2 as essential for HIV-1 Nef-mediated immune evasion lead to the 

discovery of a small molecule inhibitor that targets a critical PACS-2-dependent 

step in HIV-1 Nef action. To evade CD8+ T-cell destruction, HIV-1 Nef assembles 

a Src family kinase (SFK)-ZAP-70-PI3K complex to trigger MHC-I 

downregulation. These studies demonstrate that chemical inhibition of the Nef-

SFK interaction disrupts  formation of the multi-kinase complex and represses 

Nef-mediated MHC-I downregulation in primary CD4+ T-cells. Moreover, transport 

studies reveal Nef assembles the multi-kinase complex to trigger downregulation 

of cell-surface MHC-I early following infection. By three days  post-infection, Nef 

switches to a stoichiometric mode that prevents surface delivery of newly 

synthesized MHC-I. Together, these studies  suggest Nef orchestrates a regulated 

molecular program to evade immune surveillance and provides new insights into 

the mechanism of Nef action.

 Together, these studies significantly contribute to the understanding of 

how a membrane trafficking protein can have diverse cellular roles linking viral 

pathogenesis to DNA damage and tumor suppression pathways. Future studies 

must systematically determine how PACS-2 coordinates  these various functional 

roles and the cellular and biological contexts for which these regulatory networks 

are essential. Given the diverse nature of the cellular proteins and processes 

modulated by PACS-2, the implications of this data are far reaching and suggest 

that PACS-2 may function in various cellular processes such as gene regulation, 
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cell growth and survival as well as  biological processes such as cancer, viral 

immunity, aging, and metabolism.
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OVERVIEW 

 The identification and characterization of multifunctional genes  has 

significantly contributed to the understanding of how diverse cellular pathways  

and networks are intrinsically connected at a multitude of regulatory steps. The 

central hypothesis of this dissertation is that the phosphofurin acidic cluster 

sorting protein-2 (PACS-2) is essential for key steps in viral pathogenesis 

mediated by human immunodeficiency virus-1 (HIV-1) Nef, as well as for 

regulating p53 acetylation and p21 expression following DNA damage by 

modulation of the deacetylase activity of Sirtuin 1 (SIRT1). The experiments  in 

this  dissertation, 1) describe how the identification of PACS-2 as  essential for 

HIV-1 Nef-mediated immune evasion lead to the discovery of a small molecule 

inhibitor that targets a critical PACS-2-dependent step in Nef action, and 2) 

identify PACS-2 as a negative regulator of SIRT1 and as  an essential mediator of 

p53 activation and p21 expression following DNA damage. These studies 

significantly contribute to the understanding of how a membrane trafficking 

protein can have diverse cellular roles linking viral pathogenesis  to DNA damage 

and tumor suppression pathways.  

 This  dissertation begins  with a general introduction to PACS protein 

biology (CHAPTER 1), including an overview of the eukaryotic endomembrane 

system and trafficking of itinerant cargo, thus providing the foundation for 

describing the identification of the PACS proteins. This  section will also describe 
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the known functions  of PACS-2 and discuss the various roles for PACS-2 in 

cellular trafficking, viral pathogenesis, cell death, and cancer. The subsequent 

chapters of this dissertation are divided into two main components  (PARTS I-II). 

The first component (PART I: CHAPTERS 2-4) relates to HIV-1 Nef-mediated 

pathogenesis while the second component (PART II: CHAPTERS 5-7) relates to 

SIRT1-mediated p53 regulation and the DNA damage response. The first 

component (PART I) begins by describing the relevant literature in HIV 

pathogenesis (CHAPTER 2) and will provide essential background pertaining to 

HIV-1 epidemiology, virology, and disease pathogenesis as well as describe the 

complex mechanisms HIV-1 Nef employs to coordinate evasion of HIV-1-infected 

cells from immune surveillance while promoting pathogenicity of the virus. The 

studies in CHAPTER 3 describe how the identification of PACS-2 as  essential for 

HIV-1 Nef-mediated immune evasion lead to the discovery of a small molecule 

inhibitor that targets a critical PACS-2-dependent step in Nef action. This  work 

was published in Molecular Biology of the Cell in 2010. The results and 

implications of these studies are discussed in CHAPTER 4 and relate to two 

current models of HIV-1 Nef-mediated immune evasion pathways as well as the 

broader context of Nef function.

 The second component of this dissertation (PART II: CHAPTERS 5-7) will 

introduce the integral role of p53 following DNA damage (CHAPTER 5), including 

its complex regulation via posttranslational modifications and various cofactor 

recruitment. Specifically, this chapter will describe the activation of p53 and the 
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function of p53-induced target genes that mediate cell fate processes such as 

cell cycle arrest and apoptosis. In addition, this  chapter will describe how p53 

acetylation controls p53 activity following DNA damage, including the role of 

SIRT1-mediated deacetylation of p53, as well as describe SIRT1 biology and its 

complex regulation. The studies in CHAPTER 6 demonstrate a novel role for 

PACS-2 in regulating how cells respond to DNA damage by modulating p53 

activation via inhibition of SIRT1-mediated deacetylation of p53. This data is 

currently being prepared as a manuscript for publication. The results and 

implications of these studies are discussed in CHAPTER 7. Given the complex 

nature of SIRT1, p53, p21, and PACS-2, the potential implications of these 

studies span cellular processes such as gene regulation, chromatin remodeling, 

cell growth and survival as well as biological processes  such as cancer, aging, 

and metabolism. CHAPTER 8 summarizes the overall conclusions from the data 

presented in both components of this dissertation. 

 Appendices of this thesis include A) a published manuscript describing 

how a hypoxia inducible factor (HIF)-regulated von Hippel-Lindau (VHL)-protein 

phosphatase 1B (PTP1B)-Src signaling axis identifies a therapeutic target in 

renal cell carcinoma published in Science Translational Medicine in 2011 and B) 

Supplementary and Preliminary data depicting additional cellular roles for 

PACS-2.
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CHAPTER 1. Introduction to PACS proteins
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1.1 Membrane traffic in the secretory pathway

1.1.1 The eukaryotic endomembrane system 

 The endomembrane system is a diverse array of membranes in the 

cytoplasm of a eukaryotic cell that partition the cell into various  compartments or 

organelles. This complex system includes the nuclear envelope, endoplasmic 

reticulum (ER), Golgi apparatus, plasma membrane as well as lysosomes, 

endosomes, secretory granules, vacuoles, and peroxisomes. These organelles 

are an evolutionarily conserved set of membranes that form a functional and 

developmental unit through direct connection and/or vesicular transport (Dacks et 

al., 2007, Dacks  et al., 2009, Elias, 2010). The endomembrane system 

coordinates secretory and endocytic pathways to modify and transport cellular 

material. Along with these functions, the endomembrane system also provides 

the organization and machinery necessary to carry out essential homeostatic 

processes such as the production of proteins and lipids, detoxification of drugs 

and poisons, protein secretion, uptake of nutrients, turnover of proteins and 

organelles, as well as  the induction of apoptotic pathways (Dacks et al., 2007, 

Cheng et al., 2010). 

 The endomembrane system integrates with the secretory pathway via the 

generation of nascent polypeptides that are packaged into coatamer protein II 

(COPII) coated vesicles budding from the ER, forming vesicular intermediates 

that reach the cis face of the Golgi complex (Figure 1.1) (Duden, 2003). In the 

Golgi, newly synthesized peptides are further processed and undergo 
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modifications such as glycosylation, phosphorylation, and sulfation until they 

reach their final destination (Mellman et al., 2000). The trafficking of vesicles 

through the Golgi permits the delivery of newly synthesized proteins to the trans-

Golgi network (TGN), a major secretory pathway sorting station that directs 

trafficking of newly synthesized proteins  to specific subcellular locations (Gu et 

al., 2001). Upon exit from the trans-Golgi network (TGN), cellular cargo can be 

sorted to various organelles and may follow a myriad of transport routes 

(Bonifacino et al., 2004, Cai et al., 2007, Pfeffer, 2007, Stenmark, 2009). Indeed, 

vesicles may traffic in an anterograde manner to the plasma membrane or in a 

retrograde fashion originating from the cis face of the Golgi back to the ER. 

Alternatively, these TGN-derived vesicles may fuse with endocytic vesicles 

derived from the plasma membrane or with late endosomes, the latter of which 

can undergo fusion with lysosomes to mediate hydrolytic degradation of vesicular 

contents (Luzio et al., 2007). Moreover, autophagosomes, which are membrane-

bound vesicles that sequester cytoplasmic contents, fuse with lysosomes to form 

autophagolysosomes to mediate the degradation of its contents by lysosomal 

hydrolases (Tooze et al., 2010).

1.1.2 Sorting signals in the secretory pathway 

 The trafficking of itinerant proteins is highly dynamic and relies  on 

canonical sorting motifs within the cytosolic domains of these proteins. These 

motifs are recognized by the cellular sorting machinery and mediate the 
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subsequent sorting and delivery of various cargo proteins to specific cellular 

locations (Seaman, 2008). The complex nature of this sorting process reflects the 

diverse biological functions of these membrane proteins. A well-characterized 

example is the transferrin receptor, which regulates iron homeostasis by 

importing transferrin-iron complexes through receptor-mediated endocytosis 

while constitutively recycling unoccupied receptors from recycling endosomes to 

the cell surface via early endosomal vesicles (van Dam et al., 2002). Another 

example are mannose-6-phosphate receptors  (MPRs), which bind newly 

synthesized lysosomal hydrolases in the TGN, sort them to lysosomes, and are 

then recycled back to the TGN (Griffiths et al., 1988). Similar in this cycling 

nature is  the endoprotease furin, which localizes to the TGN but cycles  between 

the cell surface, immature secretory granules, and endosomes, becoming 

autocatalytically activated as it transits through the secretory pathway (Molloy et 

al., 1999). What these itinerant membrane proteins have in common is that they 

rely primarily on canonical sorting motifs within their cytosolic domains  to be 

appropriately sorted and transported within the secretory pathway. These sorting 

motifs serve as intracellular “address labels” or “boarding passes” that are read 

by components of the sorting machinery that will then, in turn, sort and deliver the 

cargo proteins to their destined compartment (Seaman, 2008, Gu et al., 2001).  

 Eukaryotic sorting adaptors recognize a vast array of sorting motifs on the 

cytosolic domains of membrane cargo. Canonical sorting motifs such as the 

tyrosine-(YXXΦ, where Φ is a bulky hydrophobic residue) and dileucine-based 

7



([DE]XXX[LI]) motifs mediate trafficking in the late secretory pathway by linking 

cargo to adaptor protein (AP) complexes (Seaman, 2008). These 

heterotetrameric AP complexes sort cargo into vesicles for transport between 

various membrane-bound compartments. Currently there are five identified AP 

complexes that coordinate post-TGN sorting pathways and have distinct 

localization and function (Hirst et al., 2011, Robinson et al., 2001). AP-1 and AP-2 

sort cargo proteins into clathrin-coated vesicles (CCVs), while AP-3, AP-4, and 

AP-5 are clathrin-independent adaptor molecules ((Hirst et al., 2011) and 

reviewed in (Boehm et al., 2001, Robinson et al., 2001)). The functions of the AP 

complexes in post-TGN trafficking are described below and summarized in 

Figure 1.2. AP-1 is  involved in trafficking between tubular endosomes and the 

TGN and can localize to one or both of these compartments (Robinson et al., 

2010). AP-2 is the most well characterized AP complex and directs clathrin-

mediated endocytosis  (Jackson et al., 2010). Clathrin-independent AP-3 sorts 

cargo from tubular endosomes to late endosomes and lysosomes, while AP-4 

complexes mediate basolateral transport in polarized epithelial cells (Simmen et 

al., 2002). Lastly, the recently discovered AP-5 associates with late endosomes 

and is involved in trafficking of the cation independent mannose 6-phosphate 

receptor (CI-MPR) (Hirst et al., 2011). While the canonical tyrosine- and leucine-

based motifs direct trafficking in the late secretory pathway (Seaman, 2008), the -

KKXX and FF-motifs mediate sorting steps in the early secretory pathway by 

linking cargo proteins to coatomer proteins  I and II (COPI and COPII), 
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respectively (McMahon et al., 2004, Zanetti et al., 2012, Lippincott-Schwartz et 

al., 2006). 

 Along with canonical sorting motifs, membrane cargo frequently contain 

additional sorting signals  such as stretches of acidic residues, which often 

contain serine or threonine residues that can be phosphorylated by the acidic-

directed protein kinase CK2 and dephosphorylated by isoforms of protein 

phosphatase 2A (PP2A) (Bonifacino et al., 2003, Gu et al., 2001, Thomas, 2002, 

Molloy et al., 1999). Importantly, these acidic motifs control the sorting and 

subcellular distribution of itinerant membrane cargo, such as the endoprotease 

furin, throughout the secretory pathway (Thomas, 2002). Indeed, the acidic 

cluster sorting motif in the cytosolic domain of furin contains two serine residues 

(EECPpS773DpS775EED) that when phosphorylated by CK2 leads to the TGN-

localization of furin, as well as controls the recycling of endocytosed furin from 

early endosomes to the cell surface and facilitates the removal of furin from 

immature secretory granules in neuroendocrine cells (Jones et al., 1995, Crump 

et al., 2001, Dittie et al., 1997, Molloy et al., 1998). These discoveries led to the 

determination that acidic cluster sorting signals mediate trafficking steps  used by 

a diverse array of cargo, such as ion channels, proprotein convertases, various 

receptors, soluble N-ethylmaleimide-sensitive fusion protein-attachment protein 

receptors (SNAREs), endosomal sorting complex required for transport (ESCRT) 

proteins, as  well as  proteins expressed by herpesviruses  and HIV-1 (Youker et 

al., 2009). 
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1.1.3 Membrane associated proteins with distinct cytoplasmic and nuclear 

functions link the endomembrane system with gene regulation pathways

 For simplicity, proteins are often functionally categorized as “transcription 

factors”, “sorting proteins”, or “signaling proteins”, etc. However, while this 

functional partitioning can be useful, an increasing number of proteins are being 

identified with various cellular functions in distinct subcellular locations. Indeed, 

many membrane-associated proteins with well-characterized cytoplasmic 

trafficking roles have been identified as having distinct nuclear functions, while 

numerous nuclear proteins have additionally been identified as having 

membrane-associated functions. These findings  support a functional link 

between the endomembrane system and gene regulation pathways. For 

instance, the multifunctional protein kinase CK2, which controls  various  trafficking 

steps in the TGN/endosomal system and plays  a critical role in cell survival 

(Litchfield, 2003), was identified as undergoing nuclear translocation following 

ionizing radiation (IR) (Yamane et al., 2005) and hypoxia (Pluemsampant et al., 

2008) to exert pro-survival actions and activation of histone deacetylases 

(HDACs), respectively. Additionally, the well-characterized cytosolic and 

membrane-associated functions of glycogen synthase kinase-3β (GSK3β) control 

the phosphorylation and degradation of β-catenin in the canonical Wnt signaling 

pathway (Ciani et al., 2005, Zeng et al., 2005). However, GSK3β has been 

additionally identified as  localizing to the nucleus to regulate numerous 
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transcription factors including nuclear factor-kappa B (NF-κB), cyclic adenosine 

monophosphate (AMP) response element binding protein (CREB), p53, and Myc 

(Hoeflich et al., 2000, Grimes et al., 2001, Zhou et al., 2004, Jope et al., 2004). 

Indeed, many well-characterized nuclear proteins have been identified as having 

membrane-associated functions. For instance, carboxy (C)-terminal binding 

protein of adenovirus E1A (CtBP) was identified as a transcriptional corepressor 

but was later implicated in Golgi partitioning, membrane fission during 

intracellular trafficking, and the organization of ribbon synapses (Corda et al., 

2006). In addition, the tumor suppressor p53 can translocate to the cytoplasm 

where is associates with the integral mitochondria membrane proteins  B-cell 

lymphoma-extra large (Bcl-xL) and B-cell lymphoma-2 (Bcl-2) to mediate 

mitochondria membrane permeabilization following DNA damage (Green et al., 

2009) while histone deacetylase 3 (HDAC3) can localize to the plasma 

membrane where it is a substrate of the tyrosine kinase Src (Longworth et al., 

2006). Together, these findings support a functional link between the 

endomembrane system and gene regulation pathways. 

 

1.2 The PACS family of sorting proteins

1.2.1 Identification of the PACS proteins

 The phosphofurin acidic cluster sorting (PACS) proteins, including PACS-1 

and PACS-2, are a family of membrane trafficking proteins expressed in 

metazoans that have diverse roles  in cel lular homeostasis and 
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pathophysiological processes (Youker et al., 2009). The discovery of the PACS 

proteins was based on a screen of candidate sorting factors that interact with the 

phosphorylated acidic cluster sorting motif on the cytoplasmic domain of the 

endoprotease furin (Thomas, 2002, Wan et al., 1998, Youker et al., 2009). 

Indeed, these studies identified PACS-1 as  a “sorting connector” that connects 

CK2-phosphorylated furin to the heterotetrameric adaptor protein-1 (AP-1), 

thereby mediating the TGN-localization of furin (Molloy et al., 1999, Jones et al., 

1995, Molloy et al., 1994, Wan et al., 1998, Thomas, 2002). Sequence homology 

of the PACS-1 gene led to the identification of the PACS-2 gene (Simmen et al., 

2005). The PACS-2 protein also binds  to acidic cluster sorting motifs of itinerant 

proteins (Kottgen et al., 2005, Simmen et al., 2005), but unlike PACS-1, which 

connects acidic cluster-containing cargo to AP-1 and AP-3 complexes (Crump et 

al., 2001), PACS-2 connects  cargo proteins  to COPI coatomer to mediate 

clathrin-independent, Golgi to ER trafficking in the early secretory pathway 

(Kottgen et al., 2005). Indeed, a genetic screen performed in Caenorhabditis 

elegans (C. elegans) determined that the single C. elegans PACS gene product 

localizes to early endosomes and functions in synaptic transmission (Sieburth et 

al., 2005). These data are consistent with an evolutionarily conserved trafficking 

role for the PACS proteins.

1.2.2 PACS-1 and PACS-2 mediate multiple membrane trafficking steps
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 Itinerant membrane proteins  are sorted from early endosomes to various 

destinations, including recycling to the cell surface, maturation to late 

endosomes, or sorting to the TGN. In mammalian cells, PACS-1 is  required for  

the TGN-localization of furin, as well as other acidic cluster-containing cargo such 

as the cation-independent mannose-6-phosphate receptor (CI-MPR), and the 

viral envelopes from human cytomegalovirus and the feline RD114 retrovirus 

(described in section 1.2.5) (Wan et al., 1998, Crump et al., 2001, Crump et al., 

2003, Bouard et al., 2007). PACS-1 directs  additional sorting steps in the late 

secretory pathway, including the recycling of internalized cargo from the early 

endosome to the cell surface and the delivery of acidic cluster-containing cargo 

to the primary cilium (Molloy et al., 1998, Schermer et al., 2005, Crump et al., 

2001, Chen et al., 2009, Jenkins et al., 2009). Interestingly, while PACS-2 was 

initially shown to mediate the ER localization of acidic cluster-containing cargo 

such as profurin, the ion channel polycystic kidney disease 2 (PKD2) (or 

polycystin 2), and calnexin (described in section 1.3) (Feliciangeli et al., 2006, 

Myhill et al., 2008, Kottgen et al., 2005), additional studies  revealed PACS-2 also 

mediates trafficking steps in the TGN/endosomal system (Atkins et al., 2008). 

Indeed, while PACS-1 and PACS-2 are both required for maintaining the steady-

state TGN-localization of the itinerant cellular cargo protein CI-MPR, they have 

distinct roles  in regulating the sorting of an internalized CI-MPR reporter, as 

knockdown of PACS-2, but not PACS-1, inhibits the transport of endocytosed CI-

MPR from early endosomes to the TGN (Atkins et al., 2008). These results 
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suggest that PACS proteins mediate separate trafficking steps from the early 

endosome; while PACS-1 mediates recycling of cargo from early endosomes to 

the cell surface, PACS-2 directs the delivery of cargo from the early endosome to 

the TGN (Atkins et al., Molloy et al., 1998, Crump et al., 2001, Chen et al., 2009). 

A summary of PACS-mediated trafficking steps is presented in Figure 1.3. The 

ability of PACS proteins to coordinate the trafficking of the HIV-1 protein Nef will 

be described in the following chapter (Chapter 2).   

1.2.3 Functional domains of the PACS proteins

 The PACS-2 proteins (PACS-1 and PACS-2) share 54% overall sequence 

homology and are divided into four regions. The atrophin-1 related region (ARR)   

is  an N-terminal region found only in PACS-1 that is  enriched in proline/glutamine 

and serine/alanine stretches and shares homology with the atrophin-1 

transcriptional repressor (Wood et al., 2000), however the function of this  region 

is  not yet known. Both proteins contain an ~150 amino acid cargo- or furin-

binding region (FBR), in which PACS-1 and PACS-2 share >80% sequence 

homology. The PACS-1 FBR interacts with cargo as well as AP-1, AP-3, and 

Golgi-localized, gamma adaptin ear-containing, ARF-binding (GGA) complexes, 

and the protein kinase CK2 (Crump et al., 2001, Scott et al., 2006, Youker et al., 

2009). The PACS-2 FBR interacts with cargo as well as COPI coatamer (Kottgen 

et al., 2005). The middle region (MR) of both PACS-1 and PACS-2 contains an 

acidic cluster that functions as an autoregulatory domain (Scott et al., 2003). In 
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the case of PACS-2, the MR also contains  an Akt-phosphorylatable serine at 

position 437 which serves  as a 14-3-3 binding site to control the pro-apoptotic 

action of PACS-2 following death-ligand signaling (described in section 1.3.3) 

(Aslan et al., 2009). The function of the PACS-1 and PACS-2 C-terminal regions 

(CTR) is not yet known. 

1.2.4 PACS protein biochemistry and cargo protein interactions

 Both of the PACS genes  are ubiquitously expressed, however PACS-1 is 

selectively enriched in peripheral lymphocytes while PACS-2 is  enriched in 

skeletal muscle (Simmen et al., 2005). The binding of PACS FBRs to acidic 

cluster motifs in cargo such as furin, CI-MPR, and PKD2 is highly dependent on 

CK2 phosphorylation of specific serine residues within the acidic cluster sites  of 

these proteins (Youker et al., 2009). However, PACS proteins also interact with 

acidic cluster motifs in cargo that are selectively de-phosphorylated, such as in 

the case of the ER chaperone calnexin (Myhill et al., 2008). Importantly, some 

acidic cluster-mediated cargo interactions with PACS proteins  are completely 

independent of phosphorylation status, such as the case with proprotein 

convertase 6B (PC6B), or are mediated by non-phosphorylatable acidic clusters, 

as in the case of HIV-1 Nef (Piguet et al., 2000). Interestingly, in the case of Nef, 

PACS proteins bind a bipartite site in Nef, including the EEEE65 acidic cluster as 

well as a hydrophobic patch (including W113) on an α-helix in the Nef core domain 

(Dikeakos et al., 2012). Thus, the PACS proteins bind cellular targets using at 
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least three distinct motifs: acidic cluster sites in which the interaction is 

dependent on CK2 phosphorylation status; non-phosphorylatable acidic clusters; 

as well as sites  like that in Nef which contain a hydrophobic patch within an α-

helical segment (Youker et al., 2009, Dikeakos et al., 2012). These data illustrate 

the complex nature of PACS protein interactions and the diversity of known cargo 

proteins.  

1.2.5 The role of PACS proteins in viral pathogenesis

 Many pathogenic viruses exploit components of the host endomembrane 

system to increase viral tropism, enhance replication and modulate the host 

antiviral response. Indeed, viruses including HIV-1, human cytomegalovirus 

(HCMV, also known as  human herpesvirus-5 (HHV-5)), and Kaposi’s sarcoma 

associated herpesvirus (KSHV, also known as human herpesvirus-8 (HHV-8)), 

use the PACS proteins to module host cell function and enhance viral 

pathogenesis (Youker et al., 2009).  

 In the case of HCMV, PACS-1 functions to promote envelopment and 

assembly of this ubiquitous virus (Crump et al., 2003, Jarvis et al., 2004). Indeed, 

the seroprevalence of HCMV in the United States (US) is dependent on age, as 

nearly 60% of individuals 6 years and older are infected with HCMV while >90% 

of individuals 80+ years  old are infected, including 50-80% of US adults (Staras 

et al., 2006, Staras et al., 2008). Importantly, while HCMV infection generally 

goes unnoticed in healthy individuals, it has devastating effects on the 
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immunocompromised, including HIV-infected patients, transplant recipients, and 

newborn infants  (Taylor, 2003). HCMV, like other herpesviruses, uses the host 

endomembrane system to mediate budding of viral progeny into an assembly 

compartment formed from the TGN and associated endosomal membranes 

containing tegument proteins  and envelope glycoproteins, such as HCMV 

glycoprotein B (gB) (Mettenleiter et al., 2006, Sanchez et al., 2000). The cytosolic 

domain of HCMV gB contains a CK2-phosphorylatable acidic cluster that binds 

PACS-1 (Crump et al., 2003, Jarvis et al., 2004). Indeed, PACS-1 binds the CK2-

phosphorylated gB cytosolic tail to mediate its  TGN-localization and promote 

virus envelopment (Crump et al., 2003, Jarvis et al., 2004). However, this 

function is not limited to HCMV, as  PACS-1 also regulates the envelopment of the 

feline retrovirus  RD114 via an acidic cluster in the cytosolic tail of its envelope 

glycoprotein to promote virus assembly (Bouard et al., 2007).

 KSVH is  the causative agent of Kaposi’s sarcoma, an acquired 

immunodeficiency syndrome (AIDS)-related malignancy characterized by highly 

vascular lesions  of the lymphatic endothelium that uniformly contain tumor cells 

called spindle cells, which are pathognomonic for this disease (Chang et al., 

1994, Ganem, 2006). KSVH encodes a ubiquitin ligase K5 which targets cluster 

of differentiation 31 (CD31), also known as platelet-endothelial cell adhesion 

molecule-1 (PECAM-1), for degradation, thereby disturbing endothelial contacts 

and increasing viral spread (Mansouri et al., 2006, Means et al., 2007). K5 

contains two acidic clusters in its cytosolic domain that interact with PACS-2 and 
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are required for downmodulation of CD31 in a PACS-2-dependent manner 

(Mansouri et al., 2006).  

 PACS-2 and PACS-1 are also required for the ability of HIV-1 Nef to 

downregulate cell-surface MHC-I molecules thereby evading immune 

surveillance (Blagoveshchenskaya et al., 2002, Atkins et al., 2008, Hung et al., 

2007). The role of PACS proteins in HIV-1 pathogenesis will be described in the 

HIV-1 introductory chapter (Chapter 2).  

1.3 The multiple roles of PACS-2 in interorganellar communication, 

membrane traffic, and apoptosis 

1.3.1 PACS-2 mediates the ER-localization of polycystin-2

 The ER-localized transient receptor potential polycystic 2 (TRPP2) 

channel (also known as polycystin-2 or polycystic kidney disease 2 (PKD2)) is a 

calcium-selective ion channel whose function is dependent on its subcellular 

localization (Cai et al., 1999, Fu et al., 2008, Koulen et al., 2002, Li et al., 2005, 

Giamarchi et al., 2006). When localized to the ER, PKD2 functions to regulate 

intracellular calcium concentrations by collaborating with inositol (1,4,5)-

triphosphate (IP3) and ryanodine receptors (Cai et al., 1999, Fu et al., 2008). 

However, when localized to the primary cilium of the renal tubule, PKD2 

coordinates with PKD1 to act as a mechanosensor that monitors  fluid flow 

through the lumen of the renal tubule, modulating signaling pathways that control 

cell proliferation and tubulogenesis (Nauli et al., 2003). Indeed, mutations in 

18



PKD1 or PKD2 lead to autosomal dominant polycystic kidney disease (ADPKD), 

an adult-onset hypertensive disorder characterized by large renal cysts that will 

lead to end-stage renal failure in approximately 50% of patients by the 4th-6th 

decades of life (Grantham, 2008). Mutations in PKD2 account for approximately 

15% of total ADPKD cases (mutations in PKD1 accounting for the rest), and 

these include mutations that lead to the deletion of the acidic cluster motif in 

PKD2 (Cai et al., 1999, Sutters et al., 2003, Delmas et al., 2004). Indeed, the 

cellular distribution of PKD2 between the ER, TGN, and cell surface is controlled 

by its CK2-phosphorylatable acidic cluster motif in a PACS-1- and PACS-2-

dependent manner (Kottgen et al., 2005). While PACS-2 is  required for localizing 

PKD2 to the ER in a COPI-dependent manner, PACS-1 localizes PKD2 to the 

TGN from endosomes (Kottgen et al., 2005). 

1.3.2 PACS-2 regulates ER-Mitochondria communication and ER homeostasis

 The ER and mitochondria form close contacts  called mitochondria-

associated membranes (MAMs) that facilitate communication between these 

compartments, including lipid biosynthesis and transfer as well as the exchange 

of calcium ions, which in turn controls ER chaperones, mitochondrial adenosine 

triphosphate (ATP) production, and apoptosis (Csordas et al., 2006, Berridge, 

2002, Franke et al., 1971, Vance, 1990, Achleitner et al., 1999, Gaigg et al., 

1995). In addition to mediating the ER-localization of the calcium channel 

polycystin-2 (PKD2) (Kottgen et al., 2005), PACS-2 also controls MAM 
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stabilization and/or formation by mediating the tethering of mitochondria to the 

ER at MAMs, as loss of PACS-2 results in the uncoupling of mitochondria from 

the ER, leading to the mislocalization of the MAM-associated lipid biosynthesis 

enzymes fatty acyl-Coenzyme A ligase-4 (FACL-4) and phosphatidylserine 

synthase-1 (PSS-1), as  well as the disruption of histamine-inducible calcium 

release from the ER (Simmen et al., 2005). 

 Furthermore, PACS-2 controls the subcellular localization of the ER 

chaperone calnexin, which distributes between the rough ER, mitochondria, and 

plasma membrane in a PACS-2-dependent manner (Myhill et al., 2008). Indeed, 

the ability of PACS-2 to control the subcellular localization of calnexin is 

dependent on the binding of PACS-2 to the non-phosphorylated CK2 acidic 

cluster motif within the cytosolic tail of calnexin (Myhill et al., 2008). One manner 

by which calnexin mediates ER homeostasis is through its  association with the 

ER stress sensor B-cell receptor-associated protein 31 (BAP31), which 

stimulates dynamin-related protein-1 (Drp1) to fissure mitochondria during ER 

stress (Breckenridge et al., 2003, Zuppini et al., 2002). Indeed, loss of PACS-2 

redistributes calnexin from the ER to the plasma membrane and results in a 

BAP31-dependent fragmentation of mitochondria (Simmen et al., 2005). These 

studies determined that PACS-2 acts as a link between ER-mitochondria 

communication and ER homoeostasis.  
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1.3.3 PACS-2 controls Bid translocation to mitochondria and is essential for 

TRAIL-mediated Apoptosis

 Cells  lacking PACS-2 are resistant to apoptosis induced by staurosporine 

or by the death ligands tumor necrosis factor α (TNFα) or TNF-related apoptosis-

inducing ligand (TRAIL) (Aslan et al., 2009, Simmen et al., 2005). Indeed, 

PACS-2 is  required for TRAIL-induced apoptosis in vivo in a mouse model of viral 

hepatitis, as well as in human tumor cell lines in vitro (Aslan et al., 2009). In non-

apoptotic cells, PACS-2 mediates cell homoeostasis by coordinating the ER-

localization of anti-apoptotic ion channels  (PKD2) with ER-mitochondria 

communication (Kottgen et al., 2005). The ability of PACS-2 to switch between 

regulating membrane traffic and ER homeostasis  to mediating TRAIL-induced 

apoptosis is controlled by the Akt-phosphorylation of PACS-2 at Ser437 (Aslan et 

al., 2009). Indeed, PACS-2 is bound by anti-apoptotic 14-3-3 proteins  in a 

phospho-Ser437-dependent manner, and this 14-3-3-mediated repression is 

required for the ability of PACS-2 to mediate ER-localization of PKD2 in non-

apoptotic cells (Aslan et al., 2009). In response to TRAIL, PACS-2 is 

dephosphorylated, releasing PACS-2 from sequestration by 14-3-3 and allowing 

PACS-2 to promote the translocation of the pro-apoptotic Bcl-2 homology (BH)3-

only protein Bid to mitochondria, leading to the subsequent cleavage of Bid on 

mitochondria, the release of cytochrome c, and the activation of executioner 

caspases, including caspase-3 (Aslan et al., 2009, Simmen et al., 2005). Indeed, 

PACS-2 binds full-length Bid in a CK2-phosphorylation dependent manner, 
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similar to other PACS cargo proteins, to mediate its translocation to mitochondria 

(Aslan et al., 2009, Simmen et al., 2005).

1.3.4 PACS-2 recruits Bim and Bax to lysosomes to mediate TRAIL-induced 

lysosomal permeabilization and apoptosis

 In liver cancer cells, TRAIL complexes with death receptor-5 (DR5) to 

recruit proapoptotic Bim and Bax to lysosomes, resulting in lysosomal membrane 

permeabilization (LMP) and the subsequent release of cathepsin B into the 

cytosol (Kahraman et al., 2008, Werneburg et al., 2007, Canbay et al., 2003, 

Johansson et al., 2010). Indeed, LMP occurs upstream of mitochondria 

membrane permeabilization (MMP) and many cell types require LMP for efficient 

activation of cell death processes (Guicciardi et al., 2000, Guicciardi et al., 2004, 

Werneburg et al., 2002, Werneburg et al., 2007, Werneburg et al., 2004, Boya et 

al., 2003a, Boya et al., 2003b). Accordingly, TRAIL-induced LMP and cathepsin B 

release mediates  subsequent mitochondria membrane permeabilization and the 

activation of executioner caspases leading to cell death (Kahraman et al., 2008, 

Werneburg et al., 2007, Canbay et al., 2003, Johansson et al., 2010). As 

described in the section above, TRAIL signaling leads to the PACS-2-mediated 

trafficking of Bid to mitochondria, leading to permeabilization of the outer 

mitochondria membrane (Aslan et al., 2009). Further studies determined that 

TRAIL requires PACS-2 at additional steps leading to mitochondria 

permeabilization. Indeed, TRAIL recruits PACS-2 to DR5-positive endosomes, 
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forming a complex with Bim and Bax on lysosomal membranes. This  complex is 

required for LMP, leading to the release of cathepsin B and the induction of 

apoptosis (Werneburg et al., 2012). 

1.3.5 Dysregulation of the PACS-2 gene

 The human PACS-2 gene is located near the telomere on the long arm of 

chromosome 14. Interestingly, the 14q32.33 locus containing PACS-2 is highly 

susceptible to chromosomal instability in multiple cancers (Anderson et al., 2001, 

Gallegos Ruiz et al., 2008, Kang et al., 2006, Dijkman et al., 2006, Choi et al., 

2010, Bando et al., 1999). Indeed, the 14q32.33 locus is deleted in 44% of non-

small cell lung carcinomas (NSCLC) (Gallegos Ruiz et al., 2008) and 68% of 

primary cutaneous large B-cell lymphomas (Dijkman et al., 2006) and is  reported 

as frequently deleted in recurrent breast cancer (Kang et al., 2006) as  well as 

colorectal cancer (Bando et al., 1999, Bartos et al., 2007). Specifically, the 

PACS-2 gene has been reported to be deleted in 15-40% of sporadic colorectal 

cancer (Anderson et al., 2001), consistent with recent studies  from our laboratory 

showing that PACS-2 protein expression is lost in late stage colorectal cancer 

(Aslan et al., 2009). 

 In addition to human cancers, the 14q32.33 locus containing PACS-2 is 

susceptible to genetic loss in 14q deletion syndrome. The first case of terminal 

deletion of chromosome 14 was reported in 1983 (Hreidarsson et al., 1983) and 

the clinical features of this  syndrome include cognitive impairment, microcephaly, 
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growth retardation, as well as facial dysmorphisms such as epicanthic folds, low-

set ears, elongated forehead, micrognathia, smooth philtrum, and thin upper lip 

(Maurin et al., 2006, Schlade-Bartusiak et al., 2009). Indeed, less than 20 

patients with pure 14q32.33 deletions (without a ring chromosome 14, or other 

chromosomal rearrangements) have been reported (Youngs et al., 2011, Ortigas 

et al., 1997, Maurin et al., 2006, Schlade-Bartusiak et al., 2009, Holder et al., 

2011, Engels et al., 2012). Interestingly, the observation that patients with small 

14q32.33 deletions develop similar phenotypes as  patients with larger 14q 

deletions has lead investigators  to delineate a proposed critical region that is 

sufficient for development of this  syndrome (Holder et al., 2011, Engels et al., 

2012). Indeed, the smallest reported critical regions have been proposed to be as 

small as  250-305 kb, containing up to seven candidate genes, including PACS-2 

(Holder et al., 2011, Engels et al., 2012). The relative contribution of these genes 

in mediating the phenotype of 14q32.33 deletion syndrome remains to be 

determined. 
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Figure 1.1. A glance at the eukaryotic endomembrane system. 

This  schematic shows the various compartments of the secretory, lysosomal, and 

endocytic pathways. Transport steps  are denoted by arrows. COPII-mediated 

trafficking from the ER to the ER-Golgi intermediate compartment (ERGIC) and 

Golgi is illustrated in blue while COPI-mediated retrieval of cargo from the Golgi 

is  shown in red. Clathrin-mediated steps are shown in orange. Reproduced with 

permission from (Bonifacino et al., 2004). Copyright 2004 Elsevier.  
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Figure 1.2. Diagram of adaptor protein (AP) complexes in post-TGN 

trafficking pathways. 

AP-1 (red) is  localized the tubular endosomes and/or the TGN. AP-2 (green) 

directs clathrin-dependent endocytosis. AP-3 (blue) traffics cargo from tubular 

endosomes to late endosomes and lysosomes. AP-4 (yellow) AP-4 mediates 

basolateral transport in polarized cells. AP-5 (purple) associates with late 

endosomes. From (Hirst et al., 2011). Copyright 2011 Hirst et al. Open access 

article distributed under the terms of the Creative Commons Attribution License, 

which permits unrestricted use, distribution, and reproduction in any medium, 

provided the original author and source are credited.
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Figure 1.3. PACS-mediated membrane trafficking steps. 

PACS-1 is required for the TGN-localization of furin, CI-MPR, and the viral 

envelopes from human cytomegalovirus and the feline RD114 retrovirus (Wan et 

al., 1998, Crump et al., 2001, Crump et al., 2003, Bouard et al., 2007). PACS-1 

directs the recycling of internalized cargo from the early endosome to the cell 

surface and the delivery of cargo to the primary cilium (Molloy et al., 1998, 

Schermer et al., 2005, Crump et al., 2001, Chen et al., 2009, Jenkins et al., 

2009). PACS-2 mediates the ER localization of profurin, the ion channel 

polycystin-2, and calnexin (Feliciangeli et al., 2006, Myhill et al., 2008, Kottgen et 

al., 2005) as well as directs the delivery of cargo such as CI-MPR and Nef from 

the early endosome to the TGN (Atkins  et al., Molloy et al., 1998, Crump et al., 

2001, Chen et al., 2009).
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PART I (CHAPTERS 2-4). HIV-1 Nef-mediated pathogenesis
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OVERVIEW

 This section begins by describing the relevant literature in HIV 

pathogenesis (CHAPTER 2) and will provide essential background pertaining to 

HIV-1 epidemiology, virology, and disease pathogenesis as well as describe the 

complex mechanisms HIV-1 Nef employs to coordinate evasion of HIV-1-infected 

cells from immune surveillance while promoting pathogenicity of the virus. The 

studies in CHAPTER 3 describe how the identification of PACS-2 as  essential for 

HIV-1 Nef-mediated immune evasion lead to the discovery of a small molecule 

inhibitor that targets a critical PACS-2-dependent step in Nef action. The results 

and implications of these studies are discussed in CHAPTER 4 and relate to two 

current models of HIV-1 Nef-mediated immune evasion pathways as well as the 

broader context of Nef function.
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RATIONALE AND HYPOTHESIS

Rationale: To evade CD8+ T-cell destruction, HIV-1 Nef assembles a Src family 

kinase (SFK)-ZAP-70-PI3K complex to trigger MHC-I downregulation. Two 

models  are currently used to explain the molecular basis  of Nef-mediated MHC-I 

downregulation (described in section 2.5). The first model describes  how PACS-2 

is  required for the Nef-mediated assembly of an SFK-ZAP-70-PI3K complex that 

accelerates endocytosis of cell surface MHC-I. The second model describes how 

Nef forms a ternary complex with AP-1 and the cytosolic tail of MHC-I to divert 

newly synthesized MHC-I to degradative compartments in the endo-lysosomal 

network. However, the extent to which these models overlap or coexist is 

unknown. Furthermore, the determination that the Nef-SFK interaction is  required 

for disease progression, including AIDS-like disease in animal models and 

assembly of the SFK-ZAP-70-PI3K multi-kinase complex, suggests that targeting 

the Nef-SFK interaction pharmacologically may represent an attractive approach 

to inhibiting Nef-mediated disease pathogenesis.

Hypothesis: Based on the determination that the small molecule inhibitor 2c 

disrupts the Nef-SFK interaction, we hypothesize that 2c will inhibit MHC-I 

downregulation in CD4+ T-cells by interfering with formation of the multi-kinase 

complex. Moreover, due to the overlapping requirement for the membrane 

adaptor complex AP-1 in both the sequestering of endocytosed MHC-I as well as 
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in the retention of newly synthesized MHC-I, we further hypothesize that the 

endocytic and retention pathways of MHC-I downregulation may be functionally 

linked. To test these hypotheses, we have addressed the following experimental 

goals in Chapter 3:

1. Determine the extent to which 2c disrupts formation of the multi-kinase 

complex by analyzing Nef-induced SFK activation, ZAP70 phosphorylation, 

and activation of PI3K.

2. Monitor the extent to which 2c inhibits  Nef-mediated downregulation of MHC-I 

in both Nef-expressing human T-cell lines as well as HIV-1-infected primary 

CD4+ T-cells.  

3. Explore the relationship between the endocytic and retention pathways of 

MHC-I downregulation using transport assays and chemical probes at various 

times following infection. 
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CHAPTER 2. Introduction to HIV-1 pathogenesis
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2.1 The clinical implications of HIV-1 infection 

2.1.1 HIV epidemiology

 It has now been nearly 30 years since the discovery of a novel human 

retrovirus, later termed human immunodeficiency virus (HIV), as the causative 

agent of acquired immunodeficiency syndrome (AIDS) (Barre-Sinoussi et al., 

1983, Gallo et al., 1984, Popovic et al., 1984, Sarngadharan et al., 1984, Safai et 

al., 1984, Schupbach et al., 1984). The following three decades studying HIV 

would provide immense waves of scientific and therapeutic advancements, 

challenge our political and social views of equality, and reveal a depth of racial, 

social and economic injustice and discrimination that must absolutely be rectified 

for this pandemic to conquered. Since the start of the pandemic, HIV has infected 

approximately 60 million people worldwide and contributed to 25 million deaths 

(UNAIDS, 2009). For the estimated 33.3 million people living with HIV, including 

2.1 million children, the advancements are tangible, the life expectancy living with 

HIV is  now measured in decades with current therapeutic strategies. Indeed, the 

growth of the global AIDS pandemic appears to have stabilized. Since 1997, the 

year in which annual new HIV infections  was at a global peak, the number of new 

HIV infections has decreased by 21%. Moreover, since 2004, there are 19% 

fewer AIDS-related deaths globally and a 24% reduction in mother-to-child 

transmission (UNAIDS, 2010). Despite these significant advancements, infection 

rates are still high, curative treatments remain elusive and a prophylactic vaccine 

is not yet available. 
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 Beyond these numbers is a more troubling picture that depicts significant 

disparities at racial, gender, social, and economic levels. This is most evident in 

Sub-Saharan Africa. Indeed, while this region comprises just over 10% of the 

world’s population, it accounts  for more than 68% of people living with HIV 

worldwide, the majority of which are women (AVERT, 2011, UNAIDS, 2010). 

Moreover, this racial and gender disparity is  not limited to developing or 

impoverished nations. In the US, while African Americans  comprise 14% of the 

total population, they accounted for a staggering 44% of new HIV infections in 

2009. Latinos represent 16% of the US Population, yet accounted for 20% of new 

infections in the same year. If one factors in gender, the numbers become 

increasingly telling, the estimated rate of new HIV infections among black women 

was 15 times greater than that of white women, and 6 and a half times greater for 

black men compared to white men. In their lifetime, 1/16 black men and 1/32 

black women will be diagnosed with HIV in the US (CDC, 2011). These statistics 

clearly illustrate that scientific and therapeutic advancements must be 

accompanied by a change in societal norms that have enabled racial and ethnic 

divides to unfairly place the burden of disease upon various groups of individuals. 

2.1.2 HIV-1 clinical disease progression

 The natural history of HIV-1 infection is characterized by an increase in 

viral load and a continual depletion of cluster of differentiation 4 (CD4)+ T-

lymphocytes (T-cells) until the immune system is irrevocably crippled and the 
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individual succumbs to opportunistic infections (Figure 2.1) (Hellerstein et al., 

1999, Hiby et al., 2004, Mohri et al., 2001, Rowland-Jones, 1999, Wei et al., 

1995). The timeline of HIV infection can be divided into three phases: primary 

infection (or acute phase), latency (or chronic phase), and clinical AIDS. During 

the primary infection (usually 2-4 weeks post-exposure), individuals often 

develop influenza or mononucleosis-like symptoms such as fever, 

lymphadenopathy, malaise, myalgia, phayngitis, and rash lasting a few days  to a 

few weeks (Cooper et al., 1985, Kahn et al., 1998). The acute viremia during this 

period results in a marked drop in circulating CD4+ T-cells and triggers a robust 

cytotoxic T-lymphocte (CTL) response, which is  critical for killing HIV-infected 

cells and facilitating a decline in viral load (Gupta, 1993, Pedersen et al., 1990, 

Vento et al., 1993). While a strong CTL response during the primary infection 

correlates with slower disease progression (Pantaleo et al., 1997), more severe 

clinical symptoms correlate with accelerated disease progression (Pedersen et 

al., 1989). Following seroconversion, the viral load stabilizes and CD4+ T-cell 

levels  recover to a modest degree. The viral load then reaches a steady state 

referred to as  the viral set-point. On average, individuals reach their viral set-

point three to five months following infection (Kaufmann et al., 1998). Importantly, 

the higher the viral set-point, the faster an individual will progress to AIDS 

(Hughes et al., 1997, Mellors et al., 1995, Mellors et al., 1996). 

 A strong antiviral immune response triggers a dramatic reduction in viral 

load following acute HIV infection, this marks the beginning of clinical latency (or 

35



chronic HIV infection), in which there is a near equilibrium between viral 

replication and the host immune response. The duration of this stage can last 

from a few weeks to 20 years, depending on host factors, genetic determinants, 

and availability of treatment. Monitoring CD4+ T-cell levels during this period is 

critical for determining the appropriate time to initiate antiretroviral therapy. 

Studies have clearly shown the benefits  of initiating antiretroviral therapy when 

patients are asymptomatic and have not progressed to clinical AIDS (currently 

defined when CD4+ T-cell counts fall below 200 cells/µL or when the CD4+ T-cell 

percentage is  less than 15%) (Palella et al., 1998, Detels et al., 1998). However, 

the optimal time to begin therapy has been uncertain (HHS, 2012, Hammer et al., 

2008). Importantly, a recent large-scale randomized clinical trial demonstrated 

that early initiation of antiretroviral therapy (defined as  CD4+ T-cell counts  > 500 

cells/µL) significantly improved survival as compared with deferred therapy 

(defined as CD4+ T-cell counts between 351-500 cells/µL) (Kitahata et al., 2009). 

These findings were seminal to the improvement of clinical outcome, as prior 

guidelines based on accumulating observational data suggested antiretroviral 

therapy be initiated in asymptomatic patients with a CD4+ T-cell count falls below 

350 cells/µL (Egger et al., 1997, May et al., 2007).     

 Despite the establishment of a viral set-point, most infected individuals will 

have continual depletion of peripheral CD4+ T-cells (Balotta et al., 1997, Koblin et 

al., 1999, Lefrere et al., 1997, Moss et al., 1988), ultimately progressing to clinical 

AIDS. The symptoms of AIDS are the result of conditions that do not normally 
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develop in an otherwise immune-competent individual. Most of these conditions 

are infections caused by bacteria, viruses, fungi and parasites as  well as an 

increased risk of developing various cancers such as Kaposi’s sarcoma, cervical 

cancer, and lymphoma. Infected individuals with AIDS often have constitutional 

symptoms such as fevers, night sweats, chills, weight loss, weakness, and 

swollen glands (Guss, 1994). Fortunately, implementation of routine prophylaxis 

and careful testing and monitoring of patients has  dramatically increased quality 

of life and survival following diagnosis of AIDS. In contrast, prior to the advent of 

antiretroviral therapy, the average survival time following diagnosis of AIDS in the 

United States was less than one year (Gail et al., 1997). 

2.2 HIV Biology

2.2.1 HIV classification

 The Baltimore classification system places viruses into one of seven (I-VII) 

groups depending on their nucleic acid type, strandedness, sense, and method 

of replication. According to this classification, HIV belongs to the Retroviridae (VI) 

family due to its ability to reverse transcribe its single-stranded ribonucleic acid 

(RNA) (ssRNA) genome into a DNA intermediate that is subsequently integrated 

into host cell DNA. Due to the long incubation period and chronicity of HIV, it is 

further characterized into the genus lentivirus. There are two types of HIV, HIV-1 

and HIV-2, and while they have identical modes of transmission, natural history 

studies determined that HIV-2 infected individuals have a reduced rate of disease 
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development (Marlink et al., 1994). Indeed, HIV-2 has a longer latency period, is 

less frequently transmitted, and is  rarely found outside regions of West Africa. 

HIV-1 is the predominant virus transmitted and accounts for the majority of 

infections worldwide (McCutchan, 2006). There are currently three major classes 

of HIV-1: M (main), which accounts for more than 90% of total HIV infections; N 

(new/neither M or O); and O (outlier). Group M has been further characterized 

into 9 genetically distinct subtypes, or clades, defined by geographical region and 

designated by the letters A-D, F-H, J and K (Hu et al., 1996, Spira et al., 2003, 

McCutchan, 2006). Clade B is  the most prevalent among those of western 

European and American descent and is the subtype to which most experimental 

drugs are tested and designed (McCutchan, 2006). 

2.2.2 The HIV-1 RNA genome

 The HIV-1 RNA genome is  9 kilobases in length and encodes 15 proteins 

from 9 genes (Gallo et al., 1988, Muesing et al., 1985). The HIV-1 RNA transcript 

undergoes multiple processing steps to produce functional gene products. First, 

multi-splicing events generate the regulatory proteins for HIV-1 expression, Tat 

and Rev. Tat binds to the trans-activating response element (TAR) to promote 

transcription elongation (Kao et al., 1987) while Rev stabilizes viral RNA 

transcripts, promoting their utilization and nuclear export by binding to Rev 

Response Elements (RRE) within the viral RNA (Pollard et al., 1998, Nekhai et 

al., 2006). Early multi-splicing events also generate the accessory proteins 
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negative factor (Nef), viral protein r (Vpr), viral protein u (Vpu), and viral infectivity 

factor (Vif), which promote viral fitness and spread (described below). 

 The second RNA species generated by the HIV-1 genome is a singly 

spliced RNA that is  translated into the envelope glycoprotein (Env). Env is a 160 

kilodalton (kD) precursor protein that is proteolytically cleaved into glycoprotein 

(gp)120 and gp41 by the endoprotease furin or furin-like proteases (Vollenweider 

et al., 1996). The surface glycoprotein gp120 is anchored to the viral envelope 

through non-covalent attachment to the transmembrane glycoprotein, gp41, 

creating the envelope spike. It is  the binding of gp120 to its cellular receptor CD4 

and a coreceptor, either C-C chemokine receptor type 5 (CCR5) or C-X-C 

chemokine receptor type 4 (CXCR4), that is responsible for viral entry (Lasky et 

al., 1987). HIV-1 viruses responsible for primary infection mainly use the 

coreceptor CCR5 and are called R5 variants (Zhu et al., 1993, van't Wout et al., 

1994, Keele et al., 2008, Salazar-Gonzalez et al., 2009). However, CXCR4-using 

viruses (X4 variants) will evolve from R5 variants during the asymptomatic phase 

of infection in approximately 50% of patients infected with Clade B HIV-1. The 

emergence of X4 variants  coincides with accelerated progression to AIDS 

(Schuitemaker et al., 1992, Koot et al., 1993, Richman et al., 1994, Connor et al., 

1997) and is  due to sequential mutations in the third variable (V3) loop of the 

envelope spike (Bunnik et al., 2011). This results in a shift in coreceptor usage 

from CCR5 to CXCR4 during natural HIV-1 infection (Bunnik et al., 2011). 

Notably, some individuals have a 32-base pair deletion in the CCR5 gene 
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(CCR5-Δ32) resulting in a nonfunctional receptor, thus preventing entry from 

HIV-1 R5 variants  (Stephens et al., 1998, Dean et al., 1996, Carrington et al., 

1997, Carrington et al., 1999, Bamshad et al., 2002). This allele is found in 

5-14% of individuals of European descent but is rare among Africans and Asians 

(Sabeti et al., 2005). The presence of one copy of CCR5-Δ32 delays the onset of 

AIDS, while individuals  homozygous for this allele exhibit a strong resistance to 

HIV-1 infection (Dean et al., 1996, Liu et al., 1996, Samson et al., 1996). 

Moreover, many viruses are known to downregulate, or reduce the surface levels 

of their entry receptor, to prevent superinfection by viruses using the same 

receptor (Weiss, 1985). Notably, HIV-1 downmodulates  the viral envelope 

glycoprotein receptor CD4 (Jabbar et al., 1990), thereby preventing CD4 from 

interfering with viral assembly and release (Lama et al., 1999, Benson et al., 

1993) as  well as preventing the infected cell from superinfection, which leads to 

inefficient virus  replication due to premature cell death (Michel et al., 2005, 

Venzke et al., 2006, Wildum et al., 2006). 

 The third species generated by the HIV-1 genome is an unspliced RNA 

that enables the translation of the structural polyprotein precursor Gag as well as 

a GagPol precursor (Briant, 2011). Gag is  a 55 kilodalton (kD) protein composed 

of four major structural domains: p17 matrix (MA), p24 capsid (CA), p7 

nucleocapsid (NC), and p6 spaced by two linker peptides (SP1 and SP2) (Freed, 

1998). Gag orchestrates the production and release of infectious HIV-1 particles 

and is necessary and sufficient for assembly of virus-like particles in vitro and for 
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production of virus-like particles in vivo (Adamson et al., 2007, Briant, 2011). The 

GagPol precursor is  encapsidated into newly assembled virions that will 

ultimately produce the viral enzymes protease, integrase, and reverse 

transcriptase (Briant, 2011, Ganser-Pornillos et al., 2008, Hill et al., 2005). 

2.2.3 HIV-1 accessory proteins mediate disease pathogenesis

 The hallmark of primate immunodeficiency viruses (human and simian- 

HIVs and SIVs, respectively) that distinguishes them from other retroviruses is 

that they encode “accessory” proteins, including viral infectivity factor (Vif), viral 

protein r (Vpr), viral protein u (Vpu), and negative factor (Nef). While these 

accessory factors  lack intrinsic enzymatic function, they modify the host cellular 

environment within HIV-1 infected cells  to promote viral fitness, replication, 

dissemination, and transmission (Malim et al., 2008). Viral infectivity factor, or Vif, 

is  a 23 kD protein essential for viral replication. Vif antagonizes the antiretroviral 

activity of the host restriction factor cytidine deaminase apolipoprotein B 

messenger RNA (mRNA)-editing enzyme catalytic polypeptide-like 3G 

(APOBEC3G) (Conticello et al., 2005, Harris et al., 2004, Holmes et al., 2007). 

Indeed, there is tremendous selective pressure on host cells to block or prevent 

retroviral replication, evidenced by the evolution of intrinsic restriction factors, 

such as APOBECs, that inhibit or “restrict” the viral life cycle (Wolf et al., 2008). 

Specifically, the restriction factor APOBEC3G mutates viral nucleotides by 

deaminating cytidine (C) to uridine (U) in nascent minus strand reverse 
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transcripts, these changes are subsequently registered as guanosine (G)-to-

adenosine (A) transitions in plus strand sequences (Conticello et al., 2005, Harris 

et al., 2004, Holmes et al., 2007). In the absence of Vif, this G-to-A 

hypermutation is  sufficient to stop virus spread through the excessive loss of 

genetic integrity (a form of error catastrophe) (Bogerd et al., 2008, Soros et al., 

2007). However, Vif recruits the cullin5-Really Interesting New Gene (RING) 

finger E3 ubiquitin ligase to target APOBEC3G for proteasomal degradation, 

thereby eliminating it from HIV-1-infected cells (Mehle et al., 2004, Yu et al., 

2003). 

 Viral protein r, or Vpr, is a 14 kD accessory protein that is incorporated into 

mature virions, but whose function has been difficult to ascertain. Vpr induces a 

G2 mitotic arrest in infected cells and facilitates the infection of macrophages 

(Malim et al., 2008). Recently, it was determined that Vpr also recruits  a cullin-

RING ubiquitin ligase, the cullin4A-DNA damage-binding protein 1 (DDB1) 

complex, through interaction with DDB1 Cul4 assoicated factor 1 (DCAF1) that 

links it to DDB1 (Belzile et al., 2007, DeHart et al., 2007, Hrecka et al., 2007, 

Wen et al., 2007). Recent studies show that the cullin4A-DDB1-DCAF1-Vpr 

complex is necessary for Vpr-induced mitotic arrest (Dehart et al., 2008). Viral 

protein u, or Vpu, is a 16 kD integral membrane protein that reduces the surface 

expression of CD4, the primary virus entry receptor, by targeting newly 

synthesized CD4 molecules in the endoplasmic reticulum (ER) for degradation. 

As protein degradation is a recurring theme with HIV-1 accessory proteins, Vpu 
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also recruits a cullin1-Skp1 ubiquitin ligase complex to the cytoplasmic tail of 

CD4 by interacting with the Skp1-binding receptor protein β-TRCP, triggering its 

polyubiquitination and proteasomal degradation (Margottin et al., 1998). Lastly, 

negative factor, or Nef, is a 27 kD, N-myristolated protein associated with the 

cytoplasmic face of cell membranes and is one of the first viral proteins 

expressed following infection (described below). 

2.3 The immune evasive strategies of HIV-1 Nef

2.3.1 The plethora of ways HIV-1 Nef drives disease progression

 While once thought to negatively regulate HIV-1 replication (providing its 

misleading name, negative factor), the significance of Nef in promoting HIV-1 

disease progression was revealed when rhesus macaques infected with simian 

immunodeficiency virus (SIV) strains lacking functional Nef genes displayed a 

marked reduction in viral loads  and a delayed disease progression (Kestler et al., 

1991). Following this observation, several studies reported that a subpopulation 

of HIV-1 infected patients with low viral loads and long-term asymptomatic 

survival had deletions in the Nef gene (Deacon et al., 1995, Kirchhoff et al., 1995, 

Salvi et al., 1998). These studies identified Nef as indispensable for the 

establishment of high viral loads and as an accelerator of disease progression. 

Together with the determination that transgenic expression of Nef alone, without 

any other HIV component, can independently produce an AIDS-like phenotype in 
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mice (Hanna et al., 1998), supports the notion that Nef is  essential for HIV-1 

pathogenesis and may be an attractive therapeutic target.  

 Nef has a multitude of functions that profoundly influence viral replication, 

dissemination, and persistence (summarized in Figure 2.2). Nef enhances viral 

replication and virion infectivity as well as  inhibits  immunoglobulin (Ig) class 

switching, thereby profoundly impairing IgG and IgA responses to T-cell-

dependent antigens by preventing the production of antibody classes most apt to 

neutralize and clear the virus (Vermeire et al., 2011, Arhel et al., 2009, Qiao et 

al., 2006, Xu et al., 2009). Nef modifies  the host cellular environment in many 

ways, including alteration of T-cell activation and maturation (Stevenson, 2003, 

Stove et al., 2003, Thoulouze et al., 2006), modulation of apoptotic and 

autophagic pathways (Fackler et al., 2002, Dinkins et al., 2010), as well as 

disrupts the intracellular trafficking of a multitude of cell surface proteins  of helper 

T-cells  and macrophages (the cellular targets of HIV-1 infection) (Roeth et al., 

2006). Importantly, Nef accelerates  the clathrin-dependent endocytosis of CD4, 

the primary virus entry receptor. This occurs through the binding of Nef to the 

cytoplasmic tail of CD4 and the recruitment of the clathrin adaptor protein 

complex-2 (AP-2) (Chaudhuri et al., 2007). This results in the accelerated 

internalization of CD4 into clathrin-coated pits, where it is subsequently targeted 

for lysosomal degradation (Chaudhuri et al., 2007). Other cell surface targets  of 

Nef include: the T-cell receptor (TCR) and cluster of differentiation 3 (CD3) 

complex (TCR-CD3), a key constituent of the immunological synapse that forms 
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between antigen-presenting cells (APCs) and T-cells  (Thoulouze et al., 2006); 

the costimulatory T-cell molecule cluster of differentiation 28 (CD28) (Leonard et 

al., 2011); dendritic cell-specific intercellular adhesion molecule-3-grabbing non-

integrin (DC-SIGN, or CD209) (Sol-Foulon et al., 2002); and cluster of 

differentiation 8 (CD8) β (CD8β) was recently identified as downmodulated by 

Nef, however the function of this is not yet known (Heigele et al., 2012). 

Importantly, Nef downmodulates  class I major histocompatibility complex (MHC-I) 

proteins, specifically the human leukocyte antigen (HLA)-A and -B allotypes, from 

the cell surface of HIV-1 infected cells to evade destruction by cytotoxic T 

lymphocytes (CTLs) (Roeth et al., 2006). These findings are confirmed in a 

broader context in SIV-1-infected rhesus macaques, in which Nef-mediated 

MHC-I downregulation limits CTL-directed killing while contributing to Nef’s 

pathogenic effect (Swigut et al., 2004). Indeed, high viremia and accelerated 

disease progression correlates with a greater extent of MHC-I downregulation in 

SIV-1-infected rhesus macaques, suggesting an important role for this immune 

evasive strategy in vivo (Friedrich et al., 2010). 

2.3.2 MHC-I biology and its disruption by pathogenic viruses

 The ability of cytotoxic T lymphocytes (CTLs) to distinguish peptides 

presented by MHC-I molecules  on the surface of antigen presenting cells  (APCs) 

as “self” or “non-self” is of fundamental importance to proper immune system 

functioning. In a healthy individual, “self”-derived peptides presented by MHC-I  
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on the surface of cells  fail to elicit any type of CTL response. In contrast, when a 

virally infected cell presents virus-derived peptides, or “non-self” peptides, on the 

cell surface, CTLs recognize this foreign signal and subsequently lyse the virally 

infected cell, effectively preventing further spread of the virus from that cell 

(Berke, 1995). 

 Pathogenic viruses use diverse strategies to downregulate MHC-I 

molecules, thereby evading CTL recognition by their hosts. Human 

cytomegalovirus (HCMV) escapes immune surveillance by the expression of the 

immediate early gene unique short region 3 (US3), which retains MHC-I 

molecules in the ER, followed by unique short region 11 (US11), which degrades 

MHC-I (Ahn et al., 1996). Similarly, while murine CMV (MCMV) blocks the 

transport of nascent MHC-I en route to the cell surface through m152 and m06 

expression in the early phase of infection, MCMV also mediates the arrest of 

endocytosed MHC-I in early endosomal populations by inhibiting their recycling 

and late endosome progression (Tomas et al., 2010). Epstein Barr virus (EBV) 

similarly encodes the EBV deoxyribonuclease (DNase) BGLF5, which impedes 

MHC-I transport followed by expression of BILF1, which enhances MHC-I 

degradation (Zuo et al., 2009). Varciella zoster virus (VZV) encodes the protein 

kinase open reading frame 66 (ORF66) to sequester MHC-I molecules in a 

phosphorylation-dependent manner (Eisfeld et al., 2007). The adenovirus E3 

protein contains a retention signal that mediates the sequestration of MHC-I 

molecules in the ER (Paabo et al., 1989). The herpes simplex virus protein IPC47 
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causes ER retention of MHC-I by inhibiting the transporter associated with 

antigen presentation (TAP) (Hill et al., 1995, York et al., 1994). The Kaposi’s 

sarcoma-associated herpesvirus or human herpesvirus-8 (HHV-8) expresses the 

E3 ubiquitin ligases modulator of immune recognition (MIR)-1 and MIR-2, which 

ubiquitinate lysine residues in the cytoplasmic tail of MHC-I, lead to the rapid 

endocytosis and degradation of MHC-I (Piguet, 2005, Ishido et al., 2009). 

Together, these studies illustrate how the downregulation of MHC-I is a common 

immune evasive strategy mediated by diverse pathogenic viruses. 

 While it was observed as early as  1989 that HIV-1 downregulates MHC-I 

(Kerkau et al., 1989, Scheppler et al., 1989), it would be seven more years 

before it was determined that Nef was responsible for this  effect (Schwartz et al., 

1996). Subsequent studies then revealed that Nef downregulates MHC-I 

molecules to evade CTL recognition and killing, thereby allowing HIV-1 infected 

cells to escape immune surveillance (Collins et al., 1998). The cellular 

mechanisms by which Nef mediates this effect are described in the sections that 

follow.

2.3.3 MHC-I alleles and the selective effect of Nef

 The human MHC-I locus on chromosome 6 encodes MHC-I molecules 

that are divided into “classical” and “non-classical” groups. The highly 

polymorphic classical MHC-I molecules (HLA-A, -B, and -C) present peptides to 

T-cell receptors (TCRs) of CTLs, while the conserved, non-classical molecules  
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(HLA-E, -F, and -G) exhibit limited polymorphism and have specialized roles in 

the immune system, such as inhibition of natural killer (NK) cell activity (Adams et 

al., 2001). There is evidence that the need to present diverse pathogen-derived 

antigens to CTLs facilitated the evolution of the HLA-A, -B, and -C loci via 

pathogen-mediated selection. Indeed, the HLA-A and -B groups are exceptionally 

polymorphic, with the highest degree of variability found within the peptide-

binding region, which is  consistent with the evolutionary need to present a 

diverse array of antigens to CTLs (Hughes et al., 1988, Janeway, 2005). Of the 

classical MHC-I alleles HLA-C is the most recently evolved, with functional 

differences among these molecules  that may restrict diversity, thus owing to the  

fewer alleles that have been identified for this group (Adams et al., 2001, Older 

Aguilar et al., 2010, Blais et al., 2011). 

 While it is known that MHC-I molecules are necessary to mount a robust 

CTL response to HIV-1 infection, not all MHC-I alleles are created equally. 

Indeed, certain MHC-I allotypes are associated with delayed disease progression 

and effective control of viral replication, such as  the over representation of the 

HLA-B*5701 allele in long-term non-progressing HIV-1 infected patients 

(Migueles et al., 2003). In addition, recent genome-wide analyses revealed that 

high HLA-C surface expression may correlate with better control of HIV-1 

infection (Pereyra et al., 2010, Fellay et al., 2007, Fellay et al., 2009). 

 To protect HIV-1 infected cells  from the host-mediated adaptive CTL 

response, HIV-1 Nef directs the removal of MHC-I from the cell surface, thereby 
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limiting the amount of MHC-I molecules presenting HIV-1-derived viral peptides 

to CTLs (Collins et al., 1998). However, our immune system has evolved to 

combat these viral strategies by the ability of natural killer (NK) cells to monitor 

and recognize cells with low MHC-I surface levels  as “infected” or “abnormal” and 

to target them for destruction (Vivier et al., 2011). Therefore, it is not surprising 

that while Nef can effectively reduce cell surface MHC-I molecules of HIV-1 

infected cells, it does so selectively, discriminately, and to the advantage of viral 

fitness. Whereas low surface expression of HLA-A and -B molecules can induce 

NK cell activation, expression of the HLA-C and -E molecules are inhibitory 

(Natarajan et al., 2002). Indeed, Nef selectively downmodulates the HLA-A and -

B molecules to evade CTL recognition, while the NK cell inhibitory molecules 

HLA-C and -E are resistant to downmodulation by Nef (Cohen et al., 1999, Le 

Gall et al., 1998, Natarajan et al., 2002). Nef interacts directly with the 

Y320SQAASS326 sequence in the cytoplasmic tail of HLA-A and -B molecules, 

whereas HLA-C and -E molecules  lack this sequence and selectively remain on 

the cell surface to inhibit NK cell activation (Le Gall et al., 1998, Williams et al., 

2002, Cohen et al., 1999). In this manner, HIV-1 is able to evade both CTL and 

NK cell recognition through the accessory protein Nef. However, It is  important to 

note that while MHC-I downmodulation by Nef is  an effective immune evasive 

strategy, it is neither complete nor solitary, as there is an inevitable generation of 

anti-HIV CTLs as well as an emergence of HIV escape mutants  that are resistant 

to CTL killing (Leslie et al., 2004, Friedrich et al., 2004). Indeed, as a 
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consequence of the low fidelity of HIV-1 replication, CTLs select for viral escape 

variants that are resistant to immune recognition, however this  often occurs at a 

cost to viral fitness (Leslie et al., 2004, Friedrich et al., 2004). 

2.3.4 The functional domains of Nef

 Nef is a 27 kD, N-myristolated protein associated with the cytoplasmic 

face of cell membranes. Although Nef is relatively small, containing only 206 

amino acids, it is functionally complex, containing overlapping effector domains 

that interact with a diverse array of cellular proteins to establish a favorable 

environment for replication and infectivity (Tokarev et al., 2011, Foster et al., 

2011, Foster et al., 2008). Nuclear magnetic resonance (NMR) spectroscopy 

together with X-ray crystallography have identified three structural regions of Nef: 

an amino (N)-terminal flexible (anchor) region (residues 1-57), a folded core 

domain (residues 58-149 and 181-206), and a carboxy (C)-terminal flexible loop 

(residues 150-18) (Lee et al., 1996, Grzesiek et al., 1996a, Arold et al., 1997, Jia 

et al., 2012). Within the flexible anchor domain, Nef contains a myristoylated 

glycine residue at position 2 that facilitates  association of Nef with the 

cytoplasmic face of cellular membranes (Geyer et al., 1999). Myristoylation is 

essential for Nef function, including the ability of Nef to downregulate cell surface 

CD4 and MHC-I molecules (Geyer et al., 1999, Foster et al., 2011). Indeed, a Nef 

G2→A mutant prevents  myristoylation and grossly disrupts  Nef function, 

illustrating that Nef predominantly functions at cellular membranes (Geyer et al., 

50



1999, Geyer et al., 2001). Another residue broadly required for Nef function is 

D123, which is part of an oligomerization domain (or dimer interface domain) that 

mediates the formation of Nef homodimers (Arold et al., 2000, Liu et al., 2000, 

Poe et al., 2009). Similar to the myristoylation mutant, Nef proteins mutated at 

residue D123 are defective for CD4 and MHC-I downregulation, as well as 

enhancement of viral infectivity (Liu et al., 2000). 

 Mutations within the various Nef domains have revealed that Nef uses 

distinct regions for mediating processes that selectively affect MHC-I and CD4 

trafficking (Foster et al., 2011). Nef contains a dileucine (E161xxxLL166) and a 

diacidic motif (DD175,176), both of which are essential for CD4 downregulation 

(described below), but are dispensable for MHC-I downregulation. In addition, 

Nef contains a second diacidic motif (EE155,156) that is  required for CD4 trafficking 

to lysosomal compartments for degradation (Geyer et al., 2001, Piguet et al., 

1999) as well as a hydrophobic pocket (including WL57,58) that binds the 

cytoplasmic tail of CD4 by NMR spectroscopy (Grzesiek et al., 1997, Grzesiek et 

al., 1996b). 

 The ability of Nef to bind the cytoplasmic tail of MHC-I and mediate its 

downregulation depends  on at least four critical sites within the anchor and core 

domains, including an N-terminal α-helix (R17ERM20RRAEPA26) which contains a 

critical methionine (M20), an acidic cluster (EEEE65), an SH3-binding domain that 

forms a type I polyproline helix (PQVP75), and a proline at position 78 (P78) (Akari 

et al., 2000, Mangasarian et al., 1999, Greenberg et al., 1998, Geyer et al., 2001, 
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Williams et al., 2005). The functions of these motifs in mediating MHC-I 

downregulation will be discussed in the sections to follow. Importantly, the 

significance of these motifs is illustrated by the fact these sequences are 

conserved in the HIV-1 M group, which accounts for over 90% of HIV-1 infections 

worldwide (Keele et al., 2006, Agopian et al., 2007).

2.4 Nef uses cellular trafficking pathways to exert its pathogenic function 

2.4.1 Nef manipulates host cell trafficking pathways

 The ability of Nef to carry out its pathogenic functions is  dependent on its 

ability to manipulate host cell trafficking pathways. The membrane-associated 

Nef protein acts  as an adaptor that links cellular targets (transmembrane 

proteins) to degradative pathways or reroutes them to alternate trafficking 

pathways by linking these targets to endosomal coat proteins  and to other 

cellular factors (Tokarev et al., 2011). Notably, Nef downmodulates the viral 

envelope glycoprotein receptor CD4 (described below), thereby preventing CD4 

from interfering with viral assembly and release (Lama et al., 1999, Benson et al., 

1993) as  well as preventing the infected cell from superinfection, which leads to 

inefficient virus  replication due to premature cell death (Michel et al., 2005, 

Venzke et al., 2006, Wildum et al., 2006). In addition, Nef mediates viral evasion 

of acquired cellular immunity by downregulating MHC-I molecules (Arien et al., 

2008) (described in section 2.5).   
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2.4.2 Nef accelerates the endocytosis and degradation of CD4

 The ability of Nef to accelerate the internalization of CD4 from the plasma 

membrane by linking the cytosolic tail of the receptor to the clathrin-associated 

endocytic machinery is the most well-characterized of Nef’s functions (Aiken et 

al., 1994, Chaudhuri et al., 2007, Doray et al., 2007, Jin et al., 2005, Rhee et al., 

1994). Nef binds the cytoplasmic tail of cell surface CD4 and the interface of this 

interaction, as determined by NMR, is formed by residues in a hydrophobic 

pocket (including WL57,58) on the folded core domain as well as  by additional 

residues in the N-terminal flexible region of Nef (Grzesiek et al., 1996b, Preusser 

et al., 2001). While these residues are critical for the ability of Nef to interact with 

CD4, the binding of Nef alone with CD4 is not sufficient to induce internalization 

of CD4 (Preusser et al., 2001). Indeed, the recruitment of AP-2 is required for Nef 

to stimulate the increased rate of clathrin-dependent endocytosis  of CD4 

(Chaudhuri et al., 2007, Lindwasser et al., 2008). The interaction between Nef 

and AP-2 requires  the dileucine (E161xxxLL166) and diacidic motifs (DD175,176), 

both of which are essential for CD4 downregulation but are dispensable for MHC-

I downregulation (Chaudhuri et al., 2007, Doray et al., 2007, Lindwasser et al., 

2008, Mitchell et al., 2008). Indeed, recent studies revealed that Nef, AP-2, and 

the cytoplasmic tail of CD4 cooperatively form a tripartite complex in which Nef 

and CD4 fail to interact in the absence of AP-2 (Chaudhuri et al., 2009). These 

interactions lead to the assembly of clathrin-coated pits surrounding CD4 that 

eventually form clathrin-coated vesicles for subsequent internalization (Burtey et 
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al., 2007, Greenberg et al., 1997). Following internalization, Nef suppresses the 

recycling of CD4 back to the cell surface by facilitating the delivery of CD4 from 

early endosomes to late endosomes and the multivesicular body (MVB) pathway 

via the endosomal sorting complex required for transport (ESCRT), and then 

eventually to lysosomes for degradation, thereby effectively decreasing the total 

amount of cellular CD4 (Anderson et al., 1994, Giolo et al., 2007, Piguet et al., 

1999, Rhee et al., 1994, daSilva et al., 2009, Luo et al., 1996). 

2.4.3 Nef-induced MHC-I downregulation requires a multitude of cellular factors

 As described in detail in the following section, Nef associates with a 

plethora of cellular factors to alter the trafficking fate of MHC-I molecules. While 

the mechanism of Nef-mediated MHC-I downregulation is not as clearly 

understood as CD4 downregulation, there are interesting parallels  in the manner 

in which Nef recruits coats  proteins and other cellular factors to enhance 

internalization of MHC-I, as well as  divert MHC-I from being delivered to the cell 

surface. The two pathways described in the next section for Nef-mediated 

downregulation of MHC-I are 1) an increased rate of endocytosis from the 

plasma membrane (Figure 2.3) and 2) ER-retention via inhibition of MHC-I 

delivery to the plasma membrane (Figure 2.4). While there are distinct 

differences in the cellular factors required for mediating these pathways, the 

studies presented in chapter 3 provide insight into how these pathways may be 

temporally linked in the context of HIV-1 infection.   
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2.5 Nef downregulates MHC-I using endocytic and retention pathways

2.5.1 Nef downregulates MHC-I through a PI3K-dependent ARF6 endocytic 

pathway

 In the first reports of Nef-mediated MHC-I downregulation, it was 

determined that Nef enhances the rate of MHC-I endocytosis in HIV-1 infected 

cells, resulting in the accumulation of MHC-I in perinuclear and endosomal 

compartments (Schwartz et al., 1996). Furthermore, these studies revealed that 

while Nef has no effect on the rate of MHC-I synthesis or trafficking through the 

ER or cis-Golgi, Nef does induce lysosomal degradation of MHC-I (cited as data 

not shown in (Schwartz et al., 1996)). In contrast to the Nef-mediated AP-2-

dependent downregulation of CD4, Nef-induced endocytosis of MHC-I is clathrin/

AP-2-independent, as treatment with a dominant negative dynamin (Le Gall et 

a l . , 2000) or an AP-2 dominant negat ive mutant (µ2-D176→A) 

(Blagoveshchenskaya et al., 2002) selectively blocks CD4 downregulation while 

having no effect on Nef-induced MHC-I endocytosis. Furthermore, it was 

subsequently determined that the domains in Nef required for inducing 

downregulation of CD4 and MHC-I are genetically separable (Greenberg et al., 

1998), suggesting Nef does indeed downmodulate CD4 and MHC-I using distinct 

mechanisms.

 Studies in non-HIV-1-infected cells that show MHC-I colocalizes with the 

small guanosine triphosphate (GTP)ase, adenosine diphosphate (ADP)-
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ribosylation factor 6 (ARF6), a member of the ARF family of GTP-binding proteins 

(Radhakrishna et al., 1997). ARF6 had been implicated in the endocytosis of 

transmembrane cargo proteins by connecting vesicles with actin cytoskeletal 

components, rather than linking cargo to coat proteins such as clathrin or COPI 

(Chavrier et al., 1999). Indeed, ARF-6-dependent endocytosis and recycling of 

proteins is controlled by the GTP/GDP bound state of ARF6, as mutants of ARF6 

that are either deficient in GTP hydrolysis (ARF6-Q67→L) or in GDP exchange 

(ARF6-T27→N) act in a dominant-negative fashion (Radhakrishna et al., 1997). 

Consistent with these findings, Nef-induced endocytosis of MHC-I is selectively 

inhibited (while CD4 downregulation remains unaffected) when the ARF6 

pathway is blocked through either: treatment of cells  with aluminum fluoride 

(AlF4), a G-protein activator that redistributes ARF6 from endosomal 

compartments to the plasma membrane, thereby blocking ARF6 function; 

expression of the dominant-negative, GTP hydrolysis  defective ARF6 (Q67→L); or 

expression of the catalytically inactive, dominant negative ARF6 guanine 

nucleotide exchange factor (GEF) ARNO (E156→K) (Blagoveshchenskaya et al., 

2002). Further analysis revealed that the ability of Nef to induce the ARNO-

dependent loading of ARF6 and the subsequent internalization of MHC-I was 

dependent on the activation of phosphatidylinositide 3-kinase (PI3K) 

(Blagoveshchenskaya et al., 2002). Indeed, Nef activates PI3K, leading to 

elevated levels  of phosphatidylinositol (3,4,5)-triphosphate (PIP3) at the cell 

periphery, which recruits an ARF6 GEF (ARNO), leading to the ARNO-mediated 
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loading of ARF6 and the subsequent acceleration of MHC-I endocytosis from the 

cell surface (Blagoveshchenskaya et al., 2002). 

2.5.2 Nef-mediated activation of PI3K requires the acidic cluster (EEEE65) and 

polyproline (PXXP75) motifs, but not M20

 Consistent with previous  functional analysis of Nef domains required for 

MHC-I downregulation (Greenberg et al., 1998), the acidic cluster (EEEE65) and 

polyproline (PXXP75) motifs  are required for sequential steps leading to the 

activation of PI3K and stimulation of ARF6-mediated endocytosis  of MHC-I  

(Figure 2.3) (Blagoveshchenskaya et al., 2002, Hung et al., 2007). Interestingly, 

while Nef M20 is essential for downregulation of steady-state levels  of MHC-I 

(Akari et al., 2000, Mangasarian et al., 1999) and the sorting of MHC-I into AP-1 

containing compartments (Roeth et al., 2004), this residue is dispensable for the 

endocytosis of MHC-I (Blagoveshchenskaya et al., 2002). Rather, Nef M20 is 

required for blocking the cell surface retrieval of MHC-I molecules, as Nef 

M20→A fails to inhibit MHC-I recycling despite its ability to stimulate MHC-I 

endocytosis (Blagoveshchenskaya et al., 2002). Indeed, the observation that 

MHC-I is constitutively recycled to the cell surface from a primaquine-sensitive 

ARF6-regulated endosomal compartment, together with the determination that 

Nef M20→A can efficiently target MHC-I to the TGN in the presence (but not 

absence) of primaquine, suggests Nef M20 promotes MHC-I downregulation by 
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impeding cell surface retrieval and diverting MHC-I to the perinuclear region in a 

primaquine-sensitive manner (Blagoveshchenskaya et al., 2002). 

2.5.3 Nef binds PACS-2 to assemble a Src family kinase(SFK)-ZAP-70-PI3K 

multi-kinase complex to downregulate cell surface MHC-I

 The polyproline (PXXP75) motif in Nef resides in a type II polyproline helix 

and fulfills the canonical sequence for a class II Src homolgy 3 (SH3) binding 

domain (PXXPX(K/R)) (Li, 2005). The Nef polyproline domain recruits and 

activates a TGN-localized Src family kinase (SFK) to mediate MHC-I 

downregulation (Hung et al., 2007). Indeed, mutation of the SH3 domain in Nef 

(AXXA75) abrogates the Nef-SFK interaction and subsequent MHC-I 

downregulation (Hung et al., 2007, Lerner et al., 2002). The Nef-SFK complex 

then recruits  and activates the tyrosine kinase zeta-chain-associated protein 

kinase-70 (ZAP-70), which then binds the Src homology 2 (SH2) domain of p85, 

the regulatory subunit of PI3K, thereby activating PI3K and leading to the 

subsequent downregulation of MHC-I (Figure 2.3) (Hung et al., 2007, Atkins et 

al., 2008). Indeed, an active SFK bound to PXXP75 is required for these steps, as 

expression of a catalytically inactive SFK mutant (Hck-KE) abrogates the 

increased recruitment of ZAP-70 and PI3K activation seen with wild-type Hck 

expression (Hung et al., 2007). Moreover, Nef forms a complex with PI3K and 

ZAP-70 (or the ZAP-70 homolog Syk in myeloid lineage cells) and inhibition of 

any of these components pharmacologically or via small interfering RNA (siRNA) 
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knockdown abolishes Nef-mediated MHC-I downregulation (Hung et al., 2007), 

confirming the significance of these molecules in this pathway. 

 While it was determined that the Nef acidic cluster (EEEE65) was required 

for the TGN-localization of Nef (Blagoveshchenskaya et al., 2002), where Nef 

recruits and activates a TGN-localized SFK to assemble the multi-kinsae 

complex (Hung et al., 2007), it was unclear the sorting mechanism by which Nef 

trafficked to the perinuclear region. The acidic-cluster dependent trafficking of Nef 

was suggestive of a PACS-mediated sorting step (Youker et al., 2009) and 

indeed, PACS proteins bind Nef directly through a bipartite site on Nef formed by 

the N-terminal EEEE65 acidic cluster and W113 in the core domain (Atkins et al., 

2008, Dikeakos et al., 2012). Furthermore, siRNA-mediated knockdown of 

PACS-1 or PACS-2 in primary human CD4+ T-cells blocked Nef-induced 

downmodulation of HLA-A2 (Atkins et al., 2008), suggesting PACS proteins play 

an essential role in Nef-mediated MHC-I downregulation. Indeed, subsequent 

analysis determined that Nef initiates  MHC-I downmodulation by interacting with 

PACS-2, and the Nef/PACS-2 complex is then directed to the TGN where 

PACS-2 is  displaced and Nef binds and activates  a TGN-localized SFK (Atkins et 

al., 2008). The Nef-SFK complex then recruits ZAP-70 to bind the SH2 domain of 

the p85 regulatory subunit of PI3K, resulting in the activation of PI3K and the 

generation of PIP3, which stimulates the guanine nucleotide exchange factor 

ARNO and the GTP loading of ARF6, thereby accelerating the rate of MHC-I 

endocytosis (Atkins  et al., 2008, Blagoveshchenskaya et al., 2002). Following the 
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Nef-induced acceleration of endocytosis, MHC-I is sequestered to the 

paranuclear region in an M20-dependent manner, thereby preventing the 

recycling of endocytosed MHC-I to the cell surface (Blagoveshchenskaya et al., 

2002).

2.5.4 Nef interacts with PACS proteins on endosomes to downregulate MHC-I

 While both PACS-2 and PACS-1 are required for MHC-I downregulation, 

their roles in Nef action are distinct and sequential. Indeed, PACS-2 is required 

for the ability of Nef to traffic from early endosomes to the perinuclear region, as 

the expression of Nef in PACS-2 siRNA-depleted or Pacs2-/- cells leads to the 

accumulation of Nef in early endosomal compartments (Atkins et al., 2008). In 

contrast, PACS-1 is  required downstream of PI3K activation, as knockdown of 

PACS-2, but not PACS-1, prevents assembly of the multi-kinase complex and the 

subsequent activation of PI3K (Atkins et al., 2008). Moreover, to analyze the 

subcellular location of Nef-PACS interactions, recent studies  from our laboratory 

utilized bimolecular fluorescence complementation (BiFC); in which cells express 

reporter constructs composed of PACS-2 fused to the N-terminus of YFP and Nef 

fused to the C-terminus of YFP, which are individually non-fluorescent, but 

generate fluorescence upon protein-protein interaction (Dikeakos et al., 2012, 

Kerppola, 2008). Indeed, these studies demonstrate that PACS-2 interacts with 

Nef on Rab5-positive early endosomes as well as  Rab7-positive late endosomes/

multi-vesicular bodies (MVBs) (Dikeakos  et al., 2012), consistent with the role of 
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PACS-2 in trafficking Nef from the early endosomes to the perinuclear region 

where it can mediate the assembly of the multi-kinase complex to downregulate 

MHC-I (Atkins et al., 2008). Furthermore, the ability of PACS-1 to interact with 

Nef on Rab7-positive late endosomes/MVBs is consistent with a role for PACS-1 

downstream of PI3K activation to mediate the sequestration of endocytosed 

MHC-I molecules as well as with the determination that downregulated MHC-I 

accumulates in Rab7-positive endosomes (Dikeakos et al., 2012, Schaefer et al., 

2008, and Chapter 3). 

 Mapping studies have further characterized the Nef-PACS interactions by 

identifying the precise regions on Nef and PACS-1 or PACS-2 required for their 

interaction (Figure 2.5 and (Dikeakos et al., 2012)). These studies  determined 

that a 15 amino acid fragment within the cargo- or furin-binding region (FBR) of 

PACS-1 (residues 181-195) or PACS-2 (residues 102-116) are sufficient to 

interact with a bipartite site on Nef consisting of the EEEE65 acidic cluster and 

W113 in the core domain (Dikeakos et al., 2012). Importantly, mutation of a critical 

residue in the Nef-binding site on PACS-1 or PACS-2 (PACS-1 N188→A or 

PACS-2 N109→A) repressed Nef-mediated MHC-I downmodulation (Dikeakos et 

al., 2012). Correspondingly, mutation of the PACS binding site on Nef 

(EEEE65→AAAA, W113→A , or Nef-E4AW113A) disrupted the PACS-dependent 

trafficking of Nef to the perinuclear region as well as repressed MHC-I 

downregulation (Dikeakos et al., 2012). Together, these studies illustrate the 
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molecular basis underlying Nef-PACS interactions and how these interactions 

contribute to the Nef-induced trafficking events leading to MHC-I downregulation. 

2.5.5 Nef recruits AP-1 to the cytoplasmic tail of MHC-I to divert newly 

synthesized MHC-I to lysosomes for degradation

 In addition to the endocytic mechanism for MHC-I downregulation, Nef also 

forms a ternary complex with the cytoplasmic tail of MHC-I and the adaptor 

protein AP-1 to divert newly synthesized MHC-I from transit to the cell surface to 

the endolysosomal network where it is  ultimately degraded (Figure 2.4) (Noviello 

et al., 2008, Singh et al., 2009, Schaefer et al., 2008, Wonderlich et al., 2008). To 

mediate this effect, Nef binds  the cytoplasmic tail of MHC-I early in the secretory 

pathway (Kasper et al., 2005, Williams et al., 2002, Roeth et al., 2004, Williams 

et al., 2005) and then the Nef-MHC-I complex recruits AP-1 to redirect MHC-I 

from the TGN to the endo-lysosomal network (Roeth et al., 2004). Interestingly, 

despite mechanistic differences in how Nef induces CD4 and MHC-I 

internalization, recent studies determined that both MHC-I and CD4 are 

ultimately found in the same endo-lysosomal structures and both are targeted for 

lysosomal degradation in a β-COP-dependent manner (Schaefer et al., 2008), 

consistent with the role of COPI in endosomal maturation (Huotari et al., 2011). 

However, as these experiments rely on the overexpression of MHC-I,  

examination of the fate of endogenous versus overexpressed MHC-I is 

warranted. Moreover, the determination that PACS-2 binds β-COP and functions 
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as a connector for COPI coated vesicles (Simmen et al., 2005), together with the 

observation that PACS-2 interacts with Nef on Rab5-positive early endosomes as 

well as Rab7-positive late endosomes (Dikeakos et al., 2012), suggests  PACS-2 

may function in a β-COP-dependent manner to mediate Nef-dependent 

trafficking steps.   

 To mediate the formation of a ternary complex, Nef appears  to be 

functioning as an adaptor or facilitator, as the cytoplasmic tail of MHC-I does not 

directly bind to AP-1 itself (Noviello et al., 2008, Wonderlich et al., 2008). The 

ability of the Nef-MHC-I complex to recruit AP-1 requires M20 in the N-terminal α-

helical domain of Nef as well as Y320 in the cytoplasmic tail of MHC-I (Noviello et 

al., 2008, Wonderlich et al., 2008). Indeed, AP-1 and MHC-I interact via a non-

canonical tyrosine-based YXXφ sorting signal (where φ is an amino acid with a 

bulky hydrophobic side chain) (Bonifacino et al., 2003) in which the cytoplasmic 

tail of MHC-I contains a Y320SQA instead of a YXXφ sequence and Nef is  thought 

to compensate for the lack of a φ residue to facilitate this interaction (Wonderlich 

et al., 2008). To date, it is  only possible to observe the ternary complex between 

AP-1, Nef, and the cytoplasmic tail of MHC-I in vitro when the MHC-I cytoplasmic 

tail is  fused to the N-terminus  of Nef that has been mutated to inactivate the 

LL164,165 dileucine motif (MHCIct-NefLL→AA) (Coleman et al., 2006, Noviello et 

al., 2008, Wonderlich et al., 2008, Singh et al., 2009). Inactivation of the dileucine 

motif is  necessary because native Nef can directly bind to AP-1 in vitro at the 

canonical (D/E)XXXL(L/I) motif (Bonifacino et al., 2003), thereby precluding 
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analysis of the in vivo ternary complex. While a discrete binding site on Nef 

required for direct interaction with the cytoplasmic tail of MHC-I has  remained 

elusive, the acidic (EEEE65) and polyproline (PXXP75) motifs  of Nef have been 

shown to stabilize this  interaction (Noviello et al., 2008, Wonderlich et al., 2008). 

In support of these studies, the recently solved high resolution crystal structure of 

a ternary complex comprising Nef, the MHC-I cytosolic tail, and the µ1 subunit of 

AP-1 has shed some light on these complex interactions (Jia et al., 2012). 

Indeed, this structural analysis  revealed cooperativity between various Nef 

domains to form and stabilize an interaction between the MHC-I cytosolic tail and 

the µ1 subunit of AP-1. Specifically, the MHC-I cytosolic tail is  clamped into a 

long, narrow binding groove at the Nef-µ1 interface that is secured by regions 

within the Nef polyproline helix (including PXXP75) as  well as  by electrostatic 

interactions involving the acidic cluster in the Nef core domain (EEEE65) (Jia et 

al., 2012). These structural analyses provide insight into how Nef functions as a 

clathrin-associated sorting protein to alter the fate of MHC-I trafficking. 
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Figure 2.1. Natural history of HIV-1 disease progression. 

The timeline of HIV infection can be divided into three phases: primary infection, 

latency, and clinical AIDS. During the primary infection (usually 2-4 weeks post-

exposure), plasma viral titers peak while CD4+ T-cell levels initially decline. A 

dramatic reduction in viral load following primary HIV infection marks the 

beginning of clinical latency. As CD4+ T-cell levels continue to decline, the HIV-1 

infected individual progresses to AIDS. Reproduced with permission from 

(Pantaleo et al., 1993), Copyright 1993 Massachusetts Medical Society. 
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Figure 2.2. Schematic of Nef functions. 

HIV-1 Nef downregulates several receptors from the cell surface of CD4+ T-cells 

to inhibit CTL-mediated lysis, enhance virus release, alter cell migration, and 

modulate signal transduction by the immunological synapse. Reproduced with 

permission from (Kirchhoff, 2009), Copyright 2009 Nature Publishing Group. 
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Figure 2.3. Nef assembles a multi-kinase complex to accelerate 

endocytosis of MHC-I. 

1) The Nef EEEE65-dependent binding to PACS-2 targets Nef to the perinuclear 

region. 2) Nef PXXP75 binds  and directly activates a TGN-localized SFK. 3) The 

Nef-SFK complex recruits and activates ZAP-70/Syk, which then binds and 

activates class I PI3K. 4) PI3K generates PIP3 at the plasma membrane. 5) An 

ARF6 guanine-nucleotide-exchange factor (ARF6-GEF) binds PIP3. 6) The 

ARF6-GEF activates ARF6. 7) ARF6 activation leads to the endocytosis  of MCH-I 

from the plasma membrane to endosomal comparments. 8-9) Endocytosed 

MHC-I is sequestered in the perinuclear region in an M20-, AP-1, and PACS-1-

dependent manner. Reproduced with permission from (Youker et al., 2009), 

Copyright 2009 Biochemical Journal. 
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Figure 2.4. Nef reroutes newly synthesized MHC-I to the endolysosomal 

network. 

Nef binds the cytoplasmic tail of MHC-I early  in the secretory pathway. The Nef-

MHC-I complex then recruits AP-1 to divert newly synthesized MHC-I from transit 

to the cell surface to the endolysosomal network where it is ultimately degraded. 

Reproduced with permission from (Roeth et al., 2004). Copyright Roeth et al., 

2004, Rockefeller University  Press. Originally published in The Journal of Cell 

Biology. doi: 10.1083/jcb.200407031.   
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Figure 2.5. Schematic of the PACS-Nef interaction. 

(A) Schematic of PACS-1 depicting the ARR, FBR, MR, and CTR. The PACS-1 

and PACS-2 FBR residues necessary and sufficient for interaction with Nef are 

shown below in red. (B) Schematic of Nef depicting the sites required for 

interacting with PACS-1 and PACS-2, including the acidic cluster EEEE65 and 

W113 in the core domain (shown in red). 
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CHAPTER 3. Small molecule inhibition of HIV-1-induced MHC-I 

downregulation identifies a temporally regulated switch in Nef action
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ABSTRACT

 HIV-1 Nef triggers  downregulation of cell-surface MHC-I by assembling a 

Src family kinase (SFK)-ZAP-70/Syk-PI3K cascade. Here, we report that 

chemical disruption of the Nef-SFK interaction with the small molecule inhibitor 

2c blocks assembly of the multi-kinase complex and represses HIV-1–mediated 

MHC-I downregulation in primary CD4+ T-cells. 2c did not interfere with the 

PACS-2–dependent trafficking of Nef required for the Nef-SFK interaction or the 

AP-1 and PACS-1–dependent sequestering of internalized MHC-I, suggesting 

the inhibitor specifically interfered with the Nef-SFK interaction required for 

triggering MHC-I downregulation. Transport studies revealed Nef directs a highly 

regulated program to downregulate MHC-I in primary CD4+ T-cells. During the 

first two days after infection, Nef assembles the 2c-sensitive multi-kinase 

complex to trigger downregulation of cell-surface MHC-I. By three days post-

infection Nef switches to a stoichiometric mode that prevents surface delivery of 

newly synthesized MHC-I. Pharmacologic inhibition of the multi-kinase cascade 

prevents the Nef-dependent block in MHC-I transport, suggesting the signaling 

and stoichiometric modes are causally linked. Together, these studies  resolve the 

seemingly controversial models that describe Nef-induced MHC-I downregulation 

and provide new insights into the mechanism of Nef action.
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INTRODUCTION

After infection by HIV-1, the acute viremia induces an immune response 

that includes the development of anti-HIV CD8+ cytotoxic T lymphocytes (CTLs) 

(Gandhi et al., 2002). Though a significant number of the circulating CTL 

population is  directed against HIV-1–infected cells, the virus escapes the 

adaptive immune response, establishing reservoirs in numerous cell types that 

can resist highly active antiretroviral therapy (HAART) (Stevenson, 2003). During 

disease progression, the HIV-1 viral load increases greatly, destroying most of 

the CD4+ lymphocytes, leaving patients increasingly susceptible to opportunistic 

infections (Douek et al., 2003).

The adaptive immune response requires members of the class I major 

histocompatibility complex (MHC-I) to present viral antigens on the surface of 

infected cells, which destroys the infected cell by the cytolytic, apoptosis- 

inducing actions of CTLs (Lieberman, 2003). Large DNA viruses, including 

herpesviruses and poxviruses, possess a large collection of immune evasive 

genes that are expressed in a coordinated manner to target nearly every step in 

the biosynthesis, assembly, transport, and cell-surface localization of MHC-I 

molecules (Yewdell et al., 2002, Peterlin et al., 2003). By contrast, HIV-1 relies on 

the single 27-kDa N-myristoylated early gene product Nef to downregulate MHC-I 

(Peterlin et al., 2003). Nef is  required for the onset of AIDS and can affect cells in 

many ways, including alteration of T-cell activation and maturation, subversion of 
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the apoptotic machinery, and the downregulation of cell-surface molecules, 

notably CD4 and MHC-I (Fackler et al., 2002). Downregulation of CD4 through 

the clathrin/AP-2 pathway to lysosomes eliminates interference of the viral 

receptor with HIV-1 envelopment or release. Downregulation of cell-surface 

MHC-I molecules encoded by the HLA-A and -B loci to paranuclear TGN/

endosomal compartments mediates the ability of HIV-1 to evade the CD8+ 

immune surveillance system (Blagoveshchenskaya et al., 2002, Tomiyama et al., 

2002, Yang et al., 2002, Peterlin et al., 2003).

Two models—here referred to as the “signaling” and “stoichiometric” 

downregulation pathways—are currently used to explain the molecular basis of 

Nef-mediated MHC-I downregulation (see Hung et al., 2007). The “signaling” 

model describes the sequential roles of three conserved Nef sites in mediating 

MHC-I downregulation. The pathway is initiated by the EEEE65-dependent 

binding to the sorting protein PACS-2, which targets Nef to the paranuclear 

region, enabling PXXP75 to bind and activate a Golgi region-localized Src family 

kinase (SFK). This  Nef-SFK complex then phosphorylates ZAP-70 (Syk in 

monocytes and heterologous cells), forming a phosphotyrosine-based docking 

motif that recruits  class I PI3K by ligating the p85 regulatory subunit C-terminal 

SH2 domain. This multi-kinase complex then triggers internalization of cell-

surface MHC-I through a clathrin-independent, ARF6-dependent pathway 

(Blagoveshchenskaya et al., 2002, Hung et al., 2007, Atkins et al., 2008). After 

internalization, Nef M20, located within an amphipathic α-helix, mediates the 
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sequestering of endocytosed MHC-I molecules into paranuclear compartments 

(Blagoveshchenskaya et al., 2002, Hung et al., 2007, Chaudhry et al., 2008). By 

contrast, the “stoichiometric” model envisions that Nef mediates MHC-I 

downregulation by acting solely via a PI3K-independent pathway that diverts 

newly synthesized MHC-I molecules to degradative compartments by an M20- 

and AP-1–dependent mechanism (Kasper et al., 2003, Roeth et al., 2004, Kasper 

et al., 2005). However, an alternative interpretation of the stoichiometric model 

suggests Nef binds  endocytosed MHC-I but the underlying mechanism was not 

described (Roeth et al., 2004, Noviello et al., 2008). While the stoichiometric 

model suggests  the importance of Nef M20 in mediating MHC-I downregulation—

a finding consistent with both models—it fails to address the roles of EEEE65 and 

the PXXP75 site within the polyproline helix. 

The binding of HIV-1 Nef to the SH3 domains of SFKs requires PXXP75 

and an adjacent hydrophobic pocket, which anchors the SFK on Nef (Lee et al., 

1995). The determination that Nef can bind and directly activate a subset of 

SFKs together with the conservation of the SH3 domain binding site across 

various Nef alleles (Choi et al., 2004, Trible et al., 2006) suggests the Nef-SFK 

interaction is required for disease progression, including AIDS-like disease in 

animal models and assembly of the SFK-ZAP-70/Syk-PI3K multi-kinase complex, 

which triggers MHC-I downregulation in primary CD4+ T-cells and promonocytic 

cells (Hanna et al., 1998a, Hung et al., 2007). These findings  suggest that 

targeting the assembly of the multi-kinase complex may represent an attractive 
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approach to inhibiting AIDS progression. The ability of isoform-specific class I 

PI3K kinase inhibitors to repress Nef-induced MHC-I downregulation in primary 

CD4+ T-cells supports this  possibility (Hung et al., 2007, Atkins et al., 2008). 

Alternatively, small molecule inhibitors  that disrupt the binding of Nef to one or 

more of the kinases that form the multi-kinase complex would inhibit Nef action 

without disrupting the activity of cellular kinases that may be required for host cell 

function.

 Here we report that small molecule disruption of Nef-SFK binding 

represses MHC-I downregulation in HIV-1–infected primary CD4+ T-cells by 

interfering with formation of the multi-kinase complex. We further show that Nef-

induced MHC-I downregulation in primary CD4+ T-cells is manifest by the 

sequential action of the signaling mode, which lasts for more than two days after 

infection, followed by the stoichiometric mode by three days post-infection. 

Interference with the multi-kinase complex that triggers  the signaling mode 

disrupts the subsequent stoichiometric block in MHC-I transport, suggesting the 

two modes are causally linked. These studies challenge the current dogma of 

Nef-mediated MHC-I downregulation (Hansen et al., 2009) and suggest Nef 

orchestrates a highly regulated molecular program consisting of the sequential 

use of signaling followed by stoichiometric modes to evade immune surveillance.
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RESULTS

3.1 HIV-1 Nef uses a subset of SFKs to trigger MHC-I downregulation

 Formation of the SFK-ZAP70/Syk-PI3K multi-kinase complex is initiated 

by the PXXP75-dependent binding of Nef to the SH3 domain of a Golgi region-

localized SFK, directly activating the kinase (Hung et al., 2007). Of the seven 

known SFKs only a subset—Hck, Lyn, and Src—can be directly activated after 

Nef binding and are found in the Golgi region, suggesting one or more of these 

kinases mediate MHC-I downdownregulation (Matsuda et al., 2006, Trible et al., 

2006, Hiyoshi et al., 2008, Pulvirenti et al., 2008). To test this, H9 CD4+ T-cells 

treated with siRNAs specific for Hck, Lyn, or Src were infected with recombinant 

viruses expressing Nef and the extent of MHC-I downregulation was determined 

(Figure 3.1A, and relative SFK knockdown quantified in Figure 3.2A). Our results 

demonstrate that Nef-induced MHC-I downregulation was slightly repressed by 

siRNA knockdown of Hck alone but blocked by knockdown of Hck, Lyn, and Src 

together. The data suggest that Hck, Lyn, and Src function redundantly in Nef-

induced MHC-I downregulation.

3.2 Small molecule inhibition of the Nef-SFK interaction

 The determination that Nef assembles a multi-kinase complex to trigger 

MHC-I downregulation suggests this pathway can be selectively targeted 

pharmacologically. Indeed, isoform-specific class I PI3K inhibitors  repress Nef-
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induced MHC-I downregulation in primary CD4+ T-cells  (Hung et al., 2007, Atkins 

et al., 2008). An alternative approach would be to block protein-protein 

interactions required for complex assembly without affecting cellular enzyme 

activity directly. The characterized binding of Nef to SFK SH3 domains 

represents an ideal target for this type of inhibitor (Arold et al., 1997). One 

candidate compound, 2c (Figure 3.2B), is  a derivative of the compound UCS15A 

that disrupts the PXXP-dependent binding of Sam68 to Src (Oneyama et al., 

2003). To test whether 2c disrupts Nef-SFK binding, we treated H9 CD4+ T-cells 

coexpressing flag-tagged Nef (Nef/f) and Hck with increasing concentrations of 

2c. Hck was used because it binds Nef with higher affinity than other SFKs and 

Nef can assemble Hck into the multi-kinase complex (Hung et al., 2007, Atkins et 

al., 2008). Coimmunoprecipitation analysis showed 2c repressed the interaction 

between Nef and Hck in a dose-dependent manner (Figure 3.1B) as well as 

repressed the interaction with Lyn or Src (Figure 3.2C). Next, we incubated GST-

Nef and His6-Hck with increasing concentrations of 2c and found that 2c 

disrupted Nef-Hck binding in a dose-dependent manner (Figure 3.1C). To 

determine whether the ability of 2c to inhibit Nef-SFK binding also blocked Nef-

induced SFK activation, we incubated recombinant, purified Nef, and Hck with 

increasing concentrations of 2c and measured the resulting Nef-induced Hck 

activity using a FRET-based in vitro kinase assay. Under these assay conditions, 

activation of Hck is  dependent upon Nef (Emert-Sedlak et al., 2009). As shown in 

Figure 3.1D, 25 µM 2c substantially repressed Nef-dependent Hck activity 
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without affecting Hck in the absence of Nef. High 2c concentrations (≧100 µM), 

however, directly inhibited Hck activity. These findings suggest 2c has a bimodal 

effect on Hck activity; at low concentrations 2c disrupts Nef-induced kinase 

activity, whereas high concentrations of 2c inhibit Hck directly.

The ability of 2c to selectively inhibit Nef-induced Hck activation suggested 

2c may bind Nef directly, thereby affecting Hck activity. Accordingly, 1H-15N 

Heteronuclear Single Quantum Coherence (HSQC) NMR analysis  of the 

interaction of 2c with recombinant Nef in solution revealed 2c induces a number 

of chemical shift changes in amide resonances of Nef (Figure 3.1E). These 

include relatively small chemical shift changes (0.025–0.063ppm) at V74, M79, 

and T80 located within the Nef polyproline helix that binds the RT loop of SH3 

domains on SFKs (Lee et al., 1995), suggesting 2c may influence the 

conformation of the polyproline helix. The presence of resonance overlap in the 

NMR spectra precluded more detailed analysis  involving the disordered regions 

of Nef such as the N-terminal region preceding the polyproline helix and the 

internal loop consisting of residues E149–K178. More pronounced chemical shift 

changes (>0.1ppm) were observed for the resonances of Y135, K144, V146, K184 

(R184 in Figure 3.1F [PDB ID:2NEF]), F185, and L189 which are clustered on the 

opposite side of the SH3 domain binding site. Other residues in this region such 

as V148, A190, F191, M194, and E197, and L198 also undergo substantial (>0.06ppm) 

changes. These chemical shift perturbations caused by the addition of 2c imply 

that 2c could bind to the cleft formed by the central β-sheet and the C-terminal α-
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helices of Nef, which may provide a good binding pocket (Figure 3.1F). Together, 

these findings suggest 2c may interfere with Nef-induced SFK activation most 

likely by allosteric inhibition of SFK binding or possibly by directly influencing the 

binding mode of the polyproline helix to SFKs or both.

3.3 2c represses the ability of HIV-1 to downregulate MHC-I

 The 2c concentration range that selectively inhibited Nef-dependent SFK 

activation showed no measurable cell toxicity up to 60 µM for two days, 

suggesting 2c could be tested in culture (Figure 3.3A). Accordingly, we treated 

H9 cells expressing Nef-yellow fluorescent protein (Nef-eYFP) with 2c or the 

class I PI3K inhibitor PI-103, which specifically blocks  Nef-induced MHC-I 

downregulation (Hung et al., 2007), and measured cell surface MHC-I (Figure 

3.4A). In agreement with earlier studies (Hung et al., 2007, Atkins et al., 2008), 

Nef-eYFP induced an ~two-fold downregulation of MHC-I that was blocked by 

PI-103. Similarly, 2c partially blocked MHC-I downregulation. Next, we asked 

whether 2c could interfere with HIV-1–induced MHC-I downregulation in primary 

CD4+ T-cells. We infected primary CD4+ T-cells  with HIV-1NL4-3 and treated the 

cultures with vehicle or 2c. At 8 d post-infection, the cells were analyzed for cell-

surface HLA-A2 and CD4 by flow cytometry (Figure 3.4B). We found that 2c 

partially blocked downregulation of MHC-I but had no effect on downregulation of 

CD4, which is  mediated by a class I PI3K-independent pathway (Hung et al., 

2007).
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3.4 2c Disrupts formation of the multi-kinase complex

 The ability of 2c to disrupt Nef-SFK binding as well as HIV-1–induced 

MHC-I downregulation suggested this compound would disrupt assembly of the 

SFK-ZAP-70-PI3K multi-kinase complex. Accordingly, we found that 2c blocked 

the ability of Nef to recruit class I PI3K activity using an in vitro lipid kinase assay 

(Figure 3.5A). Moreover, this result was not due to cell toxicity or induction of 

apoptosis (Figures 3.3B-C) nor was it due to nonspecific inhibition of class  I PI3K 

as treatment of the immunoprecipitate with 40 µM 2c had no effect on enzyme 

activity (Figure 3.5A). The titration analysis  of 2c on Nef-induced Hck activation 

(Figure 3.1D) suggests 40 µM 2c blocked Nef-induced PI3K stimulation by 

selective inhibition of Nef-induced SFK activation, whereas 100 µM 2c may block 

Nef-induced PI3K stimulation by additionally inhibiting SFK activation directly. 

The PI3K activity results were supported by coimmunoprecipitation analysis in 

which 2c inhibited formation of the multi-kinase complex by disrupting the 

interaction of Nef with Hck, phospho-ZAP-70 and the class I PI3K p85 regulatory 

subunit (Figure 3.5B).

 The ability of 2c to disrupt Nef-SFK binding did not exclude the possibility 

that it may affect additional steps in the MHC-I downregulation pathway. We first 

asked whether 2c interfered with steps upstream of Nef-SFK binding. 

Accordingly, we found that 2c had no effect on the Nef-PACS-2 interaction 

(Figure 3.5C) nor the PACS-2–dependent trafficking of Nef-eYFP to the 
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paranuclear region, which is  required for Nef-SFK binding and Nef-induced MHC-

I downregulation (Figure 3.5D). 

Because Nef M20 mediates the interaction with AP-1 (Roeth et al., 2004) 

and is  essential for sequestration of MHC-I molecules after their internalization 

from the cell surface (Blagoveshchenskaya et al., 2002), we tested whether AP-1 

was required in the last stage of this  signaling pathway. Accordingly, H9 cells 

knocked down for AP-1A, PACS-2, or PACS-1 which is required for MHC-I 

downregulation but not for triggering PI3K stimulation (Piguet et al., 2000, Atkins 

et al., 2008), were infected with viruses expressing Nef or the NefAXXA-PI3K* 

chimera, which rescues the inability of NefAXXA to downregulate MHC-I by 

overriding the requirement for assembly of the SFK-ZAP-70-PI3K complex 

(Figure 3.6 and (Blagoveshchenskaya et al., 2002, Hung et al., 2007). The ability 

of Nef or NefAXXA-PI3K* to downregulate MHC-I in cells  knocked down for 

expression of PACS-2, PACS-1, or AP-1A was assessed by antibody uptake to 

discern the importance of each protein in steps upstream or downstream of PI3K 

stimulation (Figure 3.7A). Consistent with our determination that Nef requires 

PACS-2 upstream of PI3K (Atkins et al., 2008), siRNA knockdown of PACS-2 

blocked MHC-I uptake by Nef but not by NefAXXA-PI3K*. By contrast, siRNA 

knockdown of AP-1A or PACS-1 blocked MHC-I uptake induced by Nef and 

NefAXXAPI3K*, demonstrating AP-1 and PACS-1 act downstream of PI3K 

stimulation. 

To test potential effects of 2c on the later stages of this pathway, we asked 
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whether 2c interfered with the interaction between Nef and PACS-1 or AP-1. We 

determined that 2c had no effect on the Nef-PACS-1 interaction (Figure 3.7B). 

Additionally, the interaction of AP-1 with Nef M20 and the MHC-I cytosolic domain 

can be recapitulated using the chimeric protein GST-MHC-I CD-NefLL/AA to 

capture AP-1 from cytosol preparations  (Noviello et al., 2008). This  chimera 

consists of Nef with an LL165→AA substitution, which blocks the LL165-dependent 

binding to adaptors, fused to the MHC-I cytosolic domain. We found that 2c did 

not interfere with the ability of GST-MHC-I CD-NefLL/AA to capture AP-1 (Figure 

3.7C, left). Interestingly, we found that GST-MHC-I CD-NefLL/AA captured PACS-1 

but not PACS-2, consistent with our determination that Nef requires PACS-1 

subsequent to PI3K stimulation to downregulate MHC-I (Figure 3.7C, right). 

Moreover, similar to our findings with AP-1, 2c failed to disrupt the interaction of 

GST-MHC-I CD-NefLL/AA with PACS-1. To further evaluate whether 2c disrupts 

MHC-I downregulation downstream of PI3K stimulation, we repeated the 

antibody uptake experiment (Figure 3.7D). We found that 2c blocked the ability of 

Nef but not NefAXXAPI3K* to downregulate MHC-I, indicating 2c specifically acts 

upstream of PI3K stimulation.

3.5 PTEN-null CEM cells fail to phenocopy Nef action in primary CD4+ or H9 cells

 Our results using primary CD4+ T-cells and H9 cells suggest 2c disrupts 

HIV-1–mediated MHC-I downregulation by interfering with the ability of Nef to 

assemble the SFK-ZAP-70/Syk-PI3K complex. This signaling pathway explains 

84



the importance of the EEEE65 and PXXP75 sites, which trigger MHC-I 

internalization and subsequent M20-mediated sequestering of internalized MHC-I 

molecules (Blagoveshchenskaya et al., 2002, Hung et al., 2007). However, an 

alternate model of MHC-I downregulation, which largely relies on CEM T-cells 

stably expressing MHC-I, envisions a PI3K-independent pathway based largely 

on the M20-mediated stoichiometric block of newly synthesized MHC-I molecules 

en route to the cell surface (Kasper and Collins, 2003). We therefore transfected 

CEM cells with plasmids expressing PTEN alone or together with Nef (Figure 

3.8A), and tested whether 2c or PI-103 would repress  MHC-I downregulation. 

Because transfected PTEN can be inhibited by oxidation in leukemic cells, these 

experiments were conducted in 0.5 mM β-mercaptoethanol (Silva et al., 2008). In 

contrast to H9 cells  or primary CD4+ T-cells, both compounds failed to repress 

MHC-I downregulation in CEM cells  (Figure 3.8B, top), suggesting Nef may 

downregulate MHC-I in CEM cells by a mechanism different from it uses in H9 or 

primary CD4+ T-cells. Alternatively, the disparate findings may have resulted from 

the dysregulated PI3K signaling inherent to CEM cells, which would override the 

requirement for the multi-kinase complex (Astoul et al., 2001). Indeed, many 

leukemic cell lines such as CEM and Jurkat lack the tumor suppressor PTEN, 

which is a lipid phosphatase that attenuates  PI3K signaling by dephosphorylating 

PIP3. Thus, loss of PTEN results in constitutively elevated levels of PI3K/Akt 

signaling characteristic of many tumor cell lines. Although acute treatment of 

CEM or Jurkat cells with PI3K inhibitors prevents new PIP3 synthesis, the 
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absence of PTEN results in persistently elevated levels of PIP3 that mediate 

PI3K-stimulated pathways even in the presence of PI3K inhibitors, thereby 

conferring resistance to the effect of multi-kinase complex inhibition (Hung et al., 

2007). We therefore expressed PTEN alone or PTEN together with Nef (Figure 

3.8A) and determined that PTEN alone had little effect on the cell-surface levels 

of endogenous MHC-I, which is expected because this enzyme is  normally 

expressed in CD4+ T-cells (Figure 3.8, bottom). Re-expression of PTEN, 

however, repressed the constitutively elevated PI3K/Akt signaling present in 

CEM cells  as determined by a decrease in active (phosphorylated) Akt (Figure 

3.8A), suggesting that PTEN-replete CEM cells may be rescued in their ability to 

regulate PIP3 levels  and would thus  be responsive to treatment with PI3K 

inhibitors. Accordingly, re-expression of PTEN rescued the ability of PI-103 or 2c 

to repress MHC-I downregulation in CEM cells, similar to that observed in 

primary CD4+ T-cells  or H9 cells (Figure 3.8B bottom and see Figure 3.4). These 

results demonstrate that an intact PI3K regulatory network is required to study 

PI3K-dependent steps in signaling pathways, including Nef-induced MHC-I 

downregulation.

3.6 Nef downregulates MHC-I by a PI3K-triggered endocytic pathway followed by 

a transport block

 Whereas aberrant phosphoinositide metabolism in CEM cells can explain 

the confusion underlying the requirement by Nef for the multi-kinase complex to 
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downregulate MHC-I (Kasper et al., 2003, Schaefer et al., 2008), this  defect did 

not readily explain why some studies found that Nef blocks delivery of newly 

synthesized MHC-I molecules en route to the cell surface—the stoichiometric 

model—whereas other studies found Nef relies on its  ability to assemble the 

multi-kinase complex to internalize and sequester MHC-I molecules following 

their delivery to the cell surface—the signaling model. Although these disparate 

findings were originally attributed to uncharacterized differences in Golgi-to-cell-

surface transport in T-cells versus HeLa cells (Kasper et al., 2003), closer 

inspection of the experimental paradigm revealed that the signaling model 

assessed MHC-I transport at 7–44 hours post-infection while the stoichiometric 

model assessed ER-to-cell surface transport of MHC-I at longer post-infection 

times (Blagoveshchenskaya et al., 2002, Kasper et al., 2005, Hung et al., 2007). 

We therefore conducted a time course to measure the ability of Nef to impede 

cell surface delivery of newly synthesized endogenous MHC-I molecules (Figure 

3.9A). Parallel cultures of H9 cells infected for 24, 48, or 72 hours with 

pseudotyped HIV-1NL4-3 that either lack or express Nef were subjected to pulse-

chase/surface biotinylation to monitor delivery of MHC-I to the cell surface. At 24 

and 48 hoursours post-infection, Nef had no measurable effect on the transport 

of newly synthesized MHC-I to the cell-surface. By 72 hours post-infection, 

however, Nef markedly repressed MHC-I transport. To test whether these results 

were specific to H9 cells or the use of HC10, which recognizes denatured HLA-B 

and C heavy chains, we repeated the pulse-chase/surface biotinylation in primary 
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CD4+ T-cells using the conformation dependent antibody, BB7.2, which 

recognizes HLA-A2. In agreement with our findings in H9 cells, Nef had no 

appreciable effect on cell-surface delivery of HLA-A2 for the first 48 hoursours 

post-infection in primary CD4+ T-cells. Again, similar to H9 cells, at 72 hours post-

infection Nef markedly repressed HLA-A2 transport to the cell surface (Figure 

3.9B). 

To determine whether the switch in Nef-induced MHC-I downregulation 

was coupled with a change in MHC-I stability, H9 cells infected with Nef- or Nef+ 

pseudotyped HIV-1 for 24 or 72 hours were pulse-labeled with [35S]Met/Cys for 

15 minutes and chased for up to 20 hours. Immunoprecipitation of endogenous 

MHC-I with HC10 showed that Nef had no obvious effect on MHC-I stability at 24 

or 72 hours post-infection (Figure 3.10). To assess whether Nef altered the rate 

of MHC-I transport, the immunoprecipitates  were subjected to endoglycosidase H 

(Endo H) digestion, which demonstrated MHC-I molecules became Endo H 

resistant by 4 hours post-infection irrespective of Nef expression or the time post-

infection (Figure 3.9C). These findings suggest Nef does not impede MHC-I 

transport from early secretory pathway compartments nor does it markedly affect 

the stability of endogenous MHC-I molecules. 

The inability of Nef to block ER-to-cell surface transport of MHC-I 

molecules for at least 48 hours post-infection suggested that for the first two days 

Nef may downregulate MHC-I by triggering the multi-kinase–dependent 

internalization and sequestering of MHC-I molecules from the cell surface. We 
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tested this possibility using antibody uptake. H9 cells were infected with Nef- or 

Nef+ pseudotyped HIV-1 for 48 or 72 hours and then incubated with anti–MHC-I 

(W6/32) in the absence or presence of 2c or PI-103. The cells were then fixed, 

permeabilized, and stained with a secondary antibody to detect internalized 

MHC-I (W6/32) and with antibody K455 to detect steady-state MHC-I (Figure 

3.9D). In agreement with the biotinylation analysis, at 48 hours  post-infection Nef 

induced a marked increase in MHC-I internalization that overlapped with the 

MHC-I post-fix staining pattern. Treatment of the cells  with 2c or PI-103 blocked 

antibody uptake, suggesting multi-kinase complex formation was required to 

downregulate MHC-I at these time points. By contrast, at 72 hours post-infection 

Nef failed to induce W6/32 uptake despite downregulating MHC-I as determined 

by the K455 post-fix staining pattern. Analysis  by flow cytometry revealed that 

Nef reduced cell surface levels of MHC-I to a similar extent at 48 hours or 72 

hours post-infection (Figure 3.9E). Together, these experiments  suggest that Nef-

induced MHC-I down regulation is manifest for two days by a Nef-assembled 

PI3K signaling pathway that sequesters MHC-I endocytosed from the cell-surface 

followed by a switch in Nef action at day three to a stoichiometric mechanism that 

prevents ER to cell surface transport of newly synthesized MHC-I.

3.7 The signaling mode is required for the switch to the stoichiometric mode

 The switch in Nef-induced MHC-I downregulation from a signaling-based 

pathway to a stoichiometric mechanism did not appear to result from use of 
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tumor cell lines, differences in antibodies used to immunoprecipitate MHC-I, or 

levels  of Nef expression (see Figure 3.9). We therefore asked whether the 

conversion of Nef-induced MHC-I downregulation from a signaling- to a 

stoichiometric-mode depended upon the activity of the multi-kinase complex. To 

test this possibility, replicate plates of H9 cells were infected with Nef- or Nef+ 

pseudotyped HIV-1 and then treated with 2c or PI-103 at 24 or 48 hours post-

infection. At 72 hours  post-infection, the level of cell-surface MHC-I was analyzed 

by flow cytometry, demonstrating that addition of 2c or PI-103 for 24 or 48 hours 

repressed the ability of Nef to downregulate MHC-I (Figure 3.11). Next, the cells 

were subjected to the pulse-chase/surface biotinylation assay. In agreement with 

the results in Figure 3.9 and the flow cytometry results, Nef expressed for 72 

hours repressed delivery of newly synthesized MHC-I to the cell surface (Figure 

3.12). By contrast, treatment of the infected cells  with either 2c or PI-103 for as 

little as 24 hours  before the pulse-chase/surface biotinylation prevented Nef from 

blocking cell-surface delivery of MHC-I (Figure 3.12A and B, respectively). 

Together, these results suggest that sustained PI3K signaling driven by the multi-

kinase complex is  required for Nef-induced MHC-I downregulation to switch from 

a signaling to a stoichiometric mode. 
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DISCUSSION

 We report that Nef directs a highly regulated program to downregulate 

MHC-I consisting of the sequential use of the signaling and stoichiometric modes 

of action. During the first two days after infection, Nef uses the signaling mode to 

downregulate MHC-I. This mode requires the PACS-2-dependent binding of Nef 

to a Golgi region-localized SFK that it can directly activate to assemble a multi-

kinase complex that triggers downregulation of cell-surface MHC-I in CD4+ T-

cells. Using the small molecule inhibitor 2c to disrupt the Nef-SFK interaction, we 

repressed HIV-1 mediated downregulation of cell-surface HLA-A2 in primary 

CD4+ T-cells. This 2c-sensitive signaling pathway is  present in primary CD4+ T-

cells and in H9 cells, which are replete for PTEN and are sensitive to inhibition of 

the multi-kinase complex. CEM cells, however, lack PTEN and thus fail to 

phenocopy the MHC-I downregulation pathway used in primary CD4+ T-cells. By 

three days post-infection, Nef switches to the stoichiometric mode that prevents 

delivery of newly synthesized MHC-I to the cell surface. Interference with 

formation of the multi-kinase complex disrupts the temporally controlled block in 

MHC-I transport, suggesting the Nef-directed signaling and stoichiometric modes 

are causally linked.

A systematic analysis of the steps underlying MHC-I downregulation 

suggests 2c selectively blocks Nef action early in the downregulation pathway at 

the binding of Nef to SFKs, notably Hck, Lyn, or Src (Figures 3.1 and 3.2). 
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However, the ability of 2c to directly inhibit Hck (or potentially other kinases 

upstream of class I PI3K), albeit at higher concentrations, may also contribute to 

the efficacy of 2c. Our NMR studies show that 2c affects  the conformation of the 

N-terminal polyproline helix that binds the RT loop of SH3 domains on SFKs, 

especially V74 (Figure 3.1). Furthermore, the NMR data identify a potential 2c 

binding pocket, opposite the SH3 domain binding site, in which 2c induces 

significant changes of the amide resonances surrounding V146, which has been 

previously identified as essential for Nef-Hck binding (Saksela et al., 1995). 

Interestingly, 2c induces a change in the resonance at K144, which must be 

ubiquitylated for Nef to downregulate CD4 (Jin et al., 2008). The lack of effect of 

2c on HIV-1–induced CD4 downregulation (Figure 3.4), however, suggests that 

ubiquitylation of Nef K144 is  unaffected by 2c. Together, these studies suggest 2c 

may be a weak competitive inhibitor of Nef-SFK binding or may induce an 

allosteric change in Nef that indirectly represses binding to SFKs, explaining why 

micromolar concentrations of 2c are required to inhibit MHC-I downregulation. In 

support of an allosteric mechanism, Nef alleles from long-term nonprogressors 

that fail to activate Hck exhibit mutations at a distance from the Hck SH3 docking 

site on Nef (Trible et al., 2006). The ability of 2c to only partially inhibit MHC-I 

downregulation in plasmid transfected cells may reflect a lower efficacy of this 

inhibitor compared with the class I PI3K inhibitor PI-103, which completely 

inhibits MHC-I downregulation irrespective of the vector used (compare Figure 

3.4 and 3.11). However, 2c can completely inhibit Nef-mediated MHC-I 
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downregulation in pseudovirus-infected cells, suggesting length of treatment, as 

well as the extent and duration of Nef expression, may influence the efficacy of 

this  compound. The dialdehyde moiety in 2c may also be subject to chemical 

inactivation by reactive oxygen species characteristic of HIV-1 infection, 

precluding maximal efficacy of this inhibitor (Figures 3.4 and 3.2 and (Peterhans, 

1997)). Nonetheless, the findings reported here, together with the determination 

that 2c represses the Nef-Hck-dependent downregulation of macrophage colony-

stimulating factor (M-CSF) receptor and that diphenylfuropyriminde compounds 

that selectively block Nef-induced Hck activation also inhibit Nef-dependent 

HIV-1 replication, suggest that the future generation of potent and selective drug-

like molecules that disrupt Nef-SFK binding may represent an attractive approach 

to the generation of novel HIV-1 therapeutics (Suzu et al., 2005, Hiyoshi et al., 

2008, Emert-Sedlak et al., 2009, Hassan et al., 2009).

The signaling mode requires the PACS-2-dependent, Nef-assembled SFK-

ZAP-70/Syk-PI3K multi-kinase complex to trigger increased internalization of cell-

surface MHC-I molecules through an ARF6-regulated endocytic pathway 

(Blagoveshchenskaya et al., 2002, Hung et al., 2007, Atkins  et al., 2008, 

Chaudhry et al., 2008). The internalized molecules are then sequestered into 

paranuclear compartments by a Nef M20-, AP-1–, and PACS-1–dependent 

process (Figure 3.7 and (Blagoveshchenskaya et al., 2002, Chaudhry et al., 

2008). Thus, AP-1 is  required for both the signaling and stoichiometric modes of 

MHC-I downregulation, but whether PACS-1 is also required in the stoichiometric 
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mode or whether PACS-1 and AP-1 mediate common or separate sorting steps 

required for sequestering internalized MHC-I molecules  into TGN/endosomal 

compartments remains to be determined. Nonetheless, these findings suggest 

the PACS proteins mediate distinct steps within the signaling pathway—the 

trigger phase (PACS-2) and the sequestering phase (PACS-1). By three days 

post-infection, Nef switches to a stoichiometric mode of downregulation that 

prevents delivery of newly synthesized MHC-I molecules to the cell surface. The 

ability of 2c or PI-103 to prevent conversion from the signaling to stoichiometric 

mode suggests that signaling events directed by one or more of the kinases that 

form the multi-kinase complex may either result in post-translational modification 

of MHC-I, or may alter the activity of the membrane trafficking machinery that 

mediates the switch from the signaling to the stoichiometric mode. The precise 

mechanism controlling the switch between the signaling and stoichiometric 

modes warrants further investigation.

The relative contributions of the signaling and stoichiometric modes to 

Nef-induced MHC-I downregulation have been controversial, and discrepancies 

may have arisen from different experimental designs, choice of cell lines, and 

interpretation of negative results. For example, the signaling mode was initially 

dismissed as a result of differences in the efficiency by which Nef is  able to 

impede cell surface delivery of MHC-I in T-cells versus HeLa cells  (Kasper et al., 

2003, Kasper et al., 2005). By contrast, we determined using parallel 

experiments that these differences instead result from the time post-infection at 
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which MHC-I transport is analyzed. During early times post-infection and 

continuing for 48 hours, Nef has no effect on the ER to cell surface transport of 

endogenous MHC-I molecules in HeLa, H9, and primary CD4+ T-cells  whereas 

by 72 hours Nef can block MHC-I transport (Figures 3.9 and 3.12 and 

(Blagoveshchenskaya et al., 2002, Hung et al., 2007)). This  bimodal mechanism 

of Nef-mediated MHC-I downregulation does not appear to result from 

differences in Nef expression or in the antibodies used, suggesting the modes of 

Nef action may be temporally regulated. Second, the failure of PI3K inhibitors to 

block MHC-I downregulation in PTEN-deficient Jurkat, CEM, or U373 cells 

together with the confusion regarding regulation of PTEN activity in leukemic cell 

lines was used to assert that Nef mediates MHC-I downregulation by a PI3K-

independent mechanism (Kasper et al., 2003, Larsen et al., 2004, Schaefer et 

al., 2008). However, reexpression of PTEN in CEM or U373 cells restored 

sensitivity of Nef-mediated MHC-I downregulation to 2c or PI3K inhibitors, 

whereas siRNA knockdown of PTEN in H9 T-cells rendered Nef-mediated MHC-I 

downregulation resistant to PI3K inhibitors (Figure 3.8 and (Hung et al., 2007)). 

Therefore, the determination that the mechanism of Nef-induced MHC-I 

downregulation in primary CD4+ T-cells is phenocopied by H9 cells but not CEM 

cells underscores the importance of choice of cell lines used to model Nef action 

(Figure 3.8). Thus, the ability of PTEN-deficient CEM and U373 tumor cells to 

override the requirement for the SFK-ZAP-70/Syk-PI3K multi-kinase complex in 

triggering Nef action likely explains the confusion in the literature regarding the 
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importance of Nef sites in MHC-I downregulation (Kasper et al., 2003, Larsen et 

al., 2004, Casartelli et al., 2006, Noviello et al., 2008, Schaefer et al., 2008). For 

example, the assertion that the AXXA75 mutation nonspecifically disrupts MHC-I 

downregulation in PTEN-null cells  (Swann et al., 2001, Casartelli et al., 2006) 

conflicts with the ability of NefAXXAPI3K* to rescue MHC-I downregulation in H9 

cells  (Figure 3.7) and with the pharamacologic repression of MHC-I 

downregulation by treatment of primary CD4+ T-cells  with PI-103, which inhibits 

class I PI3K, or with 2c or D1, which block the Nef-SFK interaction ((Betzi et al., 

2007, Hung et al., 2007, Hiyoshi et al., 2008, Emert-Sedlak et al., 2009) and 

Figures 3.1 and 3.4). Reliance on PTEN-deficient cell lines may not only have 

caused confusion in understanding the mechanism of MHC-I downregulation but 

may have also contributed to conflicting findings  in HIV-1 research ranging from 

the signaling pathways that reactivate latent HIV-1 to the secretion of HIV-1 Tat 

(Bosque et al., 2009, Rayne et al., 2010). Third, the failure of a dominant 

negative dynamin mutant, which interferes with clathrin-dependent endocytosis, 

to block MHC-I downregulation was used to suggest that Nef does not direct 

MHC-I endocytosis (Swann et al., 2001). However, MHC-I is internalized by a 

clathrin/dynamin/AP-2-independent, ARF6-dependent pathway—both basally 

and in response to Nef (Le Gall et al., 2000, Blagoveshchenskaya et al., 2002, 

Caplan et al., 2002, Naslavsky et al., 2003, Hung et al., 2007, Chaudhry et al., 

2008). Fourth, the ability of GST-MHC-I CD-NefLL/AA to bind AP-1 µ1 subunit in 

vitro was used to assert that Nef does not require PACS-1 to downregulate MHC-
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I in vivo (Noviello et al., 2008, Singh et al., 2009). However, GSTMHC-I CD-NefLL/

AA can also interact with PACS-1 (Figure 3.7), contradicting the assumption by 

Guatelli et al. that this  bacterial fusion protein interacts exclusively with AP-1 

(Singh et al., 2009). Instead, these protein capture data are consistent with the 

determination in vivo that PACS-1 mediates Nef-induced MHC-I downregulation 

subsequent to PI3K stimulation (Figure 3.7 and (Atkins et al., 2008); see also 

(Youker et al., 2009). Lastly, whereas Nef can induce rapid degradation of 

overexpressed MHC-I (Kasper et al., 2003, Roeth et al., 2004, Kasper et al., 

2005, Schaefer et al., 2008), we observed no marked effect on the stability or 

ER-to-Golgi trafficking of endogenous MHC-I (Figures 3.9-10 and 

(Blagoveshchenskaya et al., 2002, Hung et al., 2007)). Thus, the extent to which 

overexpressed HLA-A2.1 is  physiologically relevant to the mechanism underlying 

Nef-induced MHC-I downregulation remains unclear.

The determination that Nef downregulates MHC-I by the sequential use of 

the signaling mode followed by the stoichiometric mode raises the possibility that 

HIV-1 may adapt immune evasive strategies specific to the host cell activation 

state or reservoir type. Because the lifespan of activated CD4+ T-cells infected 

with HIV-1 is less  than two days (Stevenson, 2003), and Nef uses the signaling 

mode to downregulate MHC-I in CD4+ T-cells for two days before converting to 

the stoichiometric mode (Figures 3.9 and 3.12), the physiological relevance of 

the stoichiometric pathway in activated CD4+ T-cells remains uncertain. However, 

Nef also assembles the multi-kinase complex in cells of monocyte lineages, of 
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which macrophages produce a low but persistent level of virus that can last the 

duration of the cell’s  natural lifespan (Hung et al., 2007, Alexaki et al., 2008). 

Future studies on the immune evasive program directed by HIV-1 Nef will require 

membrane trafficking experiments in relevant cell lines to determine the relative 

contributions of the signaling and stoichiometric modes of Nef action. The 

physiological significance of Nef’s bimodal MHC-I downregulation pathway in 

viral reservoirs can then be correlated to disease progression. Finally, the ability 

of 2c and other small molecules to repress multiple actions of Nef suggests the 

multi-kinase complex may be an attractive approach for HIV-1 therapeutics.
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MATERIALS AND METHODS

Cells, Viruses, and Plasmids

 293T, A7, BSC-40, HeLa-CD4+, H9 CD4+ T-cells, and CEM T-cells were 

cultured as described (Hung et al., 2007). Peripheral blood was obtained from 

healthy HLA-A*0201+ volunteers by leukapheresis or venipuncture using 

protocols approved by the OHSU Institutional Review Board (protocols 

IRB00004039 and IRB00002251) or by the International Medical Center of Japan 

and the Kumamoto University Ethical Committee. Primary human CD4+ T-cells 

were isolated as described (Hung et al., 2007) and cultured in RPMI 1640 

containing 10% FBS and supplemented with IL-2 (50 U/ml; Sigma) and 1 µg/ml 

PHA (Sigma, St. Louis, MO) before infection. HIV-1NL4-3, vaccinia virus (VV), and 

vaccinia recombinants expressing FLAG-tagged Nef (Nef/f, C-terminal epitope 

tag), NefAXXA/f, NefAXXA-PI3K*, Hck, Src, or ZAP-70, and HIV pseudotyped 

viruses NL4-3ΔG/P-EGFP (titer = 4.5 X 107 IFU/ml) and NL4-3ΔG/P-EGFP/ΔNef 

(titer = 2.1 X 107 IFU/ml) were grown and titered by marker expression as 

described (Blagoveshchenskaya et al., 2002, Hung et al., 2007). Adenoviruses 

expressing HA-tagged PACS-1 or PACS-2 were described previously 

(Blagoveshchenskaya et al., 2002, Simmen et al., 2005). Nef-eYFP, NefAXXA-

eYFP and pPTEN were previously described (Hung et al., 2007) and pmax green 

fluorescent protein (GFP) was obtained from Dharmacon (Boulder, CO).
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Inhibitors, siRNAs, qRT-PCR, and Kinase Assays

 PI-103 (Calbiochem, San Diego, CA) and 2c (2,4-dihydroxy-5-(1-

methoxy-2-methylpropyl)benzene-1,3-dialdehyde, (Kyowa Hakko Kirin Co., 

Tokyo, Japan) were used as indicated. 2c toxicity was determined by MTT 

(Invitrogen, Carlsbad, CA) according to manufacturer’s instructions. Control 

(nonspecific) siRNA and siRNAs specific for Hck, Lyn, Src, PACS-1, PACS-2, or 

the µ1A subunit of AP-1 (Smartpool, Dharmacon) were nucleofected (Amaxa, 

Gaithersburg, MD) into cells  according to manufacturer’s instructions. RNA was 

purified from H9 cells nucleofected with siRNAs as  indicated in figure legends 

using the RNeasy kit (Qiagen, Valencia, CA) according to manufacturer’s 

instructions. cDNA was reverse transcribed from RNA using the random 

decamers from the RETROscript Kit (Ambion, Austin, TX) via manufacturer’s 

instructions. Utilizing commercially available Hck, Lyn, and Src primers (Qiagen) 

and SYBR green qPCR reagent (SA-Biosciences, Frederick, MD), q-PCR was 

conducted on a StepOnePlus  Real-time PCR system (Applied Biosciences, 

Foster City, CA). PI3K assays were performed as described (Atkins  et al., 2008). 

In vitro Hck kinase assays were performed as described (Emert-Sedlak et al., 

2009).

Flow Cytometry and Immunofluorescence Microscopy

 For flow cytometry, cells  were processed as described (Atkins et al., 2008, 

Hung et al., 2007) and stained using the following antibodies: anti-MHC-I 
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(W6/32), anti-HLA-A2 (BB7.2, BD, San Jose, CA), anti-CD4-APC (Biolegend, 

San Diego, CA), or anti-p24-FITC (Virostat, Portland, ME) as indicated in 

legends. PE-conjugated donkey anti-mouse IgG (Jackson IR, West Grove, PA) 

was used to stain MHC-I– and HLA-A2–positive cells. Isotype-matched 

antibodies (Serotec, Raleigh, NC) were used as  negative controls. Samples were 

processed on a FACSCalibur (BD) as  described (Atkins et al., 2008) and data 

analyzed using FCS express (De Novo Software, Los Angeles, CA). For 

immunofluorescence microscopy, cells were processed as indicated in legends 

and processed for immunofluorescence as described (Atkins et al., 2008). 

Confocal images were captured as described (Atkins  et al., 2008) and 

colocalization of Nef-eYFP with Golgin-97 was quantified morphometrically using 

Imaris  7.0. A mask for each field of cells was generated based on the fluorescent 

signal of Golgin-97 and the percent colocalization of Golgin-97 with Nef-eYFP 

was determined and presented as the mean ± SD from at least 20 cells per 

condition.

Immunoprecipitation, Western Blot, and Antibody Uptake

 Cells  infected with the indicated VV recombinants were harvested as 

described (Atkins et al., 2008). Where indicated, cells  were treated with the 

corresponding concentration of 2c before harvest. Flag-tagged Nef constructs 

were immunoprecipitated with mAb M2-agarose (Sigma), and associated 

proteins were detected by Western blot. The following antibodies were obtained 
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as indicated: mAb HA.11 (Covance, San Diego, CA); anti-Hck, anti-Lyn (Santa 

Cruz, Santa Cruz, CA); anti-p85, anti-Src, anti-ZAP-70 (Upstate, Bedford, MA); 

anti-phospho292ZAP-70 (BD); anti-Akt, anti-pAkt, anti-His6, anti-PTEN, anti-

cleaved caspase-3 (Cell Signaling, Danvers, MA); anti-actin (Chemicon, Bedford, 

MA); anti-Nef #2949 (obtained through NIH AIDS Research and Reference 

Reagent Program), anti-MHC-I K455 (provided by K. Früh, OHSU), W6/32 and 

HC10 (provided by D. Johnson, OHSU); anti-AP-1 µ1A subunit (provided by L. 

Traub, University of Pittsburgh), AP-γ1 (Sigma), anti-PACS-1 (703), anti-PACS-2 

(Atkins et al., 2008). Antibody uptake using mAb W6/32 was performed as 

described (Blagoveshchenskaya et al., 2002).

NMR Spectroscopy

 The cDNA encoding consensus nef (obtained from the NIH AIDS 

Research and Reference Reagent Program) was His6-tagged, inserted into 

pET21 vector (EMD chemicals, San Diego, CA), and protein was  expressed in 

Rosetta 2 (DE3) E. coli, cultured in modified minimal medium using 15NH4Cl as 

the sole nitrogen source, and induced with 0.4 mM isopropylthio-β-galactoside 

(IPTG) at 18°C for 16 hours. Soluble forms of His6-tagged Nef proteins were 

purified over a Ni+2-nitrilotriacetic acid (NTA) column (GE Healthcare, Uppsala, 

Sweden) and subsequent gel-filtration on a Superdex200 26/60 column (GE 

Healthcare) equilibrated with 25 mM sodium phosphate buffer (pH 7.5), 150 mM 

NaCl, 1 mM DTT, and 0.02% sodium azide. Two-dimensional (2D) 1H-15N 
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heteronuclear single quantum coherence (HSQC) experiments (Geoffrey 

Bodenhausen, 1980) were performed at 27°C on a Bruker Avance 700 MHz 

spectrometer equipped with a 5-mm, triple resonance, and z-axis gradient 

cryoprobe. The 1H-15N HSQC spectrum of free Nef was obtained using a 80-

_Muniform 15N-labeled Nef sample in 10 mM HEPES, 10 mM DTT, 100 mM 

NaCl, and 5% (vol/vol) D2O (pH 8.0). A series of 1H-15N HSQC spectra were 

acquired to monitor chemical shift changes upon addition of aliquots of a 10 mM 

2c stock solution, dissolved in DMSO, to the Nef sample. The Nef:2c molar ratios 

of the solutions  were 1:0, 1:0.6, 1:1.75, 6.25, and 12.5. A control series of 1H-15N 

HSQC spectra were also obtained after adding the same amounts of DMSO 

without 2c to the free Nef sample. In this  series, in contrast to the titration with 

the 2c solution, minimal spectral changes occurred (data not shown), confirming 

that the changes after addition of 2c were indeed caused by this organic 

molecule and not the solvent.

Transport Assay and Endo H Treatment

 H9 cells were infected with Nef- or Nef+ pseudotyped HIV-1NL4-3 viruses for 

24, 48, or 72 hours. After infection, cells were subjected to pulse-chase/surface 

biotinylation as described (Blagoveshchenskaya et al., 2002). Briefly, to IP with 

HC10, cells were lysed in m-RIPA [1% Nonidet P-40 (NP-40), 1% sodium 

deoxycholate, 150 mM NaCl, 50 mM Tris-HCl (pH 8.0)] and then heated for 1 

hour at 55°C to denature MHC-I proteins. To IP with BB7.2, cells  were lysed in 
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PBS (pH 7.2) containing 1% NP-40. Bound MHC-I proteins were eluted from 

protein A sepharose beads (Sigma) by boiling in tris buffered saline (TBS), 5% 

sodium dodecyl sulfate (SDS), 2% NP-40, and 2% sodium deoxycholate. One-

third of the eluate was used to assess total MHC-I while the rest was incubated 

with streptavidin agarose (Pierce, Rockford, IL) to capture biotinylated MHC-I. 

For Endo H treatment, MHC-I was eluted by boiling in 10 mM Tris-HCl (pH 7.4) 

containing 1% SDS, precipitated with acetone and resuspended in glycoprotein 

denaturation buffer (NEB, Ipswich, MA) and digested with 10 units of 

Endoglycosidase H for 1 hour at 37°C. Samples were separated by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and processed 

using Amplify (GE Healthcare). Quantification was performed using NIH Image J.

Protein Interaction Assays

 Plasmids expressing GST, GST-MHC-I CDNefLL/AA (provided by J. 

Guatelli, UCSD), His6-Hck or GST-Nef (strain NL4-3), were transformed in BL21 

E. coli and cultures were induced with 1 mM IPTG (Calbiochem) for 4 hours at 

37°C. Bacterial pellets  were resuspended in lysis buffer [50 mM Tris (pH 7.6), 1.5 

mM ethylenediaminetetraacetic acid (EDTA), 100 mM NaCl, 0.5% Triton X-100, 

0.1 mM eithiothreitol (DTT), 10 mM MgCl2] containing protease inhibitors (0.5 

mM phenylmethanesulfonylfluoride (PMSF) and 0.1 M each of aprotinin, E-64, 

and leupeptin), lysed using a French Press (Aminco, Rockville, MD) and 

incubated with GST-sepharose (GE Healthcare). For the interaction with GST-
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MHC-I CDNefLL/AA, A7 cells were lysed in 50 mM Tris-HCl (pH 8.0), 1% Triton 

X-100, 5 mM EDTA, 150 mM NaCl, 10 mM MgCl2 with protease inhibitors  (0.5 

mM PMSF and 0.1 M each of aprotinin, E-64, and leupeptin). A7 lysates were 

added to GST-Sepharose bound to the proteins of interest overnight at 4°C. The 

resin was incubated or not with 20 µM 2c for one hour, washed three times in 

lysis buffer and once in 50 mM Tris (pH 8.0), and resuspended in SDS-PAGE 

sample buffer. For the His6-Hck interaction with GST-Nef, the proteins were 

mixed at a 2:1 ratio (Hck:Nef) for 30 minutes at 4°C in binding buffer [0.1% 

NP-40, 0.1 mM EDTA, 20 mM Tris (pH 7.9), 150 mM NaCl] containing the 

indicated concentrations of 2c. After incubation, GST-Sepharose was  added and 

subsequently washed three times in binding buffer and resuspended in SDS-

PAGE sample buffer.

105



ACKNOWLEDGMENTS

 The authors thank K. Früh, A. Hill, and R. Papoian for helpful discussions 

and critically reading the manuscript, N. Morris, H. Krishnamurthy, A. Ghering, 

and A. Weinberg for advice, M. Delk for NMR instrumental support, and J. 

Guatelli, D. Johnson, J. Douglas, L. Traub, and the National Institutes of Health 

(NIH) AIDS Research and Reference Reagent Program for reagents. This work 

was supported by CIHR fellowship HFE-87760 (to J.D.D.), NRSA T32 GM71338 

(to K.M.A.), Ruth L. Kirschstein NRSA AI14149 (to L.E.S.), by the Global COE 

program Global Education and Research Center Aiming at the control of AIDS (to 

M.T. and S.S.), The Pittsburgh Center for HIV Protein Interactions via NIH grant 

P50GM082251 (to A.M.G.), CA81398 and AI57083 (to T.E.S.), GM060170 and 

AI071798 (to E.B.), and GM82251 and DK37274 (to G.T.).

106



Figure 3.1. 2c interferes with Nef-SFK binding. 

(A) H9 CD4+ T-cells were nucleofected (Amaxa) on days 1 and 3 with pmaxGFP 

and nonspecific siRNA or siRNAs that target Hck, Lyn, or Src alone or in 
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combination. On day 4 cells  were infected with vaccinia (VV):WT (gray filled) or 

VV:Nef (lines, unfilled) (multiplicity of infection (moi) = 10, 8 h), and analyzed by 

flow cytometry using mAb W6/32 as described in experimental procedures. Mean 

fluorescence intensity (MFI): NS siRNA (WT = 167, Nef = 99.5); Nef + Hck 

siRNA = 120; + Lyn siRNA = 103; + Src siRNA = 117; + Hck, Lyn, Src = 169. (B) 

H9 cells were coinfected with VV:WT, VV:Nef/f or NefAXXA/f (moi = 10, 8 h) and 

VV:Hck (moi = 2, 8 h) and treated with 10, 20, or 50 µM 2c for 4hoursbefore 

harvest. Nef/f proteins were immunoprecipitated, and coprecipitating Hck was 

detected by western blot. (C) GST-Nef was incubated with His6-Hck and treated 

with increasing concentrations of 2c. GST-Nef was  captured, and bound His6-Hck 

was quantified using NIH Image J. Accordingly, nonspecific binding of GST to 

His6-Hck was subtracted and values  were normalized to the binding of GST-Nef 

to His6-Hck in the absence of 2c. Each condition was assayed in triplicate, and 

results are presented as the mean ± SD. (D) Hck alone (gray bars) or Hck plus 

Nef (black bars) were treated with increasing concentrations of 2c. The resulting 

Hck enzyme activity was measured using a fluorometric assay and expressed 

relative to 100% control activity. Each condition was  assayed in quadruplicate 

and results are presented as  the mean ± SD. (E) Superposition of 1H-15N HSQC 

spectra of Nef in the absence (blue) and presence (red) of 2c. The 1H-15N HSQC 

spectra were recorded on 80 µM uniform 15N-labeled Nef samples at 27°C in the 

absence (blue) and presence (red) of 1 mM 2c (1:12.5 M ratio of Nef to 2c). All 

assignable amide resonances (J. Jung, I.-J.L. Byeon, J. Ahn, and A.M. 
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Gronenborn, unpublished data) that exhibit chemical shift changes >0.06 ppm 

are labeled with residue name and number. The resonances of Y135, V146, and 

F185 are labeled only on the free Nef spectrum because the identification of the 

bound resonances was not straightforward either due to very large shift changes 

or severe line broadening beyond detection. The resonances of M79 (Δδ = 

0.041ppm) and T80 (Δδ = 0.025ppm), which are located immediately after the 

P72XXP75 motif, are also labeled. Concentrations of 2c as low as 48 µM, 

representing a 1:0.6 M ratio of Nef to 2c, revealed chemical shift changes 

between 15N-Nef and 2c. (F) Structural mapping of the chemical shift changes in 

the 1H-15N HSQC spectrum of Nef induced by 2c onto the Nef NMR structure 

(PDB ID: 2NEF, see (Grzesiek et al., 1997)). The 1H-15N-combined chemical shift 

changes were calculated using 
22 )1.0( ×Δ+Δ NHN δδ , with ΔδHN and ΔδN the 1HN 

and 15N chemical shift differences, respectively, between the free and 2c-bound 

Nef protein spectrum. On a stereoview of the structure in ribbon representation, 

sidechains of residues whose amide resonances exhibit significant changes are 

shown in stick representation and color coded according to the size of the 

change: orange; 0.06–0.1 ppm, and red; >0.1 ppm. Residues whose 1H-15N 

HSQC amide resonances are only detectable/assignable in free Nef are colored 

in magenta and the sidechains  of the two prolines in the P72XXP75 region are 

shown in green.
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Figure 3.2. The interaction between Nef and SKFs is sensitive to 2c. 

(A) H9 CD4+ T-cells were nucleofected (Amaxa) on days 1 and 3 with pmaxGFP 

and nonspecific siRNA or siRNAs that target Hck, Lyn, or Src alone or in 

combination. On day 4 cells were infected with VV:WT (gray filled) or VV:Nef 

(lines, unfilled) (moi = 10, 8 h), and analyzed by qRT-PCR for relative SFK 

knockdown as  described in experimental procedures. (B) Chemical structure of 

compound 2c (2,4-dihydroxy-5-(1-methoxy-2 methylpropyl)benzene-1,3-

dialdehyde. (C) Left: H9 cells were co-infected with VV:WT or VV:Nef/f (moi = 6, 
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8hr) and VV:Src (moi = 4, 8hr) and treated or not with 20 µM 2c for 4 hours prior 

to harvest. Nef/f was immunoprecipitated and co-precipitating Src was detected 

by western blot. Right: H9 cells were infected with VV:WT or VV:Nef/f (moi = 10, 

8hr) and treated or not with 20µM 2c for 4 hours prior to harvest. Nef/f was 

immunoprecipitated and co-precipitating Lyn was detected by western blot. The 

amount of associated SFK was quantified with Image J and presented 

numerically as the fold-change. 
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Figure 3.3. Analysis of compound 2c cytotoxicity. 

(A) Parallel cultures of primary CD4+ T-cells, H9 cells or CEM cells were cultured 

in Phenol Red-free RPMI in the absence (0) or presence of 10, 20, 40, 60, 80 or 

100 µM 2c. After 48 hours, cell viability was measured by MTT (Invitrogen) 

according to the manufacturer’s  instructions. MTT assay readings were 

normalized to 100% survival. (B) H9 cells were cultured in the absence (0) or 
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presence of 40, 80, 120, 160, or 200 µM 2c for 4 hours  and cell viability was 

measured by MTT as described above. (C) H9 cells were treated or not with 

DMSO, 100 µM 2c, or 1.2 µM STS (staurosporine, positive control) for 4 hours 

and cleaved caspase-3 was detected by western blot. 
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Figure 3.4. 2c represses HIV-1-induced downregulation of MHC-I but not 

CD4. 

(A) H9 cells expressing eYFP (vector) or Nef-eYFP (Nef) for 24 hours were 

treated or not with 20 µM 2c (Nef + 2c) or 5 µM of the class I PI3K inhibitor, 

PI-103 (Nef + PI-103) for another 16 hours. At 40 hours, cultures were analyzed 

by flow cytometry using W6/32. MFI: vector = 479, Nef = 208, Nef + 2c = 312, 
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Nef + PI-103 = 444. Inset: western blot showing expression of Nef-eYFP and 

actin. (B) Parallel cultures of primary CD4+ T cells  were infected with HIV-1NL4-3 

and treated or not with 20 µM 2c at days  5 and 7 post-infection. At 8 days post-

infection the cells were stained with p24-FITC, BB7.2, and CD4-APC and then 

analyzed for downregulation of HLA-A2 (top) and CD4 (bottom) by flow cytometry 

as described in Methods. MHC-I MFI: uninfected = 518, HIV = 193, HIV + 2c = 

301. CD4 MFI: uninfected = 413, HIV = 25.1, HIV + 2c = 25.2. Inset: western blot 

showing expression of Nef and actin.
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Figure 3.5. 2c blocks the ability of Nef to assemble the multi-kinase 

complex. 

(A) H9 cells  were infected with VV:WT, VV:NefAXXA/f or VV:Nef/f (moi = 10, 8 

hours) and treated with 40 or 100 µM 2c for 4 hours (which showed no toxicity in 

this  time, Figures 3.3B-C). Nef/f was immunoprecipitated and Nef-associated 

class I PI3K p85 regulatory subunit was detected by western blot and associated 
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PI3K activity was measured using an in vitro lipid kinase assay as  described in 

Methods. As  controls, 40 µM 2c and 1 µM PI-103 were incubated with the eluted 

fraction for 10 min prior to kinase assay (in vitro samples). Each assay was 

measured in triplicate and results are presented as the mean + S.D. (B) Left: H9 

cells were co-infected with VV:WT, VV:NefAXXA/f or VV:Nef/f (moi = 6, 8hr) and 

VV:ZAP70 (moi = 4, 8 hours). Nef/f was immunoprecipitated and co-precipitating 

Hck, phospho-ZAP-70 and p85 were detected by western blot. Right: The 

amount of each Nef-associated kinase was quantified with Image J and 

presented numerically as the relative amount of Nef-associated kinase +/- 20 µM 

2c. Error bars represent the mean ± S.D. from 3 independent experiments. (C) 

H9 cells  were co-infected with VV:Nef/f (moi = 6, 8hr) and VV:PACS-2 (moi = 4, 

8hr) and treated with 40 or 100 µM 2c for 4 hours prior to harvest. Nef/f was 

immunoprecipitated and co-precipitating PACS-2 was detected by western blot. 

(D) Upper: HeLa cells expressing Nef-eYFP together with a control siRNA (NS) 

or PACS-2 siRNA (western blot of siRNA knockdown shown at bottom). Lower: 

HeLa cells expressing Nef-eYFP were treated with 20 µM 2c for 16 hours. Cells 

were stained with anti-Golgin 97 (red) and visualized by confocal microscopy 

(scale bar, 10 µm). Morphometric analysis was performed as  described in 

Methods. Error bars are presented as the mean ± S.D. from at least 20 cells  per 

condition and 3 independent experiments.
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Figure 3.6. The NefAXXA-PI3K* chimera can override the requirement for 

assembly of the SFK-ZAP-70-PI3K complex. 

H9 cells were infected with VV:WT, NefAXXA/f, VV:Nef/f, or NefAXXA-PI3K* (moi = 

10, 8 hours) and analyzed for downregulation of MHC-I as described in Methods. 

MFI: WT = 174, NefAXXA = 179, Nef = 103, NefAXXA-PI3K* = 144). 
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Figure 3.7. PACS-1 and AP-1 are required downstream of the 2c-sensitive 

multi-kinase complex. 

(A) Left: H9 cells were nucleofected with pmaxGFP together with a control 

siRNA (NS) or siRNAs specific for PACS-1, PACS-2 or µ1A. After 48 hours, cells 

were infected with VV:WT, VV:Nef or VV:NefAXXA-P13K* (moi = 10, 5 hours). Cells 

were incubated with W6/32 (3 µg/ml) for 30 min, chased for an additional 30 min 

then incubated with 0.5% acetic acid (pH 3.0) in 0.5M NaCl to remove surface 

antibody, fixed, and processed for immunofluorescence microscopy. Scale bar, 
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10 µm. Right: A portion of the cells from left were analyzed by western blot for 

extent of siRNA knockdown (B) H9 cells were co-infected with VV:Nef/f (moi = 6, 

8hr) and VV:PACS-1 (moi = 4, 8hr) and treated with 40 or 100 µM 2c for 4 hours 

prior to harvest. Nef/f was immunoprecipitated and co-precipitating PACS-1 was 

analyzed by western blot. (C) Left: GST-MHC-I CDNefLL/AA or GST was mixed 

with A7 cell lysate, treated with 20 µM 2c and captured g or 1µA subunits of AP-1 

detected by western blot. Right: Lysates from A7 cells expressing HA-tagged 

PACS-1 or PACS-2 were incubated with GST-MHC-I CDNefLL/AA or GST, treated 

with 20 µM 2c and bound PACS proteins detected by western blot. (D) H9 cells 

were treated or not with 20µM 2c for 18 hours  and then infected with VV:WT, 

VV:Nef, VV:NefAXXA or VV:NefAXXA-P13K* (moi = 10, 5 hours). Cells were 

incubated with W6/32 (3 µg/ml) for 30 min and then chased for an additional 30 

min and processed for immunofluorescence microscopy as  described in the 

legend to panel A. Scale bar, 10 µm.
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Figure 3.8. CEM cells do not model primary CD4+ T-cells in Nef action. 

(A) Western blot analysis of PI3K-dysregulated CEM cells rescued or not for 

PTEN. (B) Top: CEM cells expressing eYFP (vector) or Nef-eYFP (Nef) were 

treated or not with 20 µM 2c (Nef + 2c) for 16 hours prior to analysis or 1 µM 

PI-103 (Nef + PI-103) for 3 hours prior to analysis  in media containing 0.5 mM β-

mercaptoethanol. Cells were analyzed by flow cytometry using W6/32 as 

described in Methods. MFI: vector = 425, Nef = 125, Nef + 2c = 123, Nef + 

PI-103 = 128. Bottom: CEM cells expressing PTEN with either eYFP (vector) or 

Nef-eYFP (Nef) were processed as  described above. MFI: vector = 384, Nef = 

94.6, Nef + 2c = 232, Nef + PI-103 = 162.
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Figure 3.9. Nef-induced MHC-I downregulation switches from a signaling to 

a stoichiometric mechanism. 

(A) H9 cells  infected with Nef− or Nef+ pseudotyped HIV-1NL4-3 viruses (moi = 2.3) 

for 24, 48 or 72 hours and subjected to pulse-chase/surface biotinylation using 

HC10 associated MHC-I and quantified as described in Methods. Error bars 
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represent the mean ± S.D. from 3 independent experiments. Cell viability was 

greater than 95% at each time point as  measured by trypan blue exclusion and 

greater than 90% of the cells were infected with each virus  as  determined by 

GFP staining. (B) Primary CD4+ T cells were processed and quantified as in 

panel A except using BB7.2 to IP native MHC-I. (C) H9 cells were infected with 

Nef− or Nef+ pseudotyped HIV-1NL4-3 viruses for 24 or 72 hours, MHC-I was 

immunoprecipitated with mAb HC10 as in A and then digested or not with Endo H 

as described in Methods. (D) H9 cells were infected with Nef− or Nef+ 

pseudotyped HIV-1NL4-3 viruses for 48 or 72 hours and then treated or not with 

PI-103 (5 µM) or 2c (20 µM) for 16 hours. Cells were incubated with W6/32 (3 µg/

ml) for 30 min and then chased and processed for immunofluorescence 

microscopy as described in the legend to Figure 3.7A. Post-fix: Total MHC-I was 

detected post-fixation by staining the cells with K455. Scale bar, 10 µm. (E) H9 

cells were infected with Nef− or Nef+ pseudotyped HIV-1NL4-3 viruses for 48 or 72 

hours and analyzed for downregulation of MHC-I as described in Methods. MFI: 

48 hours Nef− = 341, 48 hours Nef+ = 110, 72 hours Nef− = 302, 72 hours Nef+ = 

125.
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Figure 3.10. Nef does not markedly increase degradation of endogenous 

MHC-I. 

H9 cells were infected with Nef− or Nef+ pseudotyped HIV-1NL4-3 viruses for 24 

hours (top) or 72 hours (bottom) and then pulse-labeled for 15 min with [35S]Met/

Cys and chased in complete media for 0, 4, 8 or 20 hours. Cells were lysed and 

MHC-I was immunoprecipitated with HC10 and analyzed by fluorography as 

described in Methods.
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Figure 3.11. Multi-kinase complex inhibition at various time points during 

the signaling mode blocks MHC-I downregulation. 

H9 cells  were infected with Nef− or Nef+ pseudotyped HIV-1NL4-3 for a total of 72 

hours and either left untreated (control) or pre-treated with 20 µM 2c or 5 µM 

PI-103 for 48 hours (2c 48 hr, PI-103 48 hr) or 24 hours (2c 24 hr, PI-103 24 hr) 

prior to MHC-I downregulation analysis  at 72 hours post-infection. MFI: control 

(Nef− = 685, Nef+ = 306), 2c 48 hr (Nef− = 632, Nef+ = 631), PI-103 (Nef− = 825, 

Nef+ = 935), 2c 24 hr (Nef− = 723, Nef+ = 717), PI-103 (Nef− = 700, Nef+ = 954). 
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Figure 3.12. The PI3K signaling pathway is required for stoichiometric 

inhibition of MHC-I. 

(A) H9 cells were infected with Nef− or Nef+ pseudotyped HIV-1NL4-3 viruses for a 

total of 72 hours and either left untreated (control) or pre-treated with 20 µM 2c 

for 48 hours  (2c 48 hr) or 24 hours (2c 24 hr) prior to analysis  at 72 hours post-

infection. The cells  were then subjected to pulse-chase/surface biotinylation as 

described in Methods. The amount of HC10 associated MHC-I delivered to the 

cell surface was quantified as described in Methods. Error bars are presented as 

the mean ± S.D. from 3 independent experiments. (B) H9 cells were infected as 

above and left untreated (control) or pre-treated with 5 µM PI-103 for 48 hours 

(PI-103 48 hr) or 24 hours (PI-103 24 hr) prior to analysis at 72 hours  post-

infection and then processed as in panel A. The amount of MHC-I delivered to 

the cell surface was quantified as described in Methods. Error bars  are presented 

as the mean ± S.D. from 3 independent experiments. (p/c), cells  treated with 20 

µM 2c (A) or 10 µM PI-103 (B) during the pulse-chase only.
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CHAPTER 4. DISCUSSION
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CHAPTER 4. DISCUSSION

4.1 Summary

 The results presented in Part I of this  dissertation provide evidence that 

Nef directs a regulated program to downregulate MHC-I consisting of the 

sequential use of the signaling and stoichiometric modes of action. During the 

first two days after infection, Nef uses the signaling mode to downregulate MHC-

I. This  mode requires the PACS-2-dependent binding of Nef to a TGN-localized 

SFK that Nef can directly activate to assemble a multi-kinase complex that 

triggers downregulation of cell-surface MHC-I in CD4+ T-cells. Indeed, chemical 

disruption of the Nef-SFK interaction with the small molecule inhibitor 2c blocks 

assembly of the multi-kinase complex and represses HIV-1–mediated MHC-I 

downregulation in primary CD4+ T-cells. 2c did not interfere with the PACS-2–

dependent trafficking of Nef required for the Nef-SFK interaction or the AP-1 and 

PACS-1–dependent sequestering of internalized MHC-I, suggesting the inhibitor 

specifically interfered with the Nef-SFK interaction required for assembling the 

multi-kinase complex and triggering MHC-I downregulation. By three days post-

infection, Nef switches to the stoichiometric mode that prevents delivery of newly 

synthesized MHC-I to the cell surface. Pharmacologic inhibition of the multi-

kinase cascade disrupts the temporally controlled block in MHC-I transport during 

the stoichiometric mode, suggesting the Nef-directed signaling and stoichiometric 

modes are causally linked.
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4.2 Controversies in MHC-I downregulation

 There has been divergence regarding the relative significance of the 

signaling and stoichiometric modes in Nef-mediated MHC-I downregulation. 

These contradictions have stemmed from different experimental paradigms, 

including analysis of endogenous versus overexpression of HLA-A2 as  well as 

the length of infection; choice of cell lines, such as those that may or may not be 

sensitive to PI3K stimulation or inhibition; as well as the interpretation of negative 

results (Chapter 3 and Kasper et al., 2005). 

 Early experiments suggested that endocytosis was not a key determinant 

of Nef-induced MHC-I downregulation due to the differences in efficiency by 

which Nef blocks  transport of MHC-I in T-cells versus HeLa cells, suggesting that 

T-cells  are more active at supporting Nef-mediated HLA-A2 downregulation that 

HeLa cells (Kasper et al., 2003, Kasper et al., 2005). However, the studies in 

Chapter 3 demonstrate that, in fact, these discrepancies  result from the time 

post-infection at which MHC-I transport is  analyzed. Indeed, during early times 

post-infection and up to 48 hours, Nef has no effect on the ER to cell surface 

delivery of endogenous MHC-I molecules in H9 and primary CD4+ T-cells. 

However, by 72 hours, Nef switches to a stoichiometric mode of downregulation 

that prevents delivery of newly synthesized MHC-I molecules to the cell surface. 

The ability of the Nef-SFK inhibitor 2c or the PI3K inhibitor PI-103 to prevent 

conversion from the signaling to stoichiometric mode suggests the modes of Nef 

129



action are temporally regulated. However, the precise mechanism controlling the 

switch between the signaling and stoichiometric modes  warrants further 

investigation. Therefore, in future studies it will be important to elucidate the 

mechanism directing the switch between the signaling and stoichiometric modes. 

In addition, it will be important to understand if the degree of replication or Nef 

expression correlates with the temporal nature of the switch, by analyzing 

whether the switch occurs at earlier or later times in different cell types  or 

following infection from different HIV isolates that may support a greater or lesser 

degree of viral replication and/or Nef expression.  

 Previous studies have suggested that Nef-mediated MHC-I 

downregulation occurs in a PI3K-independent manner, as these studies 

demonstrate a failure of PI3K inhibitors to block MHC-I downregulation in various 

cell lines lacking the PIP3 phosphatase PTEN, including Jurkat, CEM, or U373 

cells (Kasper et al., 2003, Larsen et al., 2004, Schaefer et al., 2008). Indeed, 

dysregulation of the tumor suppressor PTEN is not uncommon in various 

cancers, therefore caution should be used when analyzing PI3K-dependent 

pathways in cell lines lacking the PIP3 phosphatase PTEN, as the inordinately 

high levels of PIP3 confer constitutive activation of PI3K signaling, thereby 

confounding interpretation of these results. Indeed, we demonstrate that re-

expression of PTEN in CEM or U373 cells  restores sensitivity of Nef-mediated 

MHC-I downregulation to PI3K inhibition (Chapter 3 and (Hung et al., 2007)). 

While conversely, siRNA knockdown of PTEN renders MHC-I downregulation in 
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H9 T-cells  resistant to PI3K inhibition (Chapter 3 and (Hung et al., 2007)). 

Moreover, the determination that the signaling mechanism of Nef-induced MHC-I 

downregulation observed in primary CD4+ T-cells  is phenocopied by H9 cells but 

not CEM cells  illustrates that choice of cell line is critical for analyzing Nef action. 

Therefore, the ability of PTEN-deficient CEM and U373 tumor cells  to override 

the requirement for the multi-kinase complex via constitutive activation of PI3K 

explains the contradictory data in the literature regarding the relative significance 

of the Nef-SFK interaction and the activation of PI3K (Kasper et al., 2003, Larsen 

et al., 2004, Casartelli et al., 2006, Noviello et al., 2008, Schaefer et al., 2008). 

The signaling mode requires the PACS-2-dependent, Nef-assembled SFK-

ZAP-70-PI3K multi-kinase complex to trigger downregulation of cell-surface 

MHC-I molecules (Atkins et al., 2008, Hung et al., 2007). The internalized 

molecules are then sequestered into perinuclear compartments by a Nef M20-, 

AP-1–, and PACS-1–dependent process (Chapter 3 and (Blagoveshchenskaya 

et al., 2002, Chaudhry et al., 2008). Thus, while both PACS-2 and PACS-1 are 

required for MHC-I downregulation, their roles in Nef action are distinct and 

sequential. Indeed, PACS-2 is required for the ability of Nef to traffic from early 

endosomes to the perinuclear region, while PACS-1 is required downstream of 

PI3K activation to mediate the sequestration of MHC-I (Chapter 3 and (Atkins et 

al., 2008)). However, recent studies  suggested Nef does not require PACS-1 to 

downregulate MHC-I due to the ability of a chimeric protein consisting of the 

cytosolic tail of MHC-I fused to Nef (GST-MHC-I CD-NefLL/AA) to directly bind the 
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membrane adaptor AP-1 µ1 subunit in vitro (Noviello et al., 2008, Singh et al., 

2009). However, our studies in Chapter 3 demonstrate that GSTMHC-I CD-NefLL/

AA can also interact with PACS-1, consistent with the determination that PACS-1 

mediates Nef-induced MHC-I downregulation subsequent to PI3K stimulation 

(Chapter 3 and (Atkins et al., 2008)). Moreover, the ability of PACS-1 to interact 

with Nef on Rab7-positive late endosomes/MVBs is consistent with a role for 

PACS-1 downstream of PI3K activation to mediate the sequestration of 

endocytosed MHC-I molecules as well as with the determination that 

downregulated MHC-I accumulates  in Rab7-positive endosomes (Dikeakos et al., 

2012, Schaefer et al., 2008, and Chapter 3). However, whether PACS-1 and 

AP-1 mediate common or separate sorting steps required for sequestering 

internalized MHC-I molecules in TGN/endosomal compartments has yet to be 

determined. Therefore, in future studies it will be important to understand the 

mechanism of Nef-induced MHC-I sequestration and to what extent PACS-1 and 

AP-1 coordinate or independently function to mediate this process.  

 Various studies demonstrate that Nef can induce rapid degradation of 

overexpressed MHC-I (Kasper et al., 2003, Roeth et al., 2004, Kasper et al., 

2005, Schaefer et al., 2008). Indeed, recent studies determined that 

overexpressed MHC-I is targeted for lysosomal degradation in a β-COP-

dependent manner (Schaefer et al., 2008), consistent with the role of COPI in 

endosomal maturation (Huotari et al., 2011). However, these experiments rely on 

the overexpression of MHC-I rather than analysis of endogenous  MHC-I. Indeed, 
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we observe no marked effect on the stability or ER-to-Golgi trafficking of 

endogenous MHC-I (Chapter 3). Moreover, the determination that PACS-2 binds 

β-COP and functions  as a connector for COPI coated vesicles (Simmen et al., 

2005), together with the observation that PACS-2 interacts with Nef on Rab5-

positive early endosomes as well as Rab7-positive late endosomes (Dikeakos et 

al., 2012), suggests  PACS-2 may function in a β-COP-dependent manner to 

mediate Nef-dependent trafficking steps. Therefore, in future studies it will be 

important to investigate whether PACS-2 functions in a β-COP-dependent 

manner to mediate Nef-dependent trafficking steps in the endo-lysosomal 

network. 

 Together, the studies in Chapter 3 use cellular, biochemical, biophysical, 

and pharmacologic methods to clarify the divergence surrounding the signaling 

versus the stoichiometric mode. Moreover, these studies reveal Nef orchestrates 

a controlled program to downregulate MHC-I by the sequential use of the 

signaling followed by the stoichiometric mode and that these modes are 

temporally linked.

4.3 Diverse viral strategies to mediate MHC-I downregulation

Many pathogenic viruses express a variety of immune evasive proteins that 

can modulate nearly every step in the biosynthesis, assembly, transport and cell-

surface localization of MHC-I molecules (Peterlin et al., 2003, Yewdell et al., 

2002). Perhaps the most well-characterized of these proteins are expressed by 
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the herpesvirus  and poxvirus families. For instance, human cytomegalovirus 

(HCMV) expresses  the immediate early gene US3, which leads to the retention 

of newly synthesized MHC-I molecules in the ER, followed by the expression of 

US11, which induces degradation of MHC-I (Ahn et al., 1996). Epstein Barr virus 

(EBV) similarly coordinates a regulated immune evasive program initiated by 

BGLF5, which like HCMV US3, impedes MHC-I transport, while the subsequent 

expression of BILF1 leads to the degradation of MHC-I, similar to HCMV US11 

(Zuo et al., 2009, Ahn et al., 1996). Interestingly, the determination that HIV-1 

uses just a single gene product, Nef, to sequentially downregulate MHC-I by the 

signaling mode followed by the stoichiometric mode illustrates a novel viral 

strategy for coordinating immune evasion. While these studies illustrate the 

unique functions of Nef in mediating MHC-I downregulation by the sequential 

action of the signaling mode followed by the stoichiometric mode, it remains 

unclear how Nef mediates this switch. Therefore, it will be important for future 

studies to more precisely elucidate the mechanism of how Nef switches from the 

signaling to the stoichiometric mode to have a greater understanding of the 

biological context in which this regulation is critical. 

4.4 The role of Nef-mediated MHC-I downregulation in cellular reservoirs

Nef can promote immune evasion and escape from the CTL response during 

both the early viremic phase and the late persistent phase of HIV-1 infection 

(Collins et al., 1998, Lewis et al., 2008). Therefore, the determination that Nef 
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downregulates MHC-I by the sequential use of the signaling mode followed by 

the stoichiometric mode raises the possibility that HIV-1 may adapt immune 

evasive strategies specific to the host cell activation state or reservoir type. This 

is  consistent with the determination that HIV-1 can exist in multiple forms with 

differing rates  of viral turnover or production, such as free virions in plasma, or as 

integrated provirus in activated CD4+ T-cells  and macrophages, as well as  latent 

forms in resting CD4+ T-cells  (Finzi et al., 1998). Indeed, in resting CD4+ T-cells 

HIV-1 can exist in one of two latent forms: a labile, unintegrated cytoplasmic form 

(Zack et al., 1990) or a stable, integrated nuclear form (Chun et al., 1995). 

Indeed, while activated CD4+ T-cells  produce the majority of infectious virus 

particles, accumulating evidence suggests CD4+ T-cells can persistently produce 

low levels of virus after reverting to a quiescent state, particularly in viremic 

patients (Gondois-Rey et al., 2001, Chun et al., 2003). Interestingly, while resting 

or memory CD4+ T-cells are quiescent and long-lived, the lifespan of activated 

CD4+ T-cells infected with HIV-1 is  less than two days (Stevenson, 2003). Due to 

this  shortened lifespan, and the determination that the signaling mode is present 

early following infection of CD4+ T-cells  before switching to the stoichiometric 

mode, the relative contribution of each pathway during this period is not clear.

 Along with resting CD4+ T-cells, macrophages are also capable of 

harboring latent viral reservoirs (Stevenson, 2003, Alexaki et al., 2008). Indeed, 

macrophages are known to produce a low, but persistent levels of virus through 

the duration of the cell’s  lifespan, often days to months (Alexaki et al., 2008). It is 
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thought that the limited expression of viral proteins may contribute to 

establishment of cellular HIV-1 reservoirs by allowing them to escape immune 

surveillance (Alexaki et al., 2008). Specifically, macrophages expressing HIV-1 

Nef have been shown to promote latent infection by facilitating the infection of 

resting CD4+ T-cells (Swingler et al., 2003). Therefore, the determination that Nef 

can assemble the multi-kinase complex in both lymphocyte and monocyte 

lineages (Hung et al., 2007, Atkins et al., 2008) suggests this pathway may 

function in multiple cell types or cellular reservoirs. Indeed, it is  possible that in 

macrophages the early signaling mode of MHC-I downregulation converts to a 

stoichiometric mode that does not require persistent activation of these signaling 

molecules. Future studies of the immune evasive program directed by Nef will 

require membrane trafficking experiments in relevant cell populations harboring 

viral reservoirs to determine the relative contributions of the signaling and 

stoichiometric modes of Nef action. Future studies should therefore determine 

whether the signaling and stoichiometric modes of MHC-I downregulation occur 

only in activated CD4+ T-cells or monocyte-macrophage cells, or whether these 

pathways exist in longer-lived HIV-1 reservoir populations such as resting CD4+ 

T-cells. Moreover, it will be important for future studies to investigate whether 

conversion from the signaling to the stoichiometric pathway occurs in monocytes-

macrophages or whether the signaling mode remains functional. Together, these 

studies are essential for understanding the physiological conditions in which the 

respective MHC-I downregulation pathways exist. 
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4.5 Implications of the signaling mode on antigen presentation 

The ability of viral peptide-loaded MHC-I molecules to properly activate 

CD8+ T-cells through the formation of an immunological synapse requires a 

number of key factors, including: an optimal half-life (dwell-time) of the interaction 

between peptide-loaded MHC-I and the cognate T-cell receptor (TCR) (Kalergis 

et al., 2001, Riquelme et al., 2009), epitope density on the antigen-presenting cell 

(APC) (Gonzalez et al., 2005), as  well as  appropriate costimulatory molecules 

such as  CD80 and CD28 (Huppa et al., 2003). Indeed, the half-life (dwell-time) of 

the interaction between peptide-loaded MHC-I and a TCR sufficient to elicit T-cell 

activation must be within an optimal range (Kalergis et al., 2001), with shortened 

or lengthened dwell time significantly impairing CTL activation and response 

(Riquelme et al., 2009). These findings raise the possibility that the accelerated 

endocytosis of MHC-I induced by Nef during the signaling mode results in a 

premature dissociation of peptide-loaded MHC-I from the TCR, thereby reducing 

dwell time and resulting in inadequate CD8+ T-cell activation and a failed CTL 

response. Nef can additionally impair the formation and function of the 

immunological synapse by downregulating the costimulatory molecule, CD28 

(Bell et al., 2001, Swigut et al., 2001), and by dampening signal transducton via 

the downmodulation of CD4 (Garcia et al., 1991). Collectively, these findings 

suggest the ability of Nef to transform the cell surface landscape of HIV-1 

infected cells greatly contributes to the pathogenic roles of Nef. Therefore, in 
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future studies it will be important to quantify the antigen presenting properties 

and kinetics during HIV-1 infection.

4.6 Nef PXXP75 as a pharmacologic target

 Despite continued efforts, the development of an HIV-1 vaccine remains 

elusive and current HIV-1 therapeutics rely principally on the few HIV-1 proteins 

that possess intrinsic enzymatic activity, including reverse transcriptase, 

integrase and protease (HHS, 2012, Hammer et al., 2008). While current 

therapeutic strategies have dramatically decreased morbidity and mortality in 

HIV-1 infected patients, their therapeutic efficacy is compromised by the low 

fidelity of HIV-1 replication, leading to the emergence of drug-resistant mutants 

(Moutouh et al., 1996, Tamalet et al., 2000). While the lack of intrinsic enzyme 

activity of HIV-1 accessory proteins initially caused them to be overlooked as 

candidate therapeutic targets, studies from us and others suggest the ability of 

Nef to directly bind and activate cellular kinases may represent an attractive 

approach to inhibiting Nef-driven pathogenesis (Choi et al., 2004, Trible et al., 

2006, Hung et al., 2007). Indeed, the determination that the Nef-SFK interaction 

is  required for assembly of the multi-kinase complex that initiates downregulation 

of MHC-I, together with the determination that the extent of MHC-I 

downregulation in SIV-1-infected rhesus macaques correlates  with high viremia 

and accelerated disease progression (Friedrich et al., 2010), suggests 
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pharmacologic inhibition of the Nef-SFK interaction may represent an attractive 

therapeutic approach. 

 The importance of Nef-mediated pathogenesis  was confirmed in vivo in an 

AIDS-like mouse model in which Nef is expressed as a transgene in CD4+ T-

cells, macrophages, and dendritic cells from the CD4 gene promoter (Hanna et 

al., 1998b). These mice develop a severe AIDS-like disease characterized by 

wasting, premature death, atrophy of lymphoid organs and preferential loss  of 

CD4+ T-cells as well as multi-organ disease including interstitial pneumonitis, 

interstitial nephritis (Hanna et al., 1998a, Hanna et al., 1998b) and depressed 

cardiac function (Kay et al., 2002). Importantly, the determination that transgenic 

mice expressing a mutated Nef deficient in SFK binding (Nef AXXA75) are 

completely protected from the AIDS-like phenotype induced by wild-type Nef 

(Hanna et al., 2001), suggests an intact PXXP75 domain is critical for Nef-induced 

pathogenesis. Moreover, while transgenic mice expressing wild-type Nef on an 

Hck-null background still develop disease, they have a significantly prolonged 

latency of disease progression (Hanna et al., 2001), suggesting Hck is  not the 

sole mediator of Nef action. This is consistent with our studies in Chapter 3 

demonstrating that while knockdown of Hck partially represses MHC-I 

downregulation, combined knockdown of Hck, Lyn, and Src completely blocks 

MHC-I downregulation, suggesting multiple SFKs can function redundantly in Nef 

action. Moreover, the ability of Nef to traffic to the perinuclear region where it 

interacts with SFKs requires  PACS-2, as the Nef-SFK interaction and subsequent 
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assembly of the multi-kinase complex and downregulation of MHC-I is blocked in 

PACS-2 siRNA-depleted or Pacs2-/- cells (Atkins et al., 2008). Together, these 

studies suggest that the PACS-2-dependent priming of Nef PXXP75-mediated 

functions, as well as the cellular binding proteins that mediate these effects, are 

essential for the ability of Nef to drive disease. 

Along with the requirement for the Nef-SFK interaction in Nef-induced 

MHC-I downregulation, the ability of Nef to selectively enhance the intrinsic 

infectivity of progeny viruses is also dependent on Nef-SFK interactions 

(Chutiwitoonchai et al., 2011). Indeed, Chutiwitoonchai and colleagues have 

shown that cells expressing Nef AXXA75 are deficient in Nef-mediated 

enhancement of viral infectivity and that blocking the Nef-SFK interaction with the 

small molecule 2c also reduces Nef-mediated infectivity enhancement 

(Chutiwitoonchai et al., 2011). These studies, together with the determination that 

2c also represses the Nef-Hck-dependent downregulation of macrophage colony-

stimulating factor (M-CSF) receptor (Suzu et al., 2005, Hiyoshi et al., 2008, 

Hassan et al., 2009) and that diphenylfuropyriminde compounds capable of 

blocking Nef-SFK complex formation inhibit Nef-dependent HIV-1 replication in 

promonocytic cells (Emert-Sedlak et al., 2009), suggest the generation of small 

molecules that disrupt Nef-SFK binding represent an attractive approach to 

inhibiting Nef function.

 Nef also promotes viral fitness and optimizes the environment for HIV-1 

replication by rerouting kinase-active pools of the SFK family member and TCR 
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signaling mediator Lck from the plasma membrane to the TGN in a PXXP75-

dependent manner (Pan et al., 2012). This  effectively prevents the recruitment of 

active Lck to the immunological synapse after TCR engagement and limits  TCR-

mediated signal transduction from the plasma membrane (Pan et al., 2012). 

However, the significance of this mislocalization is not simply the removal of Lck 

from the cell surface, but rather, Nef induces the Lck-dependent activation of 

TGN-associated Ras-Erk signaling to promote the production of the T-cell 

survival factor interleukin-2 (IL-2), thereby prolonging the life cycle of HIV-1 and 

facilitating viral spread (Pan et al., 2012). 

The effects  of Nef-induced pathogenesis are not limited to cells  of the 

immune system. Indeed, direct infection of glomerular visceral epithelial cells 

(podocytes) by HIV-1 can lead to HIV-associated nephropathy (HIVAN) in 

genetically susceptible individuals (Bruggeman et al., 2000, Marras et al., 2002). 

HIVAN is one of the leading causes  of end-stage renal disease in HIV-1 infected 

patients, who frequently present with heavy proteinuria, chronic renal failure, and 

pathologic findings of collapsing focal segmental glomerulosclerosis (FSGS) and 

microcystic dilation of tubules  (D'Agati et al., 1998). Podocytes, the specialized 

filtration cells  of the glomerulus, while normally quiescent and highly 

differentiated, undergo dedifferentiation and resume proliferation in both human 

and mouse kidneys with HIVAN (Barisoni et al., 2000a, Barisoni et al., 1999, 

Barisoni et al., 2000b). Indeed, transgenic mice studies determined Nef was 

responsible for mediating the pathology of HIVAN (Hanna et al., 1998b), and that 

141



this  phenotype was reversed in the transgenic Nef AXXA75 mice (Hanna et al., 

2001), suggesting Nef requires an intact PXXP75 site to mediate the dysfunction 

of glomerular podocytes. Moreover, subsequent studies  determined that Nef 

mediates podocyte proliferation and dedifferentiation via the PXXP75-mediated 

interaction with Src, resulting in Src-dependent activation of signal transducer 

and activator of transcription 3 (STAT3) and Ras-cRaf-mitogen-activated protein 

kinase (MAPK1,2) signaling pathways (He et al., 2004). Therefore, along with the 

immune modulatory Nef-SFK-dependent functions, Nef also mediates end-organ 

pathology, which may additionally be sensitive to therapeutic inhibition of the Nef-

SFK interaction. 

 While Nef-SFK interactions control a myriad of Nef functions, the Nef 

PXXP75 site also interacts with additional host cellular proteins  to modulate cell 

motility, immunological and virological synapse formation, as well as the 

intercellular transfer of viral proteins and virus (Rudnicka et al., 2009, Haller et 

al., 2008, Mukerji et al., 2012). Notably, Nef interacts with and activates p21-

activated kinase 2 (PAK2), a protein that regulates T-cell signaling and actin 

cytoskeletal dynamics, in a PXXP75-dependent manner to stimulate the formation 

of long-range tunneling nanotubes and virological synapses (Rudnicka et al., 

2009, Haller et al., 2008, Mukerji et al., 2012). A recent proteomic analysis 

demonstrates that Nef PXXP75 is critical for interacting with PAK2 and recruiting 

the exocyst complex of proteins, which mediate the tethering of vesicles at the 

plasma membrane, as well as regulate polarized exocytosis  and nanotube 
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formation (Mukerji et al., 2012). Nef PXXP75 interacts with PAK2 and recruits the 

exocyst complex to induce the formation of tunneling nanotubes that function as 

a virological synapse, or junction, through which viral proteins and virus can be 

efficiently transferred from cell-to-cell (Mukerji et al., 2012). Nef also mediates the 

destruction of healthy bystander cells, including CD4+ and CD8+ T-cells, through 

the PXXP75-dependent secretion of exosomes containing Nef and the death 

ligand FasL (Muratori et al., 2009, Lenassi et al., 2010) as well as the increased 

expression of FasL on the surface of Nef-expressing cells (Muthumani et al., 

2005). These studies provide insight into the mechanisms Nef uses  to increase 

virus and viral protein dissemination within the infected host, respectively. While 

the precise membrane composition of the various conduits or vesicles  used for 

intercellular transfer is not fully understood, the universal requirement for the Nef 

PXXP75 site in each of these pathways suggests  a common mechanism may 

exist to mediate these effects. Indeed, the determination that the Nef PXXP75 site 

is  required for interacting with various host cell kinases, including SFKs and 

PAK2, to mediate a myriad of functions  such as immune evasion, viral replication, 

intercellular communication, and virological synapse formation, further supports 

the hypothesis  that pharmacologic disruption of Nef PXXP75 interactions, such as 

Nef-SFK or Nef-PAK2, may be a viable therapeutic target. 

4.7 Implications of PACS-2-dependent Nef trafficking
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 The ability of Nef PXXP75 to bind and activate a subset of TGN-localized 

SFKs to mediate various downstream pathogenic effects is  dependent on its  

trafficking from early endosomes to the perinuclear region. Indeed, the trafficking 

of Nef from peripheral early endosomes to the perinuclear region requires a 

PACS-2-dependent sorting step, as the expression of Nef in PACS-2 siRNA-

depleted or Pacs2-/- cells leads to the accumulation of Nef in early endosomal 

compartments (Atkins et al., 2008). This observation is consistent with recent 

studies from our laboratory demonstrating that PACS-2 interacts with Nef on 

Rab5-positive early endosomes as well as  Rab7-positive late endosomes/multi-

vesicular bodies (MVBs) using bimolecular fluorescence complementation 

(BiFC); in which cells express reporter constructs composed of PACS-2 fused to 

the N-terminus of YFP and Nef fused to the C-terminus of YFP, which are 

individually non-fluorescent, but generate fluorescence upon protein-protein 

interaction (Dikeakos et al., 2012, Kerppola, 2008). Moreover, the ability of Nef to 

traffic to the perinuclear region enables it to bind and activate a TGN-localized 

SFK, thereby triggering the assembly of the multi-kinase complex and the 

downregulation of MHC-I (Hung et al., 2007, Atkins et al., 2008). Importantly, the 

interaction of Nef with PACS-2 or SFKs is mutually exclusive, consistent with the 

absence of PACS-2 in the multi-kinase complex (Atkins et al., 2008). Together, 

these studies illustrate the essential requirement for PACS-2 upstream of the 

Nef-SFK complex and suggest that disruption of the Nef-PACS-2 interaction may 

be an effective strategy to prevent downstream Nef-SFK-, or potentially other Nef 
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PXXP75-dependent events. Therefore, in future studies it will be essential to solve 

a high resolution crystal structure of Nef with PACS-2, as  the identification of how 

this interaction is mediated in three-dimensional space will facilitate the 

development of small molecule compounds that may target these points of 

contact to disrupt the Nef-PACS-2 interaction. In support of this approach, recent 

mapping studies have identified the precise regions on Nef and PACS-2 required 

for their interaction; including a bipartite site on Nef consisting of the EEEE65 

acidic cluster and W113 in the core domain that interacts with a minimal sequence 

within the PACS-2 FBR (residues 102-116) (Dikeakos et al., 2012). Indeed, 

mutation of critical residues within either of these sites on Nef or PACS blocks 

MHC-I downregulation (Dikeakos et al., 2012), supporting the essential nature of 

this  interaction for Nef function and the viability of its  inhibition as a therapeutic 

target.   

4.8 Conclusion to PART I

The results presented in Part I of this dissertation provide evidence that 

Nef directs a regulated program to downregulate MHC-I consisting of the 

sequential use of the signaling and stoichiometric modes of action. During the 

first two days after infection, Nef uses the signaling mode to downregulate MHC-

I. This  mode requires the PACS-2-dependent binding of Nef to a TGN-localized 

SFK that Nef can directly activate to assemble a multi-kinase complex that 

triggers downregulation of cell-surface MHC-I in CD4+ T-cells. Indeed, chemical 
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disruption of the Nef-SFK interaction with the small molecule inhibitor 2c blocks 

assembly of the multi-kinase complex and represses HIV-1–mediated MHC-I 

downregulation in primary CD4+ T-cells. 2c did not interfere with the PACS-2–

dependent trafficking of Nef required for the Nef-SFK interaction or the AP-1 and 

PACS-1–dependent sequestering of internalized MHC-I, suggesting the inhibitor 

specifically interfered with the Nef-SFK interaction required for assembling the 

multi-kinase complex and triggering MHC-I downregulation. By three days post-

infection, Nef switches to the stoichiometric mode that prevents delivery of newly 

synthesized MHC-I to the cell surface. Pharmacologic inhibition of the multi-

kinase cascade disrupts the temporally controlled block in MHC-I transport during 

the stoichiometric mode, suggesting the Nef-directed signaling and stoichiometric 

modes are causally linked.    
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PART II (CHAPTERS 5-7). Regulation of the p53-SIRT1 axis following DNA 

damage 
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OVERVIEW

 This  section will introduce the integral role of p53 following DNA damage 

(CHAPTER 5), including its complex regulation via posttranslational 

modifications and various  cofactor recruitment. Specifically, this chapter will 

describe the activation of p53 and the role of p53-induced target genes that 

mediate cell fate processes  such as cell cycle arrest and apoptosis. In addition, 

this  chapter will describe how p53 acetylation controls p53 activity following DNA 

damage, including the role of SIRT1-mediated deacetylation of p53, as well as 

describe SIRT1 biology and its complex regulation. The studies in CHAPTER 6 

demonstrate a novel role for PACS-2 in regulating how cells  respond to DNA 

damage by modulating p53 activation via inhibition of SIRT1-mediated 

deacetylation of p53. The results and implications of these studies are discussed 

in CHAPTER 7. Given the diverse and complex nature of p53, SIRT1, and 

PACS-2, the potential implications  of these studies span cellular processes such 

as gene regulation, chromatin remodeling, cell growth and survival as  well as 

biological processes such as cancer, aging, and metabolism. 
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RATIONALE AND HYPOTHESIS

 

Rationale: Following DNA damage, the sequence-specific transcription factor 

p53 functions as a node for orchestrating biological responses such as cell-cycle 

arrest, apoptosis, and senescence by promoting the transactivation of various 

target genes. Importantly, the ability of p53 to orchestrate these diverse 

processes critically depends on the regulation of p53 by cellular cofactors and 

modifying enzymes. Notably, p53 acetylation is essential for its  transcriptional 

activation following DNA damage. p53 is deacetylated by Sirtuin 1 (SIRT1), a 

nicotinamide adenine dinucleotide (NAD+)-dependent histone deacetylase, 

thereby repressing p53 transcriptional activation. Therefore, understanding how 

the SIRT1-p53 axis  is regulated during the DNA damage response is  essential 

for gaining insight into the mechanisms controlling p53 activation. 

Hypothesis: Based on the determination that the membrane trafficking protein 

PACS-2 directly interacts  with SIRT1 and that PACS-2 deficient cells  have 

reduced acetylation of p53 and p21 expression, as well as increased apoptosis 

following DNA damage, I hypothesize that PACS-2 regulates the response to 

DNA damage by inhibiting SIRT1-mediated deacetylation of p53, thereby 

modulating p53 transcriptional activation. To test this hypothesis, I have 

addressed the following experimental goals in Chapter 6:
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1. Determine whether the increased apoptosis in PACS-2 deficient cells 

correlates with reduced long-term survival or altered cell cycle control following 

DNA damage.

2. Determine whether PACS-2 inhibits SIRT1-mediated deacetylation of p53 and 

the extent to which reduced p53 acetylation following loss of PACS-2 is SIRT1-

dependent. 

3. Examine whether the reduced p21 expression seen with PACS-2 loss is 

SIRT1-dependent.

4. Explore the subcellular localization of PACS-2 and whether PACS-2 interacts 

with SIRT1 in the nucleus. 
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CHAPTER 5. Introduction to p53, SIRT1, and the DNA damage response 
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5.1 The tumor suppressor p53 

5.1.1 The guardian of the genome

 It has been over 30 years since the discovery of p53 (Lane et al., 1979, 

Linzer et al., 1979, DeLeo et al., 1979) and more than 20 years since p53 was 

identified as a tumor suppressor (Baker et al., 1989, Finlay et al., 1989). A 

seminal article by Vogelstein and colleagues in 1989 reported that the TP53 gene 

encoding p53 is frequently mutated in colorectal carcinomas (Baker et al., 1989). 

Following this discovery, subsequent studies revealed that TP53 may in fact be 

the most frequent target of genetic alternations in human cancer (Levine et al., 

1991, Hollstein et al., 1991, Oren, 1991, Weinberg, 1991, Caron de Fromentel et 

al., 1992). Mutations that disrupt p53 function or its regulatory network have been 

found in more than half of all human cancers and germline mutations in p53 lead 

to the autosomal dominant Li-Fraumini syndrome, in which individuals are 

predisposed to a wide range of malignancies at an unusually early age (Hainaut 

et al., 2000, Vogelstein et al., 2000). These findings lead to p53 being termed the 

“guardian of the genome” (Lane, 1992) and the “cellular gatekeeper” (Levine, 

1997), as  p53 functions  to relay an array of stress-inducing signals, such as 

DNA damage, oncogene activation, and hypoxia, to coordinate various cellular 

responses. Following such signals, p53 functions as a node that orchestrates 

diverse biological responses, such as cell-cycle arrest, apoptosis, senescence, 

DNA repair, cell metabolism, or autophagy (Green et al., 2009, Yee et al., 2005, 

Riley et al., 2008). Importantly, these tumor suppressor functions of p53 are 
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context-dependent and modulated by a variety of factors, including cell and 

tissue type, microenvironment, metabolic state, and oncogenic alterations 

acquired during tumor progression (Zilfou et al., 2009). To coordinate and fine-

tune responses  to various stress signals, p53 functions as  a sequence-specific 

transcription factor, binding specific DNA sequences to mediate the activation 

and/or repression of a vast array of target genes (Brooks et al., 2003, Laptenko 

et al., 2006). Indeed, the majority of the tumor suppressive properties  of p53 

have been attributed to its transcription factor capabilities. This level of regulation 

requires an exquisitely complicated network, as evidenced by the droves of 

cofactors associated with p53 as well as the multitude of posttranslational 

modifications of p53 during homeostatic and stress-induced processes. Indeed, 

more than 36 amino acids within p53 are posttranslationally modified by 

phosphorylation, ubiquitination, acetylation, methylation, sumoylation, 

neddylation, O-glycosylation, and ADP-ribosylation (Figure 5.1) (Kruse et al., 

2008), illustrating the complex and intricate network of p53 regulation. 

5.1.2 The functional domains of p53

 The 393 amino acid p53 protein can be functionally and structurally divided 

into several domains. There are two identified acidic N-terminal transactivation 

domains (residues  1-42, 43-73) (Fields et al., 1990, Venot et al., 1999) that have 

been shown to interact with components of the basal transcription machinery 

such as transcription factor II D (TFIID), transcription factor II H (TFIIH), TATA-
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binding-protein-associated factor II 31 (TAFII31), and TATA-binding-protein-

associated factor II 70 (TAFII70) (Xiao et al., 1994, Lu et al., 1995, Thut et al., 

1995, Farmer et al., 1996, Di Lello et al., 2006). Importantly, the murine double 

minute 2 (MDM2) oncoprotein and negative regulator of p53 also binds  the N-

terminal domain of p53, thereby inhibiting its  transcriptional activity (Oliner et al., 

1993). p53 contains a highly conserved, globular hydrophobic central DNA 

binding core domain (residues 102-292) which mediates  its sequence-specific 

DNA binding activity (Wang et al., 1993) as well as harbors the majority of 

mutation hot-spots identified in human tumors (Pavletich et al., 1993). An 

oligomerization or tetramerization domain is  located between residues 324-355 

and mediates  the binding of p53 to DNA as a tetramer (Friedman et al., 1993, 

Wang et al., 1994, McLure et al., 1998). The tetramerization of p53 is mediated 

by the C-terminus (Pavletich et al., 1993, Wang et al., 1993) via the formation of 

a symmetric dimer of dimers composed of four geometrically equivalent subunits 

(Clore et al., 1994, Clore et al., 1995a, Clore et al., 1995b, Lee et al., 1994, 

Jeffrey et al., 1995). Lastly, p53 contains a basic C-terminal regulatory domain 

(residues 363-393) which has been shown to bind DNA nonspecifically as well as 

negatively regulate specific DNA binding via the central core domain (Anderson 

et al., 1997). Indeed, the N-terminal transactivation domain and the C-terminal 

regulatory domains harbor the majority of residues  that are posttranslationally 

modified and that contribute to p53 function (Appella et al., 2001).     
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5.2 p53 coordinates multiple cell fate processes following DNA damage

5.2.1 Overview of p53 effector functions

 p53 has been implicated in a multitude of anti-proliferative and tumor 

suppressive processes such as  cell-cycle arrest, apoptosis, senescence, 

differentiation, DNA repair, angiogenesis, metabolism, and autophagy, each of 

which contribute to its tumor suppressive capabilities  depending on the cellular 

context (Yee et al., 2005, Vousden et al., 2009). Indeed, the genes modulated 

and pathways initiated by p53 following stress signals are often dependent on the 

nature of the stimulus, the frequency or magnitude of the insult, as  well as  the 

cell type and tissue microenvironment (Zilfou et al., 2009).   

 The ability of p53 to transcriptionally regulate a vast array of target genes is 

essential for mediating various cellular processes following stress signals. For 

instance, to initiate growth arrest, p53 upregulates the Cip/Kip family cyclin-

dependent kinase inhibitor p21; 14-3-3σ, a negative regulator of the cell cycle; 

the M-phase inducing Cdc25C phosphatase; as well as the growth arrest and 

DNA damage inducible (GADD) family member GADD45 (el-Deiry et al., 1993, 

Hermeking et al., 1997). To modulate DNA repair processes following DNA 

damage, p53 induces the expression of p21, GADD45, as well as  the p48 

xeroderma pigmentosum protein (Smith et al., 1994, Li et al., 1994a, Pan et al., 

1995, Hwang et al., 1999). Interestingly, while a more limited number of genes 

are targeted by p53 to modulate cell-cycle and DNA repair processes, the 

induction of p53-mediated apoptosis  is associated with a growing number of 
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identified p53 targets, including, but not limited to, B-cell lymphoma-2 (Bcl-2) 

family members  such as the Bcl-2 homology (BH)3-only proteins p53-

upregulated modulator of apoptosis (PUMA) and NOXA, as  well as the multi-BH 

domain-containing proapoptotic effector Bax; the p53-regulated apoptosis 

inducing protein 1 (p53-AIP1); the p53 apoptosis effector related to peripheral 

myelin protein-22 (PMP-22) (PERP); the p53-inducible gene 3 (PIG3); as well as 

the death ligand receptors FasR (also known as  apoptosis antigen-1 (APO-1) or 

cluster of differentiation 95 (CD95)) and KILLER/DR5 (Miyashita et al., 1995, 

Owen-Schaub et al., 1995, Polyak et al., 1997, Wu et al., 1997, Oda et al., 

2000a, Oda et al., 2000b, Nakano et al., 2001, Riley et al., 2008). A more 

detailed description of p53-induced apoptosis is provided in section 5.2.3. 

 Importantly, p53 creates an auto-regulatory feedback loop by inducing the 

expression of its own negative regulators, such as MDM2, p53-induced RING-H2 

(Pirh2), COP1, and cyclin G (Juven et al., 1993, Okamoto et al., 1994, Haupt et 

al., 1997, Okamoto et al., 2002, Leng et al., 2003, Dornan et al., 2004). Indeed, 

while modulation of immediate processes such as growth arrest, DNA repair, and 

apoptosis are essential following DNA damage, p53 can additionally coordinate 

long-term cellular changes such as the inhibition of angiogenesis by the 

transcriptional upregulation of thrombospondin-1 (TSP-1), glioblastoma-derived 

angiogenesis inhibiting factor (GD-AIF), and hypoxia inducible factor-1α (HIF-1α) 

(Dameron et al., 1994, Van Meir et al., 1994, Fukushima et al., 1998, Ravi et al., 

2000). 
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 While the preceding paragraphs are not a comprehensive list of p53 

function and target gene modulation, they serve to briefly illustrate the diversity of 

p53 regulation. The following sections will describe in more detail some of the 

most well-characterized p53 functions relevant to this dissertation, including 

regulation of cell-cycle checkpoints  and the induction of apoptosis, as well as  the 

functions of p53 target genes  that mediate these processes. Additional pathways 

mediated by p53, while intriguing and relevant to p53 biology and the diversity of 

its functions, are outside the scope of this dissertation and have been 

summarized in great detail elsewhere (Vousden et al., 2009, Reinhardt et al., 

2012, Ryan, 2011, Maddocks et al., 2011). 

5.2.2 Cell cycle arrest

 The fidelity of cell division is ensured by the presence of cell-cycle 

checkpoints. Following various cellular stresses, activation of these checkpoints 

will arrest cells  from continuing through cell division, thereby preventing the 

replication of damaged DNA, preserving chromosomal integrity, and ensuring that 

each daughter cell receives a complete and faithful copy of the genome (Giono et 

al., 2006). 

 Progression through the cell cycle is regulated by a group of cyclin-

dependent kinases (CDKs), which are activated upon binding to their regulatory 

subunits, the cyclins (Morgan, 1995). Of the 13 and 25 loci encoding CDKs and 

cyclins, respectively, only a subset of CDK-cyclin complexes are critical for 
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promoting cell cycle progression. These include the mitotic CDK (CDK1), three 

interphase CDKs (CDK2, CDK4, and CDK6), as well as 10 cyclins belonging to 

four classes (A-, B-, D-, and E-type cyclins) (Malumbres et al., 2005, Malumbres 

et al., 2001). Progression through cell cycle is driven by a series of sequential 

phosphorylation events mediated by active cyclin/CDK complexes (Malumbres et 

al., 2009). According to the classic model of cell cycle progression (Figure 5.2), 

growth signals induce the expression of D-type cyclins that bind and activate 

CDK4/6 during G1, leading to phosphorylation and partial inactivation of the 

retinoblastoma (Rb) protein family members Rb, p107, and p130. This leads to 

reduced inhibition of the transcription factor E2F, allowing expression of the E-

type cyclins, which bind and activate CDK2. The pocket proteins are then further 

phosphorylated and completely inactivated by CDK2-cyclin E complexes, 

allowing E2F-mediated transcription to drive the G1/S transition. Finally, A-type 

cyclins activate CDK2 and CDK1 to drive the S/M transition while B-type cyclins 

activate CDK1 to proceed though mitosis (Malumbres et al., 2009). 

 The broad and potent role of cyclin/CDK complexes across the cell cycle is 

evidenced by the fact that they are the main targets of endogenous cell cycle 

inhibitors as well as effectors of the G1/S checkpoint (Sherr, 1994). CDKs are 

inhibited by two classes of CDK inhibitors, the INK4 family, including p16INK4a, 

p18INK4c, and p19INK4d, and the Cip/Kip family, including p57Kip2, p27Kip1, and 

p21Cip1/Waf1 (hereafter, p21). While the INK4 family specifically targets CDK4/6, 

the Cip/Kip family targets multiple CDKs across the cell cycle (Sherr et al., 1995, 
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Sherr et al., 1999). Indeed, p21 is a broad spectrum cell cycle inhibitor, targeting 

multiple cyclin-CDK complexes including cyclin D-CDK4/6, cyclin E-CDK2, cyclin 

A-CDK2, and cyclin B-CDK1 complexes (Harper et al., 1993, Gu et al., 1993, 

Xiong et al., 1993, Harper et al., 1995) as well as blocks proliferating cell nuclear 

antigen (PCNA)-dependent DNA polymerase activity during S-phase (Li et al., 

1994a, Waga et al., 1994). 

 The function of the G1/S checkpoint is  to prevent cells harboring DNA 

damage from transitioning into S-phase, thereby replicating the damaged DNA. 

This  process  is largely dependent on p53 (Giono et al., 2006), as  both DNA 

damage as well as the ectopic expression of p53 mediates arrest of cells  at the 

G1/S checkpoint (Kastan et al., 1991, Lin et al., 1992). Following DNA damage, 

p53 induces G1 arrest primarily via the transactivation of the CDK inhibitor p21 

(el-Deiry et al., 1993, Deng et al., 1995, Brugarolas et al., 1995). Indeed, in cells 

lacking p53, expression of p21 alone is sufficient to induce G1 growth arrest 

(Rousseau et al., 1999). Conversely, G1 arrest is abrogated following DNA 

damage in mouse embryonic fibroblasts and human cancer cells from which p21 

has been genetically deleted (Brugarolas et al., 1995, Deng et al., 1995, 

Waldman et al., 1995). Together, these studies illustrate the essential role for p21 

in mediating G1 arrest following DNA damage. However, since the initial 

discovery of p21 as a cell-cycle inhibitor and p53 effector (el-Deiry et al., 1993, 

Harper et al., 1993, Gu et al., 1993, Xiong et al., 1993, Noda et al., 1994, Dulic et 

al., 1994), p21 has been implicated in a multitude of cellular processes including 
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apoptosis, differentiation and senescence, DNA repair, aging, reprogramming of 

induced pluripotent stem cells (Coqueret, 2003, Garner et al., 2008, Gartel et al., 

2002, Li et al., 2009a) as well as tumor suppression and tumor formation (el-

Deiry et al., 1993, Efeyan et al., 2007, Barboza et al., 2006, Martin-Caballero et 

al., 2001, Roninson, 2002, Gartel, 2006, Abbas et al., 2009). 

 While initially described as a critical mediator of the G1/S checkpoint, the 

role for p53 in growth arrest following DNA damage extends to additional 

checkpoints as  well. The S-phase checkpoint prevents cell division before the 

cell has completed replicating its genome and can be activated by multiple 

mechanisms, including stalled replication forks resulting from nucleotide 

depletion or polymerase inhibition as well as by damaged DNA detected outside 

the replicon (Bartek et al., 2004). p53 has been implicated as functioning within 

the S-phase checkpoint to ensure that cells do not enter mitosis with unreplicated 

DNA (Taylor et al., 1999). Further studies demonstrate p53 is also required for 

the maintenance of S-phase arrest induced by the downregulation of Cdc7 

kinase, a protein involved in the firing of replication origins (Montagnoli et al., 

2004). 

 Following S-phase, the G2/M progression is driven by the cyclin B1/CDK1 

complex termed the maturation-promoting factor (MPF, or mitosis-promoting 

factor). The inactive MPF complex is sequestered in the cytoplasm of cells and 

upon entry into mitosis is translocated to the nucleus  and activated by the Cdc25 

phosphatase (Nurse, 1990). Following DNA damage, activation of the G2/M 
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checkpoint is  mediated primarily through factors  that inhibit the cyclin B1/CDK1 

(or MPF) complex (Nyberg et al., 2002). Similar to G1 arrest, the p53-mediated 

expression of p21 is involved in the maintenance of the G2/M checkpoint via the 

inhibition of cyclin B1/CDK1 complex activity (Stewart et al., 1995, Bunz et al., 

1998). While there is  no defect in the ability of p53- or p21-null cells  to activate or 

initiate the G2 checkpoint, they are unable to sustain this arrest, eventually 

escaping G2 and entering mitosis (Bunz et al., 1998). This  functional analysis is 

consistent with early studies demonstrating that expression of p21 mRNA in 

cycling cells is bimodal, peaking in G1, decreasing during S-phase, and peaking 

again in G2 (Li et al., 1994b). Moreover, p21 induces a pause before the onset of 

mitosis, as nuclear localization of p21 in late G2 correlates with delayed entry into 

mitosis in wild-type cells, but not in p53- or p21-null cells  (Dulic et al., 1998). 

Furthermore, following DNA damage, p53- and p21-null cells  display a premature 

mitotic entry that is often followed by a failure to undergo cytokinesis, resulting in 

abnormal DNA content and an increased susceptibly to aberrant mitoses, leading 

to mitotic catastrophe and cell death (Bunz et al., 1998).

5.2.3 Apoptosis

 The phenomena of p53-dependent apoptosis  was first observed following 

the reintroduction of p53 into a p53-null myeloid leukemia cell line and the 

resultant apoptosis that ensued (Yonish-Rouach et al., 1991). This observation 

was followed by seminal studies analyzing apoptosis in wild-type and p53-null 
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mouse thymocytes which showed that p53 was required for radiation-induced 

apoptosis, but not cell death induced by several other stimuli (Clarke et al., 1993, 

Lowe et al., 1993b). Subsequent studies  determined that p53-dependent 

apoptosis was also induced by certain DNA damaging cancer therapeutic agents 

as well as by the expression of oncogenes (Lowe et al., 1993a).  The central role 

for p53 in modulating apoptotic responses following DNA damage is  evidenced 

by the evolutionary conservation of p53 structure and function in both drosophila 

(Brodsky et al., 2000, Jin et al., 2000, Ollmann et al., 2000) and C. Elegans 

(Frantz, 2001, Schumacher et al., 2001), where the respective p53 orthologs are 

critical components of DNA damage surveillance. Indeed, these early studies 

established a crucial role for p53 in controlling apoptosis following DNA damage 

and therefore, implicated p53 in the prevention of transformation and controlling 

the efficacy of cancer therapeutic agents. 

 As mentioned above, there are many more p53 target genes implicated in 

DNA damage-induced apoptosis than other p53 effector functions such as cell 

cycle arrest or DNA repair. Moreover, p53-induced apoptosis involves the 

coordination of both transcription-dependent and transcription-independent 

functions of p53 (Zilfou et al., 2009). As a sequence-specific DNA binding protein, 

p53 transactivates multiple classes of proteins that regulate apoptosis and cell 

survival. Early studies revealed an intuitive link between p53 transactivation 

function and apoptosis when it was determined that p53 transactivates multiple 

pro-apoptotic members of the Bcl-2 family, including the multidomain-containing 
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Bax (Miyashita et al., 1995) as well as  the BH3-only members Puma (Nakano et 

al., 2001), Noxa (Oda et al., 2000a), and Bid (Sax et al., 2002). Indeed, cells 

maintain a critical balance between pro- and anti-apoptotic Bcl-2 proteins to 

ensure that appropriate responses  to survival and death cues are enacted (Youle 

et al., 2008). In this manner, p53 functions to increase the ratio of pro- to anti-

apoptotic Bcl-2 proteins following DNA damage, thereby facilitating mitochondria 

outer membrane permeabilization (MOMP) and the release of apoptotic factors  to 

the cytosol (Youle et al., 2008, Wei et al., 2001). While additional genes are 

known to be induced by p53 to mediate apoptosis following DNA damage, such 

as PIG3, KILLER/DR5, CD95 (FasR), p53-AIP1, and PERP (Riley et al., 2008), 

PUMA is the only p53 target gene whose genetic loss produces a similar 

apoptotic defect to p53 loss in irradiated thymocytes in vivo (Jeffers et al., 2003). 

 Along with these transcription-dependent functions, p53‘s pro-apoptotic 

actions extend beyond the nucleus as evidenced by the pivotal role of 

cytoplasmic p53 in coordinating mitochondrial apoptosis (Green et al., 2009). In 

response to DNA damage such as  ionizing radiation, p53 rapidly translocates to 

the mitochondria where it can interact with the Bcl-2 members Bcl-2, Bcl-xL, and 

Bak to induce MOMP, thereby releasing pro-apoptotic factors into the cytosol. In 

this  manner, p53 is suggested to act like a BH3-only protein, either as a direct 

activator of Bax or Bak or as a derepressor by neutralizing the inhibitory functions 

of the anti-apoptotic Bcl-2 members Bcl-2 and Bcl-xL (Chipuk et al., 2004, Green 

et al., 2009, Mihara et al., 2003, Vaseva et al., 2009).  
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 Importantly, recent studies determined that transcription-dependent and 

transcription-independent functions of p53 are linked via the transactivation and 

expression of PUMA (Chipuk et al., 2005). In this model, stress-induced cytosolic 

p53 is  initially sequestered by anti-apoptotic Bcl-xL. This transient restraint is 

overcome by the p53-induced transactivation of PUMA, which translocates to 

mitochondria where it binds Bcl-xL, thus liberating p53 to induce Bax activation 

and subsequent MOMP (Chipuk et al., 2005, Chipuk et al., 2004, Ming et al., 

2006). These studies suggest that PUMA couples the nuclear and cytoplasmic 

pro-apoptotic functions of p53 (Chipuk et al., 2005) and illustrates the complex 

nature of the p53 network. 

5.3 p53 activation and regulation 

5.3.1 The classical model of p53 stabilization and activation

 A comprehensive illustration of p53 activation is essential for understanding 

the exquisite complexity of the transcriptional profiles and biological responses 

following DNA damage. However, it is essential to understand the traditional 

views of p53 activation before we can delve into these additional layers of 

intricacy, to provide framework for understanding data which is aligned (or 

maligned) along these logic threads. The classical model of p53 activation 

following cellular stress is described in three basic steps: stabilization of p53, 

sequence-specific DNA binding, followed by transactivation of target genes 

(Figure 5.3) (Yee et al., 2005). Stabilization of p53 is primarily mediated via the 
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inhibition of its interaction with the E3 ubiquitin ligase MDM2, a negative regulator 

and itself a p53 target gene that catalyzes the ubiquitin-dependent proteasomal 

degradation of p53 (Haupt et al., 1997, Honda et al., 1997, Kubbutat et al., 1997, 

Brooks et al., 2006, Michael et al., 2003). In this process, the rapid N-terminal 

phosphorylation of p53 is traditionally viewed as the first event in the stabilization 

of p53 following DNA damage, such as from ionizing radiation or 

chemotherapeutic agents. This  DNA damage-induced phosphorylation of the p53 

N-terminus can be catalyzed by a broad range of kinases, including ataxia 

telangiectasia mutated (ATM), ataxia telangiectasia and Rad3-related protein 

(ATR), DNA-protein kinase (DNA-PK), and checkpoint kinases 1 and 2 (Chk1/

Chk2) (Appella et al., 2001). The N-terminal phosphorylation of p53 at Ser15 

(mouse Ser18) and Ser20 (mouse Ser23) is generally thought to stabilize p53 by 

preventing or disrupting the interaction between p53 and MDM2 (Appella et al., 

2001, Shieh et al., 2000, Shieh et al., 1997). Additionally, the stabilization of p53 

also is  known to occur in response to oncogene activation, which leads to 

inhibition of the p53-MDM2 interaction primarily via upregulation of the p14 

alternate reading frame (p14ARF) tumor suppressor, which binds to the p53-

MDM2 complex to inhibit MDM2-mediated p53 ubiquitination and degradation 

(Lowe et al., 2003, Sherr, 2006).  

 Following stabilization of p53, the second step in the classical model of p53 

activation is  the sequence-specific binding of p53 to DNA (el-Deiry et al., 1992). 

Indeed, a seminal discovery to the initial understanding of p53 function was the 
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observation that p53 is  a sequence-specific DNA binding protein (Bargonetti et 

al., 1991, Kern et al., 1991). In this manner, tetrameric p53 binds DNA in a 

sequence-specific manner to a DNA consensus sequence consisting of either 

two inverted pentameric sequences containing 5’-PuPuPu-C(A/T) (T/

A)GPyPyPy-3’ (Pu and Py represent purines and pyrimidines, respectively) or a 

palindromic site with four five-base pair inverted repeats with a similar sequence 

(el-Deiry et al., 1992, Funk et al., 1992, Kern et al., 1991, Cho et al., 1994, Wang 

et al., 1995, Waterman et al., 1995). The importance of p53 binding to promoter 

regions of target genes in a sequence-specific manner is  illustrated by the fact 

that the DNA binding domain of p53 is a “hot spot” for mutation in human cancer, 

as the overwhelming majority of p53 mutations occur within this  region (Hainaut 

et al., 2000). This  selective pressure illustrates that the sequence-specific DNA 

binding ability of p53 is critical for its anti-tumor effects. 

 In the classical model, p53 becomes posttranslationally modified following 

cellular stress, thereby facilitating p53 to bind promoter response elements in a 

sequence-specific manner via its conserved hydrophobic central core domain, 

while the basic C-terminal regulatory domain acts as a negative modulator that 

must be modified to allow this sequence-specific DNA binding (Appella et al., 

2001). Indeed, the C-terminus of p53 undergoes significant posttranslational 

modifications, including phosphorylation, ubiquitination, methylation, sumoylation, 

and neddylation, which can modulate the ability of p53 to bind DNA (Appella et 

al., 2001, Brooks et al., 2003).
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 Following stabilization of p53 and sequence-specific DNA binding, the third 

step in the classical model of p53 activation is the transactivation or repression of 

target genes. This  model suggests that p53 mediates transcriptional activation or 

repression of target genes simply by interacting with components of the basal 

transcription machinery, including general transcription factors  such as TFIID, 

TFIIH, TAFII31, and TAFII70 (Xiao et al., 1994, Lu et al., 1995, Thut et al., 1995, 

Farmer et al., 1996) as well as components of SRB/mediator complexes (Thut et 

al., 1995, Gu et al., 1999). As described in the following section, this simplified 

model under-appreciates  the complexity of p53 activation, the redundancy of 

pathways, and the additional necessary steps of p53 activation that are context- 

and stress-dependent. 

5.3.2 The multiple layers of regulation surrounding p53 stabilization  

 A continuing study of p53 activation reveals increasing complexity in the 

number and extent of p53 posttranslational modifications. In addition, in vivo 

functional analysis of these sites from recent knockin mice studies  suggests 

significant redundancy, indeed challenging current dogma regarding some of the 

classical regulatory events in p53 activation (Iwakuma et al., 2007, Marine et al., 

2006, Wahl, 2006). While the classical model suggests the rapid N-terminal 

phosphorylation of p53 at Ser15 (mouse Ser18) and Ser20 (mouse Ser23) is  crucial 

for p53 activation by disrupting the interaction between p53 and MDM2, thereby 

reducing p53 ubiquitination and degradation (Appella et al., 2001, Shieh et al., 
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2000, Shieh et al., 1997), mouse knockin studies with individual mutations of 

these residues challenge the importance of modification of these individual sites 

in the stabilization of p53 in vivo. Indeed, knockin studies with a Ser18→Ala 

(S18A) point mutation results in no difference compared to wild-type mice in the 

extent of stress-induced p53 stabilization nor the extent of DNA binding to p53-

dependent promoters  (Chao et al., 2003, Sluss et al., 2004). Similar results were 

also observed with Ser23→Ala (S23A) point mutant mice (MacPherson et al., 

2004, Wu et al., 2002). While more severe defects in p53 stabilization and 

function were seen with S18A/S23A double mutant mice, these defects were still 

limited to specific tissues and primarily affected DNA damage-induced apoptosis 

rather than other p53 effector functions  such as cell cycle arrest (Chao et al., 

2006). These studies suggest that the dramatic results seen in the in vitro studies 

are only partially recapitulated in vivo, and therefore, that the physiologic 

requirement of p53 phosphorylation is  context-dependent and may not be a 

universal prerequisite for p53 stabilization. This is consistent with studies 

showing that p53 activation can indeed occur in a phosphorylation-independent 

manner (Ashcroft et al., 1999, Ashcroft et al., 2000, Blattner et al., 1999, Wu et 

al., 2002). 

 Recently, more appreciation has been given to the notion that p53 activation 

in vivo requires not just the stabilization and activation of p53, but the release of 

p53 from active repression, termed “antirepression” (Kruse et al., 2009, Zilfou et 

al., 2009). This neglected step is  based on observations that p53 has intrinsic 
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potency that is  actively repressed by its negative regulators  MDM2 and its 

homologue MDMX (also known as Mdm4) (Montes de Oca Luna et al., 1995, de 

Rozieres et al., 2000, Parant et al., 2001). Like MDM2, MDMX is a critical 

negative regulator of p53, however it lacks intrinsic E3-ligase activity for p53 

(Marine et al., 2005). Indeed, both Mdm2- and MdmX-deficient mice display 

embryonic lethality which is  rescued by the inactivation of p53 (Jones et al., 

1995, Montes de Oca Luna et al., 1995, Parant et al., 2001, Migliorini et al., 

2002) suggesting both of these proteins are required in a non-redundant manner 

to repress  p53 activity. Moreover, inactivation of MDM2 induces p53-mediated 

apoptosis (de Rozieres et al., 2000) and mice containing a knockin p53 mutant 

that is able to bind DNA and transactivate some p53 targets, yet is  defective in 

MDM2 binding, p53 L25→Q,W26→S (p53QS), is embryonic lethal (Johnson et al., 

2005). Together, these studies support the observation that negative regulators 

suppress an active p53 and that antirepression of p53 is  critical for its  own 

activity. 

 Multiple layers of regulation exist on MDM2-mediated p53 stability. Notably, 

as described above, the tumor suppressor p14ARF, which interferes with the 

p53-MDM2 interaction thereby stabilizing p53 (Lowe et al., 2003). In addition, the 

transcription factor yin yang 1 (YY1) promotes ubiquitination of p53 by enhancing 

association between p53 and MDM2 (Sui et al., 2004). Conversely, the ribosomal 

proteins L5, L11, and L23 bind to and inhibit MDM2, leading to p53 activation 

upon ribosomal stress (Dai et al., 2004, Lohrum et al., 2003, Zhang et al., 2003). 
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Additional regulation exists in the determination that p53 ubiquitination can be 

reversed by deubiquitinating enzymes (DUBs), of which several ubiquitin (Ub)-

specific proteases (USPs) have been shown to regulate the MDM2-p53 axis. 

USP7 (also known as HAUSP) deubiquitinates p53, leading to p53 stabilization 

and activation (Li et al., 2002a) while additionally deubiquitinates MDM2 and 

MDMX (Cummins et al., 2004, Li et al., 2004). In addition, USP10 specifically 

deubiquitinates p53, but not MDM2 and MDMX (Yuan et al., 2010), while USP29 

deubiquitinates p53 (Liu et al., 2011a) and USP2 deubiquitinates MDM2 

(Stevenson et al., 2007) and MDMX (Allende-Vega et al., 2010) but not p53. 

Recently, an enzyme from an additional class of DUBs was shown to suppress 

p53 independent of its catalytic activity, namely, the ovarian tumor (OTU) domain-

containing protease Otubain 1, which suppresses MDM2-mediated p53 

ubiquitination by inhibiting the activity of the MDM2 cognate Ub-conjugating 

enzyme (E2) UbcH5 (Sun et al., 2012). Together, these studies illustrate how the 

model of p53 stabilization has shifted from a previous  focus on simply the 

phosphorylation of p53 to a greater understanding of the extent to which de-

repression of MDM2 and MDMX is  required for efficient p53 stabilization and 

activation.

 

5.3.3 p53 is bound to DNA in unstressed cells  

 Along with sequence-specific DNA binding by p53, recent studies have 

shown that the C-terminal regulatory domain mediates structure-specific p53 
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DNA binding and that a significant portion of p53 is  bound to DNA in unstressed 

cells via the C-terminal domain (Liu et al., 2004). Indeed, an unbiased global 

chromatin immunoprecipitation analysis revealed that the C-terminal region 

enhances non-sequence-specific binding of p53 to genomic DNA and that, 

surprisingly, only 5% of genomic DNA fragments bound to p53 contain p53 

consensus sites (Liu et al., 2004). This is consistent with studies combining 

chromatin immunoprecipitation with high-density oligonucleotide microarrays 

demonstrating that only 2% of binding events between p53 and genomic DNA 

contain p53 consensus sites (Cawley et al., 2004). Additional studies determined 

that not only is  p53 nonspecifically bound to DNA in unstressed cells  via its  C-

terminal region, but that p53 can specifically bind consensus sequences within 

the promoters of its target genes such as p21 (Kaeser et al., 2002, Szak et al., 

2001). Consistent with this determination, analysis of transcription initiation 

components associated with p53 target gene promoters in unstressed cells 

revealed that basal levels of p53 are required for assembly of a paused RNA 

polymerase II initiation complex on the p21 promoter (Espinosa et al., 2003). 

Together, these studies  demonstrate that p53 can ubiquitously bind genomic 

DNA via its  C-terminal region as well as bind the promoters of certain target 

genes in unstressed cells.

 While the traditional view holds that p53 requires stress-induced activation 

to bind DNA (Hupp et al., 1992), this assertion has been challenged by studies 

using larger DNA fragments as  targets (Cain et al., 2000, Kim et al., 1999). 
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Indeed, these studies demonstrate that the binding of p53 to DNA is dependent 

on additional factors such as  DNA structure and topology, including 

conformational alterations within p53 responsive sites. While there is no question 

that p53 DNA binding is crucial for its function, recent studies illustrate the 

complex nature of this process. Together, these findings challenge the classical 

model that sequence-specific DNA binding follows the stress-induced 

stabilization of p53 and suggest that p53 has ubiquitous DNA binding activity. 

However, whether the p53 molecules bound to DNA in unstressed cells are 

transcriptionally active or are inactive due to repression by MDM2 or MDMX 

remains uncertain. 

5.4 Promoter-specific activation by p53

5.4.1 The barcode hypothesis

 Initially it was proposed that promoter selectivity was driven by promoter 

affinity and the levels  of p53 induced following stress (Vousden, 2000). This 

model was based on studies suggesting cell-cycle arrest genes are regulated 

through high affinity promoters, while apoptosis-related genes were conversely 

regulated via low affinity promoters and require additional factors for activation 

(Inga et al., 2002). In this setting, low levels of stress or DNA damage would 

result in the activation of genes with high-affinity promoters, such as  cell-cycle 

arrest genes, but when p53 levels are high, apoptotic genes  with low affinity 

promoters can be activated (Chen et al., 1996, Weinberg et al., 2005, Inga et al., 
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2002). 

 While this model takes into account the affinity of p53 for various  response 

elements within the promoters  of target genes, it does not address the role of 

posttranslational modifications of p53 or recruitment of cofactors that may, in turn, 

influence the ability of p53 to bind promoter sequences. Indeed, where this 

classical model falls short is in the understanding or appreciation of the 

complexity of achieving promoter specificity. While a thorough understanding of 

p53 promoter selection is in its infancy, it is  now known to be influenced by 

numerous factors, including posttranslational modifications of p53 that can 

facilitate recruitment of p53 binding proteins that may function as  activators or 

repressors (Kruse et al., 2009). In this manner, p53 is at the hub of a stress 

response network, and the manner in which it responds to specific stimuli is 

determined by the dynamic contribution from protein cofactors and modifying 

enzymes. Recruitment of these factors results in various posttranslational 

modifications of p53 such as phosphorylation, acetylation, ubiquitination, 

methylation, sumoylation, and nedylation, each of which represent a bar from a 

“barcode”, and different combinations  of bars form different barcodes which 

enable p53 to activate specific promoters  and mediate different cellular 

responses (Figure 5.4) (Murray-Zmijewski et al., 2008, Kruse et al., 2009, Toledo 

et al., 2006).  

5.4.2 Overview of p53 acetylation
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 A critical component of p53 transcriptional regulation is  the function of 

histone acetyltransferases (HATs) (Brooks et al., 2003). Histones are highly 

alkaline nuclear proteins that package DNA into structural units called 

nucleosomes and are the principal protein component of chromatin. Histones 

were the first identified proteins discovered to have acetyl groups covalently 

attached to lysine residues and since this seminal discovery, histone acetylation 

has been established as an essential element of transcriptional regulation 

(Jenuwein et al., 2001). Indeed, the complexity of histone acetylation in 

transcriptional regulation is analogous to p53 regulation, as histone-specific 

modifications have been colloquially referred to as the ‘histone code’ (Strahl et 

al., 2000). Subsequent studies  determined that non-histone proteins were also 

acetylated and that non-histone protein acetylation is an essential regulatory step 

controlling diverse cellular processes such protein folding, cellular metabolism, 

and transcription (Kim et al., 2006, Choudhary et al., 2009, Wang et al., 2010b, 

Zhao et al., 2010). Indeed, p53 was the first non-histone protein identified as 

functionally regulated by acetylation and deacetylation (Gu et al., 1997, Luo et 

al., 2000, Luo et al., 2001, Vaziri et al., 2001). Later work determined that 

acetylation of p53 is a crucial regulatory element controlling promoter-specific 

activation of p53 target genes following stress stimuli (Berger, 2010, Kruse et al., 

2009). 

 There are 13 sites  of acetylation on human p53 that have been identified 

thus far (Figure 5.5), these include three lysine residues within the DNA-binding 
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domain (K120, K164, K292), one lysine in a linker region between the DNA binding 

domain and tetramerization domain (K305), one in the tetramerization domain 

(K320), as well as eight lysines in the C-terminal region (K351, K357, K370, K372, K373, 

K381, K382, and K386) (Meek et al., 2009, Kruse et al., 2009, Brooks et al., 2011). 

Importantly, many of these lysines residues targeted for acetylation can also be 

ubiquitinated (as well as  methylated or neddylated), and these modifications are 

mutually exclusive events that mediate different p53 responses (described in 

section 5.4.5) (Meek et al., 2009). 

 The acetylation of p53 is predominantly mediated by the histone 

acetyltransferase cyclic adenosine monophosphate (cAMP) response element-

binding (CREB)-binding protein (CBP)/p300 (Gu et al., 1997, Liu et al., 1999, 

Sakaguchi et al., 1998, Iyer et al., 2004). CBP/p300 interacts with p53 and is 

recruited to the promoter regions of p53 target genes. The CBP/p300 interaction 

enhances both histone and p53 acetylation, resulting in a more accessible 

chromatin conformation and a more active p53 protein, respectively (Chan et al., 

2001, Goodman et al., 2000). Specifically, CBP/p300 acetylates all eight of the C-

terminal lysines in p53 (K370, K372, K373, K381, K382, and K386), two residues in the 

DNA-binding domain (K164 and K292), as well as K305 (Gu et al., 1997, Sakaguchi 

et al., 1998, Liu et al., 1999, Wang et al., 2003, Tang et al., 2008, Brooks  et al., 

2011). However, p53 acetylation is not limited to that mediated by CBP/p300, as 

p53 can recruit additional transcriptional coactivators  to modulate acetylation, 

including the p300/CBP-associated factor (PCAF), which acetylates p53 at K320 
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(Sakaguchi et al., 1998, Liu et al., 1999), as well as Tip60/hMOF, a MYST family 

HAT unrelated to CBP/p300 that acetylates  K120 (Sykes et al., 2006, Tang et al., 

2006, Li et al., 2009b). 

 Since acetylation and ubiquitination are mutually exclusive events, p53 

acetylation following DNA damage has been proposed to mediate the 

stabilization and activation of p53, in part because acetylated residues cannot be 

ubiquitinated by MDM2 (Sakaguchi et al., 1998, Ito et al., 2001, Li et al., 2002b). 

This  is consistent with studies showing that p53 acetylation is increased following 

DNA damage and the level of stress-induced p53 acetylation correlates well with 

p53 activation and stabilization (Luo et al., 2001, Luo et al., 2000, Vaziri et al., 

2001, Knights et al., 2006, Ito et al., 2001).

5.4.3 p53 acetylation mutants reveal complex phenotypes

 Multiple studies have sought to investigate the roles  played by p53 

acetylation sites in vitro by overexpression studies as well as  in vivo using 

knockin mice in which lysine to arginine substitutions were made at the indicated 

sites. Indeed, mice substituted at six C-terminal lysines (p53-6KR) show impaired 

gene expression in a promoter-specific manner following DNA damage in both 

embryonic stems cells and thymocytes, but not in embryonic fibroblasts (Feng et 

al., 2005). While this is consistent with a role for p53 acetylation in p53-

dependent transactivation following DNA damage, these data also reveal that 

there is  cell-type specificity, as the most dramatic differences were observed in 
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embryonic stem cells, intermediate differences seen in thymocytes, while no 

significant changes in gene expression were observed in embryonic fibroblasts 

(Feng et al., 2005). In a similar study, embryonic fibroblasts generated from 

p53-7KR knockin mice (in which seven C-terminal lysines were substituted to 

arginine) did not show significant differences in p53-induced growth arrest or 

apoptosis (Krummel et al., 2005). Interestingly, both the 6KR and 7KR mice 

develop normally and show no increased susceptibility to spontaneous tumor 

formation (Feng et al., 2005, Krummel et al., 2005). Together, these studies show 

that the importance of C-terminal p53 acetylation is  context-dependent. While 

there are some transcriptional defects  in a cell-type- and promoter-specific 

manner, these mice lack an overt defect or phenotype expected based on the 

results obtained from in vitro studies, suggesting p53 acetylation is more 

complicated than previously expected.  

 Indeed, subsequent studies  determined that p53 acetylation was not limited 

to the C-terminal region and in fact, the DNA binding domain contains  additional 

functional acetylation sites at K120 and K164 (Sykes et al., 2006, Tang et al., 2006). 

These studies  determined that the Tip60/hMOF-mediated acetylation of K120 is 

essential for p53-mediated apoptosis, but dispensable for cell-cycle arrest, as 

transactivation of the pro-apoptotic genes PUMA and Bax were impaired with a 

K120→R mutant, but there was no obvious effect on the expression of p21 and 

MDM2 (Sykes et al., 2006, Tang et al., 2006). Consistent with these studies, 

knockin mice in which K117 (K120 in humans) is substituted with an arginine, are 
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abolished for p53-mediated apoptosis, yet cell-cycle arrest and senescence 

pathways remain unaffected (Li et al., 2012). Additionally, K164 was identified as a 

novel CBP/p300-mediated acetylation site located within the DNA binding domain 

(Tang et al., 2008). Interestingly, both K120 and K164 are highly conserved 

residues that are frequently mutated in human cancers (Hainaut et al., 2000) and 

simultaneous substitution of both of these lysines with arginines in knockin mice 

completely abolishes p53-mediated cell-cycle arrest, apoptosis, and senescence 

in vivo (Li et al., 2012). However, while p53-null mice rapidly develop 

spontaneous thymic lymphomas (Donehower et al., 1992, Jacks et al., 1994, 

Lozano, 2010), neither p53-K117→R mice nor p53-3KR mice, in which all DNA-

binding domain lysines are simultaneously substituted with arginines (including 

mouse K117, K161, and K162 (K120, K164, and Q165 in human)), are susceptible to 

early onset tumorigenesis (Li et al., 2012). This is consistent with the studies in 

C-terminal acetylation deficient mice (Feng et al., 2005, Krummel et al., 2005). 

Together, these results demonstrate that tumor suppression can be mediated by 

an acetylation-deficient p53 protein that lacks the ability to induce cell-cycle 

arrest, apoptosis, and senescence, suggesting that other aspects of p53 function 

are crucial for its tumor suppressive functions (Li et al., 2012). 

 A recent study performed a comprehensive mutational analysis of the major 

sites of p53 acetylation (Tang et al., 2008). Consistent with the knockin mice 

studies (Feng et al., 2005, Krummel et al., 2005), substitution of individual lysines 

or groups of lysines had only subtle effects  on the p53-mediated expression of 
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target genes when expressed at physiological levels in cultured cells. Indeed, 

these studies demonstrated that mutational loss of acetylation at K120, K164, or the 

6KR sites can be compensated by acetylation at others sites, resulting in p53 

activation and the subsequent p53-mediated transcription of p21 following DNA 

damage. However, simultaneous  loss of acetylation at all eight major acetylation 

sites (p53-8KR) completely abolished p53-mediated expression of p21 and 

growth suppression following DNA damage. Moreover, p53-mediated expression 

of both cell-cycle and apoptotic genes was completely abrogated in the p53-8KR 

mutant, suggesting p53 acetylation is indispensable for p53 activation and 

effector function (Tang et al., 2008). 

 Importantly, while loss of acetylation in the p53-8KR mutant abolishes p53-

mediated transactivation of cell-cycle arrest and apoptosis genes, this  action is 

promoter-specific, as p53-8KR can still function as a DNA-binding transcription 

factor that can fully mediate the expression of MDM2 (Tang et al., 2008). These 

promoter-specific effects suggest that while acetylation of p53 plays an essential 

role in p53 effector function, it does not affect the p53-MDM2 negative feedback 

loop (Tang et al., 2008, Kruse et al., 2009, Li et al., 2012). Importantly, these 

studies suggest that there is a degree of redundancy between acetylation sites 

that allows compensation by remaining sites when one or more is mutated. 

5.4.4 Acetylation mediates anti-repression and promoter-specific activation by 

p53
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 A current model of p53 activation proposed by Kruse and colleagues 

suggests that p53 is bound to promoters of p53 target genes, but is prevented 

from interacting with the transcriptional machinery via its association with the 

negative regulators MDM2 and MDMX (Kruse et al., 2009, Zilfou et al., 2009, 

Meek et al., 2009). Following DNA damage, p53 is acetylated by the HATs CBP/

p300, PCAF, and Tip60/hMOF, and the acetylation of p53 subsequently disrupts 

its interaction with MDM2 and MDMX (Tang et al., 2008, Kruse et al., 2009). 

Consistent with this determination, the interaction of wild-type p53 with MDM2 

and MDMX on the p21 or PIG3 promoters can be competitively disrupted by 

increased expression of the HATs CBP/p300 or Tip60, however the interaction 

between MDM2 and MDMX with the acetylation deficient p53 mutant (8KR) 

cannot be disrupted by HAT expression (Tang et al., 2008). This  release of 

MDM2 or MDMX from promoter-bound p53 following acetylation is termed 

‘antirepression’, and is  proposed to be a necessary step for p53 activation (Tang 

et al., 2008, Kruse et al., 2009, Zilfou et al., 2009). 

 These studies  suggest that distinct mechanisms induce different classes of 

genes following DNA damage and that p53 can activate at least three classes of 

target genes to mediate various effector functions depending on the nature of the 

stress and cell-type affected (Kruse et al., 2009, Zilfou et al., 2009). The first 

class of p53 target genes induced are negative regulators of p53, such as 

MDM2, which prevent deleterious effects  on cell viability by attenuating p53 

activation. Expression of these genes  is mediated in an acetylation-independent 

180



manner and does  not require recruitment of coactivators such as CBP/p300 or 

Tip60/hMOF (Tang et al., 2006, Tang et al., 2008). The second class of p53 

target genes induced include those involved in growth arrest, in particular p21, 

and this step absolutely requires recruitment of coactivators such as CBP/p300 

or Tip60/hMOF (Sykes et al., 2006, Tang et al., 2006, Tang et al., 2008). 

Interestingly, while there is  a complete loss of p21 induction when all major 

acetylation sites are mutated, demonstrating the requirement for p53 acetylation 

in p21 expression (Tang et al., 2008), this effect can be reversed by partial 

acetylation of p53 suggesting p21 induction is redundantly regulated via the 

acetylation of p53 at multiple sites (Tang et al., 2006, Tang et al., 2008). The third 

class of p53 target genes are those involved in the induction of apoptosis, such 

as PUMA, Bax, and NOXA. Given the irreversible nature of the apoptotic 

response, the requirement for transcription of this  class  of genes is more 

stringent than the previous and requires the recruitment of coactivators, specific 

modifications (e.g. p53 K120 acetylation), and complete removal of MDM2- and 

MDMX-mediated repression from target gene promoters  (Sykes et al., 2006, 

Tang et al., 2006, Tang et al., 2008, Li et al., 2009b).

 Based on these proposed mechanisms, a refined three-step model for 

promoter-specific p53 activation was proposed (Figure 5.6) (Kruse et al., 2009). 

In this model, the first step is  the stabilization of p53 following DNA damage, 

which primarily occurs through inhibition of MDM2-mediated ubiquitination and 

degradation of p53. The second step is the release of p53 from MDM2- and 
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MdmX-mediated inhibition, termed “antirepression”. This process requires 

acetylation of p53 and results in the transactivation of select p53 target genes, 

such as p21 or other growth arrest genes. The third step is the recruitment and 

interaction of numerous cofactors with p53 to facilitate the formation of regulatory 

complexes and various posttranslational modifications, resulting in full activation 

of target gene expression (Kruse et al., 2009).    

5.4.5 Additional modifications fine-tune the p53 stress response

 Acetylation and ubiquitination are not the only modifications competing for 

lysine residues on p53. Indeed, various methyltransferases have been shown to 

methylate p53’s  C-terminal lysines to modulate p53 function. For instance, while 

Set7/9-mediated monomethylation of K372 promotes p53-mediated transactivation 

of p21 (Chuikov et al., 2004), monomethylation of K370 and K382 by SET and 

MYND domain containing 2 (Smyd2) and Set8/PR-Set7, respectively, represses 

p53 function (Huang et al., 2006, Shi et al., 2007). Moreover, dimethylation of 

K370 and K382 creates a binding site for the DNA repair protein p53-binding protein 

1 (53BP1), which regulates p53 promoter specificity following DNA damage 

(Iwabuchi et al., 1994). Furthermore, the levels of p53 dimethylation increase 

following DNA damage, thereby facilitating the p53-53BP1 interaction. However, 

the binding of p53BP1 to dimethylated sites is disrupted by the demethylase 

activity of lysine-specific demethylase 1 (LSD1), which specifically demethylates 

p53 K370 (Huang et al., 2007). The role for methylation in p53 regulation is 
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supported by additional studies demonstrating that both p53 (Jansson et al., 

2008) and nearby histones (An et al., 2004) are arginine methylated following 

DNA damage. Specifically, protein arginine N-methyltransferase 1 (PRMT1)-

mediated methylation of p53 and histones regulates the expression of p53 

targets  genes (An et al., 2004), while protein arginine N-methyltransferase 5 

(PRMT5)-mediated methylation alters target gene specificity of p53 (Jansson et 

al., 2008). 

 Additional competition at C-terminal lysines is mediated by the small 

ubiquitin-like modifier (SUMO) (Melchior et al., 2002) and the small ubiquitin-like 

protein Nedd8 (Xirodimas et al., 2004, Abida et al., 2007). The role of p53 

sumoylation at K386 is incompletely understood, with some studies suggesting 

that p53 sumoylation promotes p53 transcriptional activity (Melchior et al., 2002), 

while others report that sumoylation promotes p53 nuclear export (Carter et al., 

2007). The C-terminal neddylation of p53 has been demonstrated to repress p53 

transactivation function via MDM2-mediated neddylation of K370, K372, and K373 

(Xirodimas et al., 2004) and F-box only protein 11 (FBXO11)-mediated 

neddylation of K320 and K321 (Abida et al., 2007). So while acetylation, 

ubiquitination, methylation, sumoylation, and neddylation all compete for p53’s C-

terminal lysines, it is unclear to what extent methylation, sumoylation, and 

neddylation are required for p53 activation in vivo.

5.4.6 Deacetylation represses p53 transcriptional activation
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 Additional regulation of p53 transcriptional activation exists in the 

determination that p53 can be deacetylated by distinct histone deacetylase 

(HDAC) complexes containing HDAC1 (Luo et al., 2000) or the class III HDAC 

silent information regulator 2α (Sir2α)/SIRT1 (Luo et al., 2001, Vaziri et al., 2001), 

thereby mitigating the acetylation-dependent activation of p53 transcription. This 

type of regulation is analogous to the reversal of p53 ubiquitination by 

deubiquitinating enzymes to modulate the MDM2-p53 axis (described in section 

5.3.2). Initially, p53 deacetylation was observed to be mediated by the p53 target 

protein in the deacetylase complex (PID)/HDAC1 complex, which deacetylates 

p53 following stress signals  to repress p53 transcriptional activity (Luo et al., 

2000). However, these studies observed that p53 acetylation remained unstable 

even in the presence of trichostatin A (TSA), which inhibits  class I and II HDAC 

activity, suggesting there may yet be additional factors  regulating p53 acetylation 

(Luo et al., 2000). Indeed, the determination that class III HDAC (SIRT1) 

deacetylase activity was  resistant to TSA-mediated inhibition (Imai et al., 2000) 

suggested SIRT1 may additionally target p53. Subsequent work determined that 

p53 is indeed a SIRT1 substrate (Luo et al., 2001, Vaziri et al., 2001) and that 

SIRT1 binds the lysine-rich C-terminal region of p53 (Langley et al., 2002) to 

induce p53 deacetylation and thereby regulate p53 transcriptional activities and 

function (Luo et al., 2001, Vaziri et al., 2001, Langley et al., 2002). The role of 

SIRT1-mediated deacetylation of p53 is an essential component of this 

dissertation and will be further described in section 5.5.3. 
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5.5 The diverse biology of SIRT1

5.5.1 The identification and function of SIRT1

 There are seven members of the evolutionarily conserved silent information 

regulator (SIRT or Sirtuin) family of nicotinamide adenine dinucleotide (NAD+)-

dependent protein deacetylases and adenosine diphosphate (ADP)-ribosylases 

that differ in their subcellular localization, substrate specificities, and functions 

(Horio et al., 2011, Cen et al., 2011, Haigis  et al., 2010). Initial studies observed 

that while SIRT1, SIRT6, and SIRT7 are predominantly nuclear, SIRT2 is 

cytoplasmic and SIRT3, SIRT4, and SIRT5 are localized to the mitochondria 

(Michishita et al., 2005). Sirtuins catalyze the hydrolysis of NAD+ to mediate the 

transfer of an acetyl group to the 2’-OH position of ADP-ribose to form 2’-O-

acetyl-ADP-ribose, nicotinamide, and a deacetylated protein (Tanner et al., 2000, 

Yang et al., 2006). To note, while all seven Sirtuins are classified as protein 

deacetylases based on structural homology, little or no lysine deacetylase activity 

has been observed with SIRT4 or SIRT6 and the primary enzymatic activity of 

SIRT4-7 is ADP ribosylation (Mahlknecht et al., 2009, Pan et al., 2011).   

 Human SIRT1 is the first identified and most widely studied member of the 

Sirtuin family (Tanner et al., 2000, Tanno et al., 2007). SIRT1 is  the mammalian 

ortholog to the yeast Sir2 (silent information regulator 2), which regulates aging 

and lifespan in several lower organisms (Lin et al., 2000, Tissenbaum et al., 

2001, Wood et al., 2004). Early reports in yeast determined that Sir2 associates 
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with heterochromatin and functions to silence transcription at silent mating loci 

(Rine et al., 1987), telomeres (Gottschling et al., 1990), and ribosomal DNA (Bryk 

et al., 1997, Smith et al., 1997) as well as suppresses recombination in ribosomal 

DNA (Gottlieb et al., 1989) and enhances replicative lifespan (Kaeberlein et al., 

1999). Interestingly, it was discovered that yeast cells lacking Sir2 had reduced 

replicative lifespan, while those containing an extra copy of Sir2 had significantly 

increased lifespan compared to wild-type cells (Kaeberlein et al., 1999). Key 

studies  determined that overexpression of Sir2 promotes global histone 

deacetylation (Braunstein et al., 1996, Braunstein et al., 1993), suggesting Sir2 

may have a novel role in histone deacetylation. Indeed, this lead to the seminal 

discovery that Sir2/SIRT1 is an NAD+-dependent histone deacetylase, which 

deacetylates lysine 26 in histone 1 (H1), lysines  9 and 14 in histone 3 (H3) and 

lysine 16 in the N-terminal tail of histone 4 (H4) (Imai et al., 2000, Vaquero et al., 

2004). Importantly, mutational studies suggest these particular residues are 

acetylated in active chromatin and hypoacetylated in silenced chromatin 

(Thompson et al., 1994, Braunstein et al., 1996), consistent with the role of Sir2/

SIRT1 in transcriptional silencing. In addition, yeast show an age-associated 

increase in H4K16 acetylation and concomitant decrease in Sir2 protein that 

leads to reduced chromatin silencing (Dang et al., 2009). Together, these studies 

were instrumental in the investigations  into the role of SIRT1 in aging, cancer, 

and metabolism.    
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5.5.2 The non-histone deacetylase functions of SIRT1

 Along with the deacetylation of histones H1, H3, and H4, SIRT1 also 

deacetylates many non-histone proteins, suggesting the function of SIRT1 is not 

limited to epigenetic silencing. Indeed, one of the first non-histone substrates  of 

SIRT1 identified was the tumor suppressor p53 (Luo et al., 2001, Vaziri et al., 

2001). As described in the following section (5.5.3), SIRT1-mediated 

deacetylation of p53 represses p53-mediated transcriptional activities in 

response to DNA damage and oxidative stress (Luo et al., 2001, Vaziri et al., 

2001, Langley et al., 2002). 

 Along with p53, SIRT1 deacetylates a diverse array of other non-histone 

proteins that have broad biological functions. In particular, SIRT1 deacetylates 

many proteins involved in energy and metabolism, including: coactivator 

peroxisome proliferator-activated receptor-γ (PPARγ) coactivator 1α (PGC-1α), a 

nuclear coactivator controlling genes involved in gluconeogenesis  (Rodgers et 

al., 2005); the nuclear hormone receptors PPARγ (Picard et al., 2004, Moynihan 

et al., 2005, Banks et al., 2008, Han et al., 2010) and the liver X receptor (LXR) 

(Li et al., 2007), which regulate fatty acid/glucose metabolism and reverse 

cholesterol transport, respectively; the transcription factor sterol regulatory 

element-binding protein-1c (SREBP-1c), which controls  hepatic lipogenesis 

(Ponugoti et al., 2010); as well as the metabolic enzyme acetyl coenzyme A 

(CoA) synthetase (AceCS1) (Hallows et al., 2006, North et al., 2007). 

 A number of SIRT1 substrates have been identified that function in cell 
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proliferation, cell growth, differentiation, and survival, such as: the androgen 

receptor (AR) in prostate cancer cells  (Fu et al., 2006); the p53 family member 

p73, a putative tumor suppressor involved in cell-cycle and apoptosis (Dai et al., 

2007); the forkhead transcription factors (FOXO), which regulate genes involved 

in cell growth, proliferation, differentiation, and longevity (Brunet et al., 2004, 

Motta et al., 2004, van der Horst et al., 2004, Xiong et al., 2011); the cell-cycle 

transcription factor E2F1 (Wang et al., 2006); phosphatase and tensin homolog 

(PTEN), a tumor suppressor regulating PI3K/AKT (Ikenoue et al., 2008); the cell 

migration protein cortactin (Zhang et al., 2009); β-catenin, a component of the 

Wnt signaling pathway (Firestein et al., 2008); the RelA/p65 subunit of the 

inflammation and immune regulator NF-κB (Yeung et al., 2004, Schug et al., 

2010); and hypoxia-inducible factors HIF-1α, HIF-2α (Dioum et al., 2009, Lim et 

al., 2010, Leiser et al., 2010).

 SIRT1 plays an additional role in the deacetylation of proteins critical in 

development, such as: Notch1 intracellular domain (NCID) (Guarani et al., 2011); 

the transcription factor myocyte enhancer factor 2 (MEF2) (Zhao et al., 2005); the 

muscle differentiator MyoD (Fulco et al., 2003); and the transforming growth 

factor (TGF)-β-induced signaling protein mothers against decapentaplegic 

homolog 7 (SMAD7) (Kume et al., 2007). Interestingly, SIRT1 was identified as 

regulating proteins involved in circadian rhythm and neurodegeneration, 

including: the circadian rhythm/clock proteins brain and muscle Arnt-like protein 1 

(BMAL1) and Per2 (Nakahata et al., 2008, Asher et al., 2008); the neuroprotector 
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insulin receptor substrate-1 (IRS-1) (Li et al., 2008); and the neurodegeneration 

related protein Tau (Min et al., 2010). 

 Importantly, SIRT1 plays a role in DNA repair processes and chromatin 

remodeling by deacetylating proteins such as: the DNA repair protein Ku70 

(Jeong et al., 2007); the nucleotide excision repair protein xeroderma 

pigmentosum complementation group A (XPA) (Fan et al., 2010); the base 

excision repair protein apurinic/apyrimidinic endonuclease 1 (APE1) (Yamamori 

et al., 2010); the acetyltransferases PCAF (Pediconi et al., 2009), Tip60 (Wang et 

al., 2010a), and p300 (Bouras et al., 2005); as well as the histone 

methyltransferase SUV39H1 (Vaquero et al., 2007). 

 Given the tremendous number of substrates and the biologic complexity of 

these potential targets, SIRT1 has been associated with diverse normal and 

abnormal processes such as aging, neural plasticity, memory, metabolism, 

inflammation, immunity, neurodegeneration, and cancer (Haigis  et al., 2010, 

Saunders et al., 2007). Indeed, SIRT1 activity has broad biological implications, 

that while intriguing and relevant to the diversity of SIRT1 functions, are outside 

the scope of this dissertation and have been well described elsewhere (Horio et 

al., 2011, Haigis et al., 2010, Stunkel et al., 2011). Therefore, the following 

section (5.5.3) will focus on SIRT1-mediated deacetylation of p53. 

5.5.3 SIRT1-mediated deacetylation of p53

 SIRT1 was  identified as a p53 deacetylase that negatively regulates  p53 
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transcriptional activation (Luo et al., 2001, Vaziri et al., 2001, Langley et al., 

2002). Elegant cell culture studies demonstrate that overexpression of SIRT1 

strongly represses p53 transcriptional activity and p53-dependent apoptosis 

following DNA damage and oxidative stress (Luo et al., 2001, Vaziri et al., 2001). 

Conversely, expression of a catalytically inactive SIRT1 mutant, in which a highly 

conserved histidine residue in the catalytic core is mutated to tyrosine (SIRT1-

H363Y), effectively abolishes SIRT1 deacetylase activity and consequently, 

increases p53 acetylation levels (Luo et al., 2001, Vaziri et al., 2001). Moreover, 

this  dominant negative SIRT1 was able to increase the expression levels of the 

p53 targets p21 and Bax, as well as sensitize cells to apoptosis  following ionizing 

radiation, chemotherapeutic treatment, and oxidative stress, consistent with the 

positive regulatory effects of acetylation on p53 activity (Luo et al., 2001). The 

role of SIRT1 in p53 regulation was confirmed in vivo in subsequent studies that 

analyzed p53 acetylation and apoptosis following ionizing radiation in SIRT1-

deficient mice (Cheng et al., 2003). These studies observed that p53 is 

hyperacetylated in SIRT1-deficient mice and cells from these mice are sensitized 

to radiation-induced apoptosis (Cheng et al., 2003).

 Following the determination that SIRT1-mediated deacetylation of p53 

regulates transcription-dependent apoptosis, subsequent studies observed that 

SIRT1 additionally plays a role in p53 transcription-independent apoptosis (Han 

et al., 2008). These studies show that oxidative stress induced by increased 

intracellular reactive oxygen species (ROS) results in the translocation of p53 to 
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mitochondria and induction of apoptosis  in wild-type mouse embryonic stem 

(mES) cells. However, in SIRT1-null mES cells, p53 fails to translocate to 

mitochondria and instead localizes to the nucleus. These findings suggest SIRT1 

facilitates p53-mediated mitochondria apoptosis by deacetylating p53, thereby 

blocking its  nuclear translocation following oxidative stress (Han et al., 2008).  

However, whether this function of SIRT1 is specific to mES cells  or extends to 

additional cell types following DNA damage remains unclear.  

5.6 Regulation of SIRT1

5.6.1 Transcriptional and posttranscriptional control of SIRT1 expression

 The role of SIRT1 deacetylase activity in diverse cellular processes is 

underscored by the multiple layers  of regulation that exist on SIRT1 expression 

and function. Indeed, several mechanisms modulate SIRT1 expression at the 

transcriptional and posttranscriptional levels (Liu et al., 2009, Zschoernig et al., 

2008). The induction of SIRT1 transcription is tightly controlled by at least two 

negative feedback loops. In one of these regulatory loops, the cell cycle regulator 

E2F1 directly binds the SIRT1 promoter and induces SIRT1 transcription 

following DNA damage (Wang et al., 2006). Reciprocally, E2F1 is also a 

substrate of SIRT1 and deacetylation of E2F1 inhibits its transcriptional activities 

(including SIRT1) (Wang et al., 2006). Thus, the E2F1-SIRT1 negative feedback 

loop illustrates an additional layer of complexity governing cell survival pathways 

following DNA damage. 
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 There exists another well known SIRT1 substrate that functions in a 

negative feedback loop to control SIRT1 expression. Indeed, while SIRT1-

mediated deacetylation of p53 attenuates p53-dependent transcriptional activities 

(Luo et al., 2001, Vaziri et al., 2001), p53 can also bind the SIRT1 promoter to 

directly repress SIRT1 transcription (Nemoto et al., 2004). Consistent with this 

finding, p53-null mice and tumor cells lines  have increased levels  of SIRT1 in a 

tissue- and cell type-specific manner, respectively (Ford et al., 2005, Nemoto et 

al., 2004). Transcription of SIRT1 is also repressed by the tumor suppressor 

hypermethylated in cancer 1 (HIC1), which forms a transcription corepression 

complex with C-terminal binding protein 1 (CTBP1) that binds enhancer elements 

upstream of the SIRT1 promoter to inhibit SIRT1 transcription (Chen et al., 2005).

Regulation of SIRT1 expression is not limited to the control of transcription, 

as additional mechanisms exist to regulate the stability of SIRT1 mRNA. Indeed, 

the oncogenic RNA binding protein HuR binds the 3’-untranslated region (UTR) 

of SIRT1 mRNA, stabilizing the transcript and thus increasing SIRT1 mRNA 

expression (Abdelmohsen et al., 2007). Moreover, ATM-mediated signaling 

following DNA damage leads to the phosphorylation and activation of the tumor 

suppressor cell cycle checkpoint kinase 2 (Chk2), which phosphorylates HuR, 

disrupting HuR-mediated stabilization of SIRT1 mRNA, thereby reducing SIRT1 

expression and promoting p53-mediated responses following DNA damage 

(Abdelmohsen et al., 2007).
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Recently, the tumor suppressive microRNA (miR)-34a was shown to bind 

the 3’-UTR of SIRT1 mRNA, repressing SIRT1 expression and leading to the 

hyperacetylation of p53 (Yamakuchi et al., 2008). Interestingly, miR-34a is  also a 

p53 target (Chang et al., 2007, Tazawa et al., 2007, He et al., 2007, Tarasov et 

al., 2007, Raver-Shapira et al., 2007), suggesting the existence of a positive 

feedback loop between miR-34a and p53 and further underscoring the 

complexity of networks that regulate the SIRT1-p53 pathway. 

5.6.2 Modulation of SIRT1 deacetylase activity by protein-protein interactions

 This  diversity of substrates, together with the lack of a defined consensus 

sequence (Blander et al., 2005), suggests SIRT1 substrate specificity may be 

mediated by potential SIRT1 chaperones or binding partners that form regulatory 

complexes with SIRT1. In support of this notion, SIRT1 deacetylase activity can 

be modulated by direct interaction with other cellular proteins, including active 

regulator of SIRT1 (AROS) (Kim et al., 2007), the neuronal specific protein 

necdin (Hasegawa et al., 2008), the tumor suppressor deleted in breast cancer 1 

(DBC1) (Kim et al., 2008, Zhao et al., 2008), the nuclear desumoylase sentrin-

specific protease 1 (SENP1) (Yang et al., 2007), as  well as the methyltransferase 

Set7/9 (Figure 5.7) (Liu et al., 2011b). 

 AROS was the first identified endogenous, direct regulator of SIRT1 (Kim et 

al., 2007). Specifically, AROS directly binds the N-terminus of SIRT1, enhancing 

SIRT1 deacetylase activity and reducing p53 acetylation, thereby attenuating 
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p53-dependent transcriptional activation following DNA damage (Kim et al., 

2007). A second positive regulator of SIRT1, necdin, was identified shortly 

thereafter (Hasegawa et al., 2008). Necdin is  a maternally imprinted gene that 

promotes cell differentiation and survival and is primarily localized in post-mitotic 

neurons (Jay et al., 1997). Necdin forms a complex with SIRT1 and p53 to 

enhance SIRT1-mediated deacetylation of p53 and attenuate p53-induced 

apoptosis following DNA damage (Hasegawa et al., 2008).  

 While AROS and necdin positively modulate SIRT1 deacetylase activity 

(Kim et al., 2007, Hasegawa et al., 2008), DBC1, which is  homozygously deleted 

in some breast cancers, was identified as a native inhibitor of SIRT1 deacetylase 

activity by direct binding to the catalytic domain of SIRT1 (Kim et al., 2008, Zhao 

et al., 2008). Indeed, knockdown of DBC1 increases SIRT1-mediated p53 

deacetylation, thereby reducing p53-mediated transcriptional activity. However, 

these effects can be abrogated via concomitant knockdown of SIRT1, suggesting 

DBC1 promotes p53 transcriptional activity in a SIRT1-dependent manner (Zhao 

et al., 2008). SIRT1 is  additionally inhibited by SENP1-mediated desumoylation, 

in which SENP1 binds and desumoylates K734 in the C-terminus of SIRT1, 

reducing SIRT1 deacetylase activity and increasing p53 acetylation and 

activation following cellular stress signals (Yang et al., 2007). Recently, the 

methyltransferase Set7/9, which is also known to increase p53 transcriptional 

activation by monomethylating p53 K372 (Chuikov et al., 2004) (and described in 

section 5.4.5), was identified as a negative regulator of SIRT1-mediated 
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deacetylation of p53 (Liu et al., 2011b). Interestingly, these studies demonstrate 

that while Set7/9 can methylate SIRT1, the resulting methylation is dispensable 

for SIRT1-mediated deacetylation of p53. Rather, the physical interaction 

between Set7/9 and the N-terminus of SIRT1 induces the dissociation of SIRT1 

from p53, thereby increasing p53 acetylation following DNA damage (Liu et al., 

2011b).  

 Together, these proteins have provided insight into the complex regulation 

of SIRT1 and the SIRT1-p53 axis, however a complete picture of this regulation 

remains to be determined.
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Figure 5.1. Overview of p53 posttranslational modifications. 

Schematic of the principal functional domains of p53 are shown together with the 

major sites of p53 that undergo phosphorylation (P), acetylation (Ac), 

ubiquitination (Ub), neddylation (N8), sumoylation (S), methylation (Me), O-

glycosylation (Glc), and ADP-ribosylation (ADP). Reproduced with permission 

from (Kruse et al., 2009). Copyright 2009 Elsevier. 
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Figure 5.2. Overview of the cell cycle. 

In the classical model, growth signals induce the expression of D-type cyclins 

that bind and activate CDK4/6 during G1, leading to phosphorylation and partial 

inactivation of the retinoblastoma (Rb) protein family members Rb, p107, and 

p130. This leads to reduced inhibition of the transcription factor E2F, allowing 

expression of the E-type cyclins, which bind and activate CDK2. The pocket 

proteins are then further phosphorylated and completely inactivated by CDK2-

cyclin E complexes, allowing E2F-mediated transcription to drive the G1/S 

transition. Finally, A-type cyclins activate CDK2 and CDK1 to drive the S/M 

transition while B-type cyclins activate CDK1 to proceed though mitosis. 

Reproduced with permission from (Malumbres et al., 2009). Copyright 2009 

Nature Publishing Group. 
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Figure 5.3. The classical model of p53 activation. 

The classical model of p53 activation following cellular stress is  described in 

three basic steps, 1) stabilization of p53 mediated by phosphorylation (P), 2) 

sequence-specific DNA binding, followed by 3) association with the general 

transcriptional machinery and the subsequent transactivation of target genes. 

Reproduced with permission from (Kruse et al., 2009). Copyright 2009 Elsevier.
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Figure 5.4. The p53 barcode hypothesis. 

In this  model, p53 is at the hub of a stress response network, and the manner in 

which it responds to specific stimuli is determined by combinations of various 

cofactors and modifying enzymes. Recruitment of these cellular facors results  in 

various posttranslational modifications, each of which represent a bar from a 

“barcode”, and different combinations  of bars form different barcodes which 

enable p53 to activate specific promoters  and mediate different cellular 

responses. Reproduced with permission from (Murray-Zmijewski et al., 2008). 

Copyright 2008 Nature Publishing Group.
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Figure 5.5. Diagram of identified p53 acetylation sites. 

The eight acetylation sites that are indispensable for p53 activation are shown in 

red. The corresponding acetyltransferases are indicated. Reproduced with 

permission from (Brooks et al., 2011). Copyright 2011 Higher Education Press 

and Springer-Verlag Heidelberg. 
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Figure 5.6. Promoter-specific activation of p53. 

In this  model, p53 activation occurs in three steps: 1) stabilization, through 

inhibition of MDM2-mediated ubiquitination and degradation of p53, 2) 

antirepression, by releasing p53 from MDM2- and MDMX-mediated inhibition, 

this  requires p53 acetylation and results in the transactivation of select genes 

such as p21, and 3) the recruitment and interaction of numerous cofactors by 

p53 to facilitate the formation of regulatory complexes and various 

posttranslational modifications, resulting in full activation of target gene 

expression. Reproduced with permission from (Kruse et al., 2009). Copyright 

2009 Elsevier. 
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Figure 5.7. Regulation of SIRT1 by direct protein binding. 

SIRT1 deacetylase activity can be modulated by direct interaction with other 

cellular proteins, including active regulator of SIRT1 (AROS), the neuronal 

specific protein necdin, the tumor suppressor deleted in breast cancer 1 (DBC1), 

the nuclear desumoylase sentrin-specific protease 1 (SENP1), as well as the 

methyltransferase Set7/9. 
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CHAPTER 6. PACS-2 regulates SIRT1-mediated deacetylation of p53 

following DNA damage
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PACS-2 regulates SIRT1-mediated deacetylation of p53 following DNA 

damage
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ABSTRACT

 The acetylation of p53 is  an essential step controlling promoter-specific 

activation of p53 target genes following DNA damage. The nicotinamide adenine 

dinucleotide (NAD+)-dependent protein deacetylase sirtuin 1 (SIRT1) plays a 

decisive role in p53-mediated stress responses by deacetylating p53, thereby 

repressing p53 transcriptional activation. Whereas the cellular functions of SIRT1 

have been extensively investigated, less is known regarding how the SIRT1-p53 

axis is regulated during the DNA damage response. Here we demonstrate that 

the membrane trafficking protein PACS-2 inhibits SIRT1-mediated deacetylation 

of p53 to modulate the cellular response to DNA damage. We demonstrate that 

PACS-2 directly interacts with SIRT1 and inhibits SIRT1-mediated deacetylation 

of p53 in vivo. Moreover, PACS-2 deficient cells have a SIRT1-dependent 

reduction in p53 acetylation and p21 expression, resulting in increased apoptosis 

and reduced clonogenic survival in a p53- and p21-dependent manner following 

DNA damage. Our findings suggest PACS-2 is  a critical regulator of the SIRT1-

p53-p21 axis to modulate the DNA damage response.

205



INTRODUCTION

 

 The tumor suppressor p53 is  perhaps the most frequent target of genetic 

alternations in human cancer, as mutations that disrupt p53 function or its 

regulatory network have been found in more than half of all human cancers 

(Hainaut et al., 2000). Following DNA damage, p53 functions as  a node for 

orchestrating diverse biological responses such as cell-cycle arrest, apoptosis, 

and senescence depending on several factors, including the level and type of 

stress as well as the cell and tissue type (Zilfou et al., 2009). To coordinate these 

cellular processes, p53 functions as a sequence-specific transcription factor to 

promote the transactivation of various  target genes, including the cyclin-

dependent kinase (CDK) inhibitor p21 to promote growth arrest and facilitate 

DNA damage repair (el-Deiry et al., 1993, Deng et al., 1995, Brugarolas et al., 

1995). 

Following DNA damage, the transcriptional activation of p53 is  critically 

dependent on posttranslational modifications, including phosphorylation and 

acetylation, which coordinately function to stabilize p53 and enhance its 

transactivation functions, respectively (Meek et al., 2009, Kruse et al., 2009). The 

acetylation of p53 is a crucial regulatory element controlling promoter-specific 

activation of p53 target genes (Zilfou et al., 2009, Kruse et al., 2009) and the 

stress-induced increase of p53 acetylation significantly correlates with p53 

activation and stabilization (Luo et al., 2001, Luo et al., 2000, Vaziri et al., 2001, 
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Ito et al., 2001, Knights  et al., 2006). Indeed, mutational loss of acetylation at all 

major acetylation sites blocks the ability of p53 to induce p21 and suppress cell 

growth, suggesting acetylation of p53 is indispensable for p53 activation (Tang et 

al., 2008).  

 Human sirtuin 1 (SIRT1) is a member of the SIRT family (including 

SIRT1-7) which has NAD+-dependent class III histone deacetylase activity. 

SIRT1 is the mammalian ortholog of yeast Sir2 (silent information regulator 2), 

which regulates aging and lifespan in several lower organisms (Lin et al., 2000, 

Tissenbaum et al., 2001, Wood et al., 2004). Recent studies reveal SIRT1 also 

deacetylates various non-histone proteins that have broad biological functions, 

including PGC-1α (Rodgers et al., 2005), forkhead transcription factor (FOXO) 

(Brunet et al., 2004, Motta et al., 2004, van der Horst et al., 2004, Xiong et al., 

2011), NF-κB (Yeung et al., 2004, Schug et al., 2010), PTEN (Ikenoue et al., 

2008), HIF-1α and HIF-2α (Dioum et al., 2009, Lim et al., 2010, Leiser et al., 

2010), Ku70 (Jeong et al., 2007), MyoD (Fulco et al., 2003), and p53 (Luo et al., 

2001, Vaziri et al., 2001). These findings implicate SIRT1 in diverse cellular 

processes, including chromatin remodeling, cell survival, apoptosis, DNA 

damage responses, as well as fat and glucose metabolism.   

SIRT1 negatively regulates p53 transcriptional activation by deacetylating 

p53 following DNA damage or oxidative stress (Luo et al., 2001, Vaziri et al., 

2001, Langley et al., 2002). While the regulation of p53 by modifying enzymes 

and various cofactors has been heavily studied (Meek et al., 2009), less is known 
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about the regulation of SIRT1. Transcription of SIRT1 is repressed by p53 as well 

as the tumor suppressor hypermethylated in cancer 1 (HIC1), which forms a 

transcription repression complex with SIRT1 on its own promoter (Chen et al., 

2005, Nemoto et al., 2004). Moreover, the cell cycle regulator E2F1 

transactivates SIRT1 following DNA damage and reciprocally, SIRT1 

deacetylates E2F1, inhibiting its  transcriptional activities  and thereby establishing 

a negative feedback loop (Wang et al., 2006). SIRT1 is  regulated 

posttranscriptionally by the oncogenic RNA binding protein HuR, which binds the 

3’-UTR of SIRT1 mRNA, stabilizing the transcript and increasing SIRT1 

expression (Abdelmohsen et al., 2007) while the p53 target and tumor 

suppressive microRNA miR-34a represses SIRT1 expression, leading to p53 

hyperacetylation and transcriptional activation (Yamakuchi et al., 2008). While 

these studies illustrate the transcriptional and post-transcriptional control of 

SIRT1 expression, much less is  known about the mechanisms controlling SIRT1 

activity. 

Recent studies have determined that SIRT1 deacetylase activity can be 

modulated by direct interaction with other cellular proteins. Active regulator of 

SIRT1 (AROS) (Kim et al., 2007) and the neuronal specific protein necdin 

(Hasegawa et al., 2008) are positive modulators that bind SIRT1 to enhance 

SIRT1-mediated deacetylation of p53 and attenuate p53 transcriptional activation 

following DNA damage (Kim et al., 2007, Hasegawa et al., 2008). In contrast, the 

tumor suppressor deleted in breast cancer 1 (DBC1) acts as a direct inhibitor of 
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SIRT1, reducing SIRT1 deacetylation of p53 and increasing p53 transcriptional 

activity (Kim et al., 2008, Zhao et al., 2008) while the nuclear desumoylase 

sentrin-specific protease 1 (SENP1) inhibits SIRT1 deacetylase activity and 

increases p53 acetylation by desumoylating SIRT1 (Yang et al., 2007). Recently, 

the methyltransferase Set7/9 was identified as a negative SIRT1 regulator that 

induces the dissociation of SIRT1 from p53, thereby increasing p53 acetylation 

following DNA damage (Liu et al., 2011). 

The diversity of SIRT1 substrates in pathways such as DNA damage and 

cell survival, together with the determination that SIRT1 can be modulated by 

protein binding partners, suggests the regulation of SIRT1 activity is  complex, 

and likely requires  additional cellular factors to coordinate these effects. Here we 

identify the membrane trafficking protein PACS-2 as an inhibitor of SIRT1-

mediated deacetylation of p53 following DNA damage. PACS-2 is  involved in 

diverse homeostatic processes (Youker et al., 2009); while initially identified as a 

regulator of membrane traffic, the role of PACS-2 has expanded to include key 

functions in viral immunity and death ligand (TRAIL)-induced apoptosis (Youker 

et al., 2009, Aslan et al., 2009, Werneburg et al., 2012). Here, we demonstrate 

that PACS-2 directly interacts with SIRT1 and inhibits  SIRT1-mediated 

deacetylation of p53 in vivo. We found that PACS-2 deficient cells have a SIRT1-

dependent reduction in p53 acetylation and p21 expression, resulting in 

increased apoptosis  and reduced clonogenic survival in a p53- and p21-

dependent manner following DNA damage. Based on these observations, we 
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propose that PACS-2 is a critical regulator of SIRT1-mediated deacetylation of 

p53 to modulate the DNA damage response.
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RESULTS

6.1 Separable roles for PACS-2 in TRAIL- and DNA damage-induced apoptosis

 The induction of tumor cell apoptosis can be enhanced when the death 

ligand TRAIL is combined with DNA damage-inducing chemotherapeutics or 

irradiation (Shankar et al., 2004), suggesting multiple apoptotic pathways can 

synergize to kill cancer cells. We recently reported that the membrane trafficking 

protein PACS-2 is an essential TRAIL effector required for lysosomal/

mitochondria membrane trafficking steps leading to the activation of caspase-3 in 

cancer cells (Aslan et al., 2009, Werneburg et al., 2012). However, whether the 

role of PACS-2 in mediating TRAIL-induced apoptosis also extended to p53-

regulated apoptosis following DNA damage was not known. To investigate this, 

we compared the effect of PACS-2 depletion on TRAIL or p53-dependent 

apoptosis (Figure 6.1A). Parallel plates  of control or PACS-2 knockdown human 

colon carcinoma HCT116 cells or isogenic HCT116 p53-/- cells were treated with 

the anthracycline chemotherapeutic Doxorubicin or TRAIL and the extent of 

apoptosis  was monitored by caspase-3 activation and poly (ADP-ribose) 

polymerase (PARP) cleavage. In agreement with earlier studies (Aslan et al., 

2009), PACS-2 knockdown blunted TRAIL-induced caspase-3 activation and 

PARP cleavage and this effect was independent of p53. Surprisingly, however, 

PACS-2 knockdown sensitized HCT116 cells  to Doxorubicin-induced apoptosis in 

a p53-dependent manner, as PACS-2 deficient HCT116 p53-/- cells failed to elicit 
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caspase-3 activation or PARP cleavage. Indeed, the sensitization of PACS-2 

deficient cells  to DNA-damage induced apoptosis was not specific to treatment 

with Doxorubicin as PACS-2 knockdown also sensitized HCT116 cells to DNA 

damage-induced apoptosis following treatment with ionizing radiation (IR) (Figure 

6.1B).

6.2 PACS-2 regulates p53-mediated apoptosis and clonogenic survival in a p21-

dependent manner following DNA damage 

The increased sensitivity of PACS-2-deficient cells to Doxorubicin- and IR-

induced apoptosis lead us  to investigate whether PACS-2 knockdown would 

similarly alter long-term survival following DNA damage. To test this, control or 

PACS-2 knockdown HCT116 cells or isogenic p53-/- cells were treated with 

increasing amounts of Doxorubicin or IR and subsequently analyzed for 

clonogenic survival. We found that PACS-2 knockdown reduced clonogenic 

survival of both Doxorubicin- or IR-treated HCT116 cells  in a p53-dependent 

manner, as there was no effect of PACS-2 knockdown on survival of HCT116 

p53-/- cells  (Figure 6.1C). Moreover, the reduced clonogenic survival of PACS-2-

deficient HCT116 cells correlated with the reduced ability of these cells  to 

undergo G1 cell cycle arrest following DNA damage (Figure 6.2A). Specifically, 

control or PACS-2 knockdown HCT116 cells  were synchronized in G0/G1 using 

serum deprivation and then stimulated to re-enter the cell cycle by the addition of 

serum and in the presence of bromodeoxyuridine (BrdU). The cells were then 
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exposed to Doxorubicin and incubated for an additional 24 hours. Flow 

cytometric analysis revealed that PACS-2 knockdown HCT116 cells  had a 

significantly reduced percentage of cells in G0/G1 compared to control 

knockdown cells (27.2 ± 2.9% versus 16.7 ± 1.2%, respectively), suggesting 

PACS-2 promotes G1 growth arrest following DNA damage. 

The p53-mediated transactivation of the cyclin-dependent kinase (CDK) 

inhibitor p21 is required for efficient induction of G1 cell cycle arrest following 

DNA damage (el-Deiry et al., 1993, Deng et al., 1995, Brugarolas et al., 1995). 

Therefore, we tested whether PACS-2 was important for the induction of p21 

following DNA damage. Accordingly, we analyzed p21 mRNA expression in 

control or PACS-2 knockdown HCT116 cells  or isogenic p53-/- cells and found 

that PACS-2 knockdown repressed the p53-dependent induction of p21 mRNA 

following treatment with Doxorubicin (Figures 6.2B-C). However, while 

knockdown of PACS-2 resulted in reduced expression of p21, the mRNA levels  of 

the proapoptotic BH-3 only protein and p53 target PUMA were not significantly 

changed (Figure 6.2D). This finding is consistent with the determination that 

PACS-2 deficient cells  are sensitized to DNA damage-induced apoptosis  and the 

accumulating evidence identifying p21 as a major inhibitor of p53-dependent 

apoptosis (Dotto, 2000, Gartel et al., 2002, Cazzalini et al., 2010). Therefore, we 

investigated whether the reduced p21 in PACS-2 knockdown HCT116 cells was 

responsible for their aberrant sensitivity to apoptosis and reduced clonogenic 

survival following DNA damage. Thus, we analyzed the extent of apoptosis and 
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clonogenic survival in isogenic HCT116 p21-/- cells knocked down for PACS-2. 

Similar to our results  obtained with HCT116 p53-/- cells, PACS-2 knockdown 

failed to sensitize HCT116 p21-/- cells to apoptosis or affect their clonogenic 

survival following DNA damage as compared to control knockdown cells (Figures 

6.3A-B). These data demonstrate that PACS-2 is critically involved in regulating 

the cellular response to DNA damage in a p53- and p21-dependent manner. 

6.3 PACS-2 regulates p53 acetylation and p53-mediated p21 expression in vivo 

following DNA damage

Our determination that the p53-mediated induction of p21 was repressed in 

PACS-2 knockdown cells suggested PACS-2 might modulate p53 function 

following DNA damage. To test this, we analyzed the ability of Doxorubicin to 

induce p53 and p21 expression in control or PACS-2 knockdown HCT116 cells 

(Figure 6.3C). Whereas PACS-2 knockdown had no significant effect on total p53 

levels  following DNA damage, it resulted in a marked reduction in p21 

expression, consistent with the p53-dependent reduction of p21 mRNA (Figure 

6.2B-C). Similar results were observed in human osteosarcoma U2OS cells 

following exposure to IR, in which knockdown of PACS-2 repressed the induction 

of p21 but had no measurable effect on the levels of total p53 (Figure 6.3D). 

Following DNA damage, the transcriptional activation of p53 is  critically 

dependent on posttranslational modifications, including phosphorylation and 

acetylation, which coordinately function to stabilize p53 and enhance its 
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transactivation functions, respectively (Meek et al., 2009, Kruse et al., 2009). 

Thus, the determination that PACS-2 knockdown repressed p21 expression but 

had no effect on total p53 levels suggested PACS-2 might modulate p53 

activation by controlling p53 posttranslational modifications. To test the above 

hypothesis, endogenous  p53 was immunoprecipitated from control or PACS-2 

knockdown HCT116 cells following treatment with Doxorubicin and the extent of 

p53 Ser15 phosphorylation and Lys382 acetylation was monitored by western blot 

(Figure 6.4A). Indeed, while PACS-2 knockdown had no effect on p53 

phosphorylation, there was a marked reduction in the level of p53 acetylation, 

which correlated with impaired induction of p21. 

To explore the consequence of PACS-2 loss on the p53-p21 axis  in vivo, 

WT and Pacs2-/- mice (generated as described in (Aslan et al., 2009)) were 

exposed to 4.5 Gy IR and thymuses were harvested 6 hours later and analyzed 

by western blot and qRT-PCR (Figures 6.4B-C). Notably, the induction of both 

p21 and Puma was repressed in thymuses from Pacs2-/- mice whereas the levels 

of total p53 were unaffected. This repressed induction appeared to result from 

impaired transcription as qRT-PCR analysis  showed p21 and Puma mRNA levels 

were also reduced (Figure 6.4C). Moreover, the level of p53 Ser18 

phosphorylation (Ser15 in humans) was unaffected but the level of Lys379 

acetylation (Lys382 in humans) was reduced, similar to the results obtained in 

HCT116 cells (Figure 6.4A). Together, these results suggest PACS-2 is an in vivo 

regulator of p53 transcriptional activation by controlling the extent of p53 
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acetylation.

6.4 PACS-2 controls the level of acetylated p53 bound to the p21 promoter 

following DNA damage

Since acetylation of p53 is a crucial regulatory element controlling 

transcriptional activation of p53 target genes, we analyzed the amount of total 

and acetylated p53 bound to the p21 promoter following DNA damage. For this, 

control or PACS-2 knockdown HCT116 cells were treated with Doxorubicin and 

subjected to chromatin immunoprecipitation (ChIP) analysis  using antibodies 

specific for total p53 or acetylated p53 (K382) (Figure 6.4D). Quantitative PCR 

(qPCR) of ChIP-associated DNA revealed that PACS-2 knockdown HCT116 cells 

had reduced levels of acetylated p53 bound to the p21 promoter following DNA 

damage. By contrast, the amount of total p53 bound to the p21 promoter 

remained unchanged, suggesting that loss  of PACS-2 did not impede the ability 

of p53 to bind specific DNA sequences, but instead diminished the proportion of 

promoter-bound p53 that was acetylated.

6.5 PACS-2 regulates SIRT1-dependent deacetylation of p53

The transcriptional activity of p53 is  positively modulated by acetylation, 

catalyzed predominately by the histone acetyltransferase (HAT) activity of CBP/

p300 (Meek et al., 2009). Conversely, the class III histone deacetylase (HDAC) 

SIRT1 negatively regulates p53 transcriptional activation by deacetylating p53 

216



following DNA damage or oxidative stress (Luo et al., 2001, Vaziri et al., 2001). 

The determination that loss of PACS-2 resulted in reduced levels of acetylated 

p53 bound to the p21 promoter following DNA damage led us to investigate 

whether PACS-2 modulates p53 acetylation by interacting with the 

acetyltransferase p300 or the deacetylase SIRT1. Therefore, we co-expressed 

FLAG-tagged PACS-2 with HA-tagged p300 or V5-tagged SIRT1 and found that 

overexpressed PACS-2 interacted with SIRT1 but not p300 (Figure 6.5A). To 

examine the interaction between endogenous PACS-2 and SIRT1, cell extracts 

from HCT116 cells  were immunoprecipitated with anti-PACS-2 antibody or control 

IgG (Figure 6.5B). As expected, western blot analysis revealed that SIRT1 was 

clearly detected in the immunoprecipitations  obtained with anti-PACS-2 antibody, 

but not with control antibody. We then tested whether PACS-2 binds SIRT1 in 

vitro. As  shown in Figure 6.5C, SIRT1 interacts directly with the cargo-binding 

region (FBR) of PACS-2. These studies, together with the reduced p53 

acetylation seen with knockdown of PACS-2 (Figure 6.4), suggest PACS-2 may 

function to inhibit SIRT1-mediated deacetylation of p53.  

To test the above hypothesis, we examined whether PACS-2 expression 

rescues p53 from SIRT1-mediated deacetylation and repression in human cells. 

Therefore we coexpressed PACS-2 HA with SIRT1-V5 and p53 FLAG (p53/f) in 

HCT116 cells, immunoprecipitated p53 with anti-FLAG and monitored p53 

acetylation by western blot (Figure 6.6A). While SIRT1 efficiently induced p53 

deacetylation, as expected, this effect was inhibited by coexpression with 
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PACS-2. Moreover, to demonstrate that PACS-2 acts on p53 by repressing 

SIRT1 function, we tested whether knockdown of PACS-2 indeed reduces 

acetylation levels of endogenous p53 and, importantly, whether these effects are 

reversed by the inactivation of SIRT1 genetically or by pharmacologic inhibition. 

As shown in Figure 6.6B, siRNA-mediated knockdown of PACS-2 markedly 

reduced the acetylation levels of p53. Notably, the reduced p53 acetylation with 

PACS-2 knockdown was completely reversed by concomitant knockdown of 

SIRT1 (Figure 6.6B). Moreover, the findings with siRNA-mediated inactivation of 

SIRT1 were corroborated pharmacologically, which demonstrated that the SIRT1-

specific inhibitor EX-527 also reversed the repressed acetylation of endogenous 

p53 in PACS-2 knockdown cells (Figure 6.6C). Similar results were also 

observed with the PACS-2-mediated repression of p21 induction. In these 

experiments, control or PACS-2 knockdown HCT116 cells  were treated with 

Doxorubicin alone, Doxorubicin plus the class  I and II HDAC inhibitor TSA or 

Doxorubicin plus EX-527 (Figure 6.6D). As expected, we found that the reduced 

induction of p21 following Doxorubicin treatment in PACS-2 knockdown cells 

could be prevented by EX-527 but not TSA. Together, these data suggest that the 

reduced acetylation of p53 in PACS-2-deficient cells is  indeed SIRT1-dependent, 

and that the PACS-2-mediated effects on p53 activation act primarily through 

SIRT1 in vivo.  

6.6 PACS-2 interacts with SIRT1 in the nucleus
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Whereas SIRT1 localizes predominantly to the nucleus and has well-

characterized nuclear functions (Michishita et al., 2005), PACS-2 function thus  far 

has been studied in the regulation of membrane traffic in the cytoplasm (Youker 

et al., 2009). Interestingly, inspection of the PACS-2 sequence revealed multiple 

candidate leucine-rich nuclear export signals at Leu46, Leu293 and Leu295, 

suggesting PACS-2 may cycle between the cytosol and the nucleus (la Cour et 

al., 2004). To test this  possibility, we examined the subcellular localization of 

mcherry-PACS-2 expressed in the absence or presence of the chromosomal 

region maintenance (CRM1)/exportin 1-dependent nuclear export inhibitor 

leptomycin B (LMB). We found that mcherry-PACS-2 localized predominantly in 

the cytosol in control cells but accumulated in the nucleus in the presence of 

LMB, suggesting PACS-2 shuttles between the nucleus and cytoplasm (Figure 

6.7A).  

The ability of PACS-2 to traffic to the nucleus led us to ask whether the 

interaction between SIRT1 and PACS-2 could be detected in the nuclear fraction 

of cells. Accordingly, we expressed V5-tagged SIRT1 alone or together with 

FLAG-tagged PACS-2 in the absence or presence of LMB. The lysates were 

separated into cytoplasmic and nuclear fractions and then PACS-2 was 

immunoprecipitated with anti-FLAG, and co-precipitating SIRT1 was identified by 

western blot (Figure 6.7B). We found that SIRT1 interacted with PACS-2 isolated 

from the nuclear fraction and that this interaction was increased in the presence 

of LMB. We extended this analysis  to determine whether endogenous SIRT1 
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interacted with nuclear and/or cytoplasmic PACS-2. Accordingly, we 

immunoprecipitated endogenous PACS-2 from both the cytosolic and high-salt 

extracted nuclear fractions and found that endogenous SIRT1 interacted 

preferentially with nuclear PACS-2 following treatment with LMB, as no 

detectable interaction was seen between SIRT1 and cytoplasmic PACS-2 (Figure 

6.7C). Together these findings suggest PACS-2 traffics to the nucleus where it 

can interact with SIRT1 and that PACS-2 is critically involved in regulating the 

p53-mediated response following DNA damage by repressing SIRT1 function. 

220



DISCUSSION

 

 The data presented in this  study provide evidence that the membrane 

trafficking protein PACS-2 regulates the SIRT1-mediated deacetylation of p53 to 

modulate the cellular response to DNA damage. We demonstrate that PACS-2 

interacts with SIRT1 in the nucleus and inhibits SIRT1-mediated deacetylation of 

p53 in vivo. We also found that PACS-2 deficient cells have a SIRT1-dependent 

reduction in p53 acetylation and p21 expression, resulting in increased apoptosis 

and reduced clonogenic survival in a p53- and p21-dependent manner following 

DNA damage. Based on these observations, we propose that PACS-2 is a critical 

regulator of the SIRT1-p53-p21 axis to modulate the DNA damage response. 

 The observation that apoptosis  is increased when cancer cells are treated 

with TRAIL in combination with chemotherapy or IR (Shankar et al., 2004) 

suggests various apoptotic pathways have redundant requirements  for specific 

proteins and is consistent with the determination that PACS-2 has distinct roles in 

TRAIL- and p53-dependent apoptosis. Notably, our data demonstrate that the 

increased apoptosis and reduced clonogenic survival following DNA damage in 

PACS-2 deficient cells is both p53- and p21-dependent, as genetic loss of either 

p53 or p21 mitigates the effect of PACS-2 depletion. Moreover, we observe 

reduced p53-dependent p21 expression following PACS-2 knockdown that 

correlates with impaired ability of these cells  to undergo G1 arrest following DNA 

damage. These findings are consistent with the well-characterized cell cycle 
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inhibitory functions of p21 as well as with accumulating evidence identifying p21 

as a major inhibitor of p53-mediated apoptosis  through both cell cycle-dependent 

and -independent mechanisms (Dotto, 2000, Gartel et al., 2002, Cazzalini et al., 

2010). p21 prevents cells harboring DNA damage from aberrantly continuing 

through mitosis where they become susceptible to mitotic cell death (or mitotic 

catastrophe) (Bunz et al., 1998, Roninson, 2002); as  well as  directly represses 

proapoptotic regulatory proteins such as  caspase 3, caspase 2, and apoptosis 

signal-regulating kinase 1 (ASK1) (Dotto, 2000); and is  itself cleaved during DNA 

damage-induced apoptosis by caspase 3 (Gervais et al., 1998, Zhang et al., 

1999).  

 The determination that acetylation of p53 is essential for transcriptional 

activation of p21 (Tang et al., 2008, Kruse et al., 2009) is consistent with our 

observation that PACS-2 knockdown results in reduced levels of acetylated p53 

that correlate with impaired induction of p21 following DNA damage. Moreover, 

ChIP analysis revealed that PACS-2 knockdown induced a selective reduction in 

acetylated p53 bound to the p21 promoter following DNA damage, while no 

significant change in total p53 was observed. These results  suggest that while 

PACS-2 has no effect on the ability of p53 to bind DNA in a sequence-specific 

manner, that it does, however, determine the extent to which promoter-bound 

p53 is acetylated. This finding is  consistent with data demonstrating that reduced 

acetylation does not impede the DNA-binding ability of p53, as a p53 molecule in 

which all major acetylation sites are mutated binds DNA as  effectively as wild-
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type p53 (Tang et al., 2008). Rather, a recent model put forth by Wei Gu and 

colleagues suggests that acetylation promotes  the association of p53 with the 

transcriptional machinery by inhibiting the association of p53 with its negative 

regulator MDM2 (Tang et al., 2008, Kruse et al., 2009, Meek et al., 2009). 

Additional studies  are needed to determine the extent to which PACS-2 

associates with p53 target gene promoters or modulates MDM2-mediated 

repression of p53. 

 Recently, there has been tremendous focus on elucidating the 

mechanisms modulating p53 acetylation following DNA damage, in particular the 

regulation of SIRT1-mediated deacetylation of p53. Indeed, multiple protein 

binding partners  have been identified that modulate SIRT1-mediated 

deacetylation of p53, such as the positive regulators AROS and necdin, and the 

negative regulators DBC1 and Set7/9 (Kim et al., 2007, Hasegawa et al., 2008, 

Kim et al., 2008, Zhao et al., 2008, Liu et al., 2011). The determination that 

PACS-2 interacts with SIRT1 in vivo and in vitro, as well as inhibits SIRT1-

mediated deacetylation of p53 in vivo, suggests PACS-2 additionally regulates 

the SIRT1-p53 axis following DNA damage. Moreover, similar to siRNA 

knockdown of DBC1 (Kim et al., 2008, Zhao et al., 2008) or Set7/9 (Liu et al., 

2011), there is  a marked reduction of p53 acetylation in PACS-2 siRNA-treated 

cells following DNA damage that is  completely reversed with concomitant siRNA 

knockdown or enzymatic inhibition of SIRT1. However, whether these proteins 

have distinct or redundant roles in SIRT1 regulation is unclear. Therefore, it will 
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be important to understand the biological context in which these SIRT1 

regulators are critical.

  Whereas functional regulation of SIRT1 by protein interactions has been 

investigated in recent studies, much less is  known regarding the molecular 

mechanisms of how these protein binding partners modulate SIRT1 activity. 

While crystal structures  have been solved for human SIRT2, SIRT3, and SIRT5, 

and SIRT6, structural data for human SIRT1 is lacking, with structures available 

only for Sirtuin homologs from bacteria (CobB and Sir2Tm), yeast (Sir2 and 

Hst2), and archea (Sir2-Af1 and Sir2-Af2) (Sanders et al., 2010). Despite this 

limitation, these studies revealed a structurally conserved catalytic core domain 

reflective of the high sequence homology among Sir2 proteins  within the catalytic 

domain (Landry et al., 2000, Imai et al., 2000). Notably, recent protein 

biochemistry studies determined that the evolutionarily diverse N- and C-terminal 

segments of SIRT1 play critical autoregulatory functions to increase SIRT1 

deacetylase activity, and likely substrate-specificity (Pan et al., 2012). Indeed, a 

SIRT1 holoenzyme is formed by the addition of the N- and C-terminal domains to 

the catalytic core, dramatically enhancing the catalytic rate and the Km for NAD+, 

respectively (Pan et al., 2012). Binding studies have provided additional insight, 

as DBC1 binds  directly to the catalytic domain to decrease SIRT1 activity (Kim et 

al., 2008, Zhao et al., 2008), whereas necdin binds both the catalytic domain as 

well as the noncatalytic N-terminal domain to potentiate SIRT1 activity 

(Hasegawa et al., 2008), and AROS and Set7/9 both interact with the 
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noncatalytic N-terminal domain to increase and decrease SIRT1 activity, 

respectively (Kim et al., 2007, Liu et al., 2011). However, despite these findings, it 

remains unclear how the binding of various proteins to the same region of SIRT1 

can elicit either positive or negative effects  on SIRT1 activity. Among other 

possibilities, this  could reflect differences  in subcellular localization, as well as 

conformational changes in SIRT1 induced upon protein-protein interactions that 

prevent SIRT1 from binding to p53 or a direct competition between regulatory 

proteins and p53 for binding SIRT1. Thus, detailed mapping and structural 

analyses remains  necessary to further elucidate the mechanisms by which 

regulatory proteins such as DBC1, Set7/9, AROS, and PACS-2 can modulate 

SIRT1 activity.

 Some membrane-associated cytoplasmic trafficking proteins  have 

additional nuclear gene regulation functions, such as the protein kinase CK2 

(Yamane et al., 2005, Pluemsampant et al., 2008) and GSK3β (Hoeflich et al., 

2000, Grimes et al., 2001, Zhou et al., 2004, Jope et al., 2004), while many 

nuclear proteins such as CtBP (Corda et al., 2006), HDAC3 (Longworth et al., 

2006), and p53 (Green et al., 2009) have been characterized as having 

membrane-associated functions, supporting a functional link between the 

endomembrane system and gene regulation pathways. In these studies  we 

determined that the sorting protein PACS-2 can indeed traffic to the nucleus and 

interact with a predominantly nuclear SIRT1 protein. While the interaction 

between endogenous PACS-2 and SIRT1 is enhanced with nuclear accumulation 
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of PACS-2 following treatment with Leptomycin B, suggesting nuclear specificity 

of the interaction, the mechanism of PACS-2 nuclear transport is unclear. In 

future studies it will important to identify the PACS-2 nuclear localization 

sequence, the regulation of its  nuclear import and export, as well as determine 

whether PACS-2 nuclear localization is required for its ability to modulate the 

SIRT1-p53 axis.  

 Our studies identify PACS-2 as a regulator of the SIRT1-p53 axis in vivo, 

leading to p53- and p21-dependent alterations in cell survival. Intriguingly, 

however, the p53- and p21-dependent sensitivity to apoptosis  we observe is in 

contrast to studies showing that elevated SIRT1 protects cells from apoptosis 

and promotes cell survival following DNA damage (Luo et al., 2001, Vaziri et al., 

2001). This finding is  interesting, as the reduced p21 induction we observe with 

PACS-2 knockdown correlates with an elevated SIRT1 phenotype and is in fact  

dependent on SIRT1 enzymatic activity, as treatment of PACS-2 depleted cells 

with Doxorubicin together with the SIRT1 inhibitor EX-527 completely reverses 

the p21 repression seen with Doxorubicin alone. However, it remains unclear 

how modulation of SIRT1 affects p53 transcription in a promoter-specific manner, 

and therefore how alteration of these target genes determine cell fate. For 

example, knockdown of the SIRT1 inhibitor DBC1 resulted in reduced expression 

of the proapoptotic p53 targets PUMA, Bax, and Bim, consistent with reduced 

apoptosis (Kim et al., 2008, Zhao et al., 2008), while the levels of the cell-cycle 

inhibitor and p53 target GADD45α were conversely increased (Kim et al., 2008). 
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In our studies, while both p21 and PUMA expression were impaired in Pacs2-/- 

thymuses, only p21 was reduced in HCT116 cells, suggesting the promoter-

specific requirement for PACS-2 is different between mice and cancer cells. 

Indeed, the ability of separate SIRT1 regulators to differentially modulate p53 

transcriptional activation is consistent with studies that suggest distinct 

mechanisms induce different classes of p53 target genes (Tang et al., 2008, 

Kruse et al., 2009, Zilfou et al., 2009). These classes include: negative regulators 

of p53, such as MDM2, which are expressed in an acetylation-independent 

manner and do not require recruitment of coactivators (Tang et al., 2006, Tang et 

al., 2008); a second class includes those involved in growth arrest, in particular 

p21, and this requires acetylation and recruitment of coactivators  such as  CBP/

p300 or Tip60/hMOF (Sykes et al., 2006, Tang et al., 2006, Tang et al., 2008); 

and the third class are apoptotic genes, such as PUMA, which have more 

stringent requirements  given the irreversible nature of the apoptotic response, 

and require the recruitment of coactivators, specific modifications (e.g. p53 K120 

acetylation), and complete removal of MDM2-mediated repression (Sykes et al., 

2006, Tang et al., 2006, Tang et al., 2008, Li et al., 2009b). It will therefore be 

important to identify the cofactors required for SIRT1 regulators, such as 

PACS-2, to modulate p53 function as these interactions may impart additional 

specificity to SIRT1-mediated p53 regulation. 

 As mentioned above, while some studies suggest that repression of p53 

by SIRT1 promotes cell survival during stress (Luo et al., 2001, Vaziri et al., 
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2001), these findings are not universal, and are in contrast to studies proposing 

SIRT1 negatively regulates cell growth and survival under stress (Wang et al., 

2008b, Firestein et al., 2008, Han et al., 2008, Yeung et al., 2004). Intriguingly, 

SIRT1 promotes transcription-independent p53-mediated apoptosis  in response 

to oxidative stress in mouse embryonic stem cells (Han et al., 2008). SIRT1 also 

inhibits the expression of antiapoptotic survivin, a member of the inhibitor of 

apoptosis (IAP) family, by deacetylating histone H3 within nucleosomes at the 

survivin promoter (Wang et al., 2008b) as well as  deacetylates and represses β-

catenin (Firestein et al., 2008) and RelA/p65 (Yeung et al., 2004), thereby 

attenuating Wnt and NF-κB signaling, respectively. These findings, together with 

the numerous studies demonstrating both oncogenic and tumor suppressive 

roles for SIRT1 (Li et al., 2011a), illustrate how regulation of SIRT1 may be a 

double-edged sword that requires tight regulation and a much more thorough 

understanding of biological context.

 Modulation of SIRT1 imparts  many p53-dependent effects following 

cellular stress, however some of the discrepancies between studies could relate 

to modulation of other SIRT1 substrates that can additionally contribute to p53-

mediated effects. Indeed, knockout mouse studies have demonstrated that the 

developmental defects  in SIRT1-null animals cannot be rescued by crossing to 

p53-null mice (Kamel et al., 2006), likely because SIRT1 regulates a multitude of 

other critical substrates  along with p53. It will therefore be important to test 

whether PACS-2 additionally regulates SIRT1-mediated deacetylation of histones 
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or nonhistone substrates such as FOXO, E2F1, Ku70, β-catenin, NF-κB, and 

PGC-1α, among others. 

 In summary, our data demonstrate that PACS-2 modulates  p53 acetylation 

and transcriptional activation by negatively regulating the SIRT1-p53 axis 

following DNA damage. Based on our results and the supporting literature, a 

more complete understanding of how SIRT1 is regulated is of considerable 

therapeutic interest and is necessary for understanding the complex network 

controlling downstream SIRT1 targets. 
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MATERIALS AND METHODS

Experimental animals 

The OHSU Department of Comparative Medicine approved all animal 

studies described. Pacs2-/- mice were maintained on a C57BL/6 background with 

more than 10 backcrosses. Generation of Pacs2-/- mice was described previously 

(Aslan et al., 2009). All ionizing radiation experiments were performed using a 

J.L. Shepherd Mark I Model 30 Cesium irradiator (dose rate of 1.475 Gy/min). 

Mice were exposed to whole body irradiation in a plexiglass pie-plate rotating at 

approximately 7 revolutions per minute (RPM). Both non-irradiated (control) and 

irradiated mice were sacrificed at the indicated times post-irradiation. Harvested 

tissues were snap frozen in liquid nitrogen for RNA isolation or western blot 

analysis as indicated. 

Antibodies and chemical treatments 

The following antibodies were obtained as indicated: actin (MAB1501; 

Chemicon); PACS-2 (193) and PACS-2 (834) (Simmen et al., 2005, Aslan et al., 

2009); p53 CMV (#NCL-p53-CM5p; Novocastra), p53 DO-1 (#OP43; 

Calbiochem), acetyl-p53Lys382 (#2525; Cell Signaling Technology), p53 FL-393 

(sc-6243; Santa Cruz Biotechnology); acetyl-p53Lys379 (#2570; Cell Signaling 

Technology), phospho-p53Ser15 (#9284; Cell Signaling Technology), p21 

(#556430; BD Pharmingen), cleaved caspase-3 (Asp175) (#9664; Cell Signaling 

Technology), caspase 3 (3G2) (#9668; Cell Signaling Technology), PARP 
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(46D11) (#9532; Cell Signaling Technology), PUMA (#969643; Abcam), SIRT1 

(H-300) (sc-15404; Santa Cruz Biotechnology), histone 3 (ab1791; Abcam), 

tubulin (#2148; Cell Signaling Technology), THE-His antibody (#A00186; 

Genscript), V5 (R960-25; Invitrogen), Flag (F7425; Sigma), and HA mAb clone 

HA.11 (MMS-101R; Covance). Doxorubicin (Sigma #D1515), Trichostatin A 

(T8852; Sigma), EX-527 (#2780; Tocris), TRAIL (#375-TL; R&D Systems), 

Leptomycin B(#431050; Calbiochem) were used as indicated in Legends. Tissue 

culture cells were irradiated using a J.L. Shepherd Mark I Model 30 Cesium 

irradiator (dose rate of 1.475 Gy/min). 

Plasmids and siRNAs

The following plasmids were obtained as indicated: p300HA (Provided by 

R.H. Goodman, OHSU); SIRT1-V5 (Provided by J.H. Chung, NIH); His6-SIRT1  

(Provided by J. Denu, UWM); flag-tagged p53 (#10838; addgene). HA-tagged 

PACS-2 (PACS-2 HA) was previously described (Kottgen et al., 2005, Simmen et 

al., 2005). mcherry was amplified from a plasmid expressing mcherry-syntaxin 

(Provided by Wolf Almers, OHSU) and inserted 5 prime to the PACS-2 coding 

sequence using BamhI and EcorI restriction endonuclease sites. PACS-2 was 

cloned into a pcdna 3.1 vector containing a sequence encoding for FLAG at the 3 

prime end by standard cloning techniques. Plasmids were transfected using 

Lipofectamine 2000 (#11668-027; Life Technologies) according to manufacture’s 

instructions. Control (non-targeting) siRNA (siGENOME #D-001210; Dharmacon) 
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and siRNAs specific for PACS-2 (Smartpool #M-022015; Dharmacon) and SIRT1 

(Smartpool #M-003540; Dharmacon) were electroporated (Amaxa) according to 

manufacturer’s instructions. 

Cell harvest and tissue processing 

 HCT116 cells (WT, p53-/-, p21-/-) and U2OS cells were cultured in DMEM 

supplemented with 10% fetal bovine serum. For experiments monitoring 

acetylated (ac)-p53, cells  were treated as indicated in Legends and harvested in 

ac-p53 Lysis Buffer [20 mM Tris  pH 7.6, containing 0.5% Nonidet P-40 (NP-40), 

150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM eithiothreitol 

(DTT), 5 uM Trichostat in A (TSA), protease inhibi tors (0.5 mM 

phenylmethanesulfonylfluoride (PMSF) and 0.1 µM each of aprotinin, E-64, and 

leupeptin) and phosphatase inhibitors (1 mM Na3VO4 and 20 mM NaF)]. For all 

other cell culture experiments, cells  were harvest in Protein Lysis Buffer (same as 

above, minus TSA and DTT). HA-tagged contructs were immunoprecipitated with 

anti-HA (MMS-101R; Covance), flag-tagged constructs were immunoprecipitated 

with anti-FLAG mAb M2-agarose (#A2220; Sigma), p53 was immunoprecipitated 

with anti-p53 DO-1 (#OP43; Calbiochem) and PACS-2 was  immunoprecipitated 

with anti-PACS-2 (834). Horse radish peroxidase (HRP)-conjugated anti-rabbit 

and anti-mouse secondary antibodies (#OB-4050, #OB-1010, respectively; 

Fisher Scientific) were used in western blot analysis. Mouse tissues were 

homogenized in RIPA [50 mM Tris pH 8.0, containing 150 mM NaCl, 1% NP-40, 
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1% doexycholate, 0.1% sodium dodecyl sulfate (SDS), protease inhibitors (0.5 

mM PMSF and 0.1 µM each of aprotinin, E-64, and leupeptin) and phosphatase 

inhibitors (1 mM Na3VO4 and 20 mM NaF)] using a motorized teflon-glass 

homogenizer. Protein concentration of tissue homogenates was determined 

using the Biorad protein concentration assay kit (#500-0006; Bio-rad) according 

to manufacturer’s instructions.  

Cell cycle analysis 

Flow cytomtery was performed in the OHSU Flow Cytometry Core and 

cells analyzed on a FACSCalibur (BD) by listmode acquisition using CellQuest 

acquisition/analysis software (BD). Data was analyzed using FCS Express 

(Version 3). For cell cycle analysis, HCT116 cells  were synchronized in G0/G1 

with serum deprivation (0.1% serum) for 24 hours, and then stimulated to re-

enter the cell cycle in the presence of 10 µM Bromodeoxyuridine (BrdU) with or 

without 0.5 µM Doxorubicin for an additional 24 hours. Cells were then fixed and 

stained with BrdU-Fluorescein isothiocyanate (FITC) and 7-aminoactinomycin D 

(7-AAD) (#559619BD; Pharmingen) according to manufacturer’s instructions. 

Clonogenic assays

 HCT116 WT, p53-/-, or p21-/- cells were transfected with control or PACS-2 

siRNA for 72 hours and then seeded at 300 cells  per 35 mM well (each condition 

seeded in triplicate) and incubated for an additional 24 hours. Cells were then 
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treated with Doxorubicin or IR as indicated in Legends, 24 hours later cells media 

was replaced with fresh media and cells were cultured for an additional 12 days 

prior to fixation and staining with 50% methanol containing 0.5% methylene blue. 

Colonies were then washed twice with 10% methanol. Colonies were then 

counted visually and quantified as a fraction of untreated and presented as 

percent survival. 

Quantitative real-time PCR (qRT-PCR) analysis 

For mouse tissues, RNA was isolated using Trizol (#15596-026; Sigma) 

according to manufacturer’s  instructions. For cell culture studies, RNA was 

isolated using the RNeasy kit (#74104; Qiagen) according to manufacturer’s 

instruction. For either studies, 5 µg of RNA was reverse transcribed with oligo-dT 

primers using the Superscript III first strand cDNA synthesis kit (#18080-051; 

Invitrogen). Real time qRT-PCR reactions were performed in an ABI StepOne 

Real-Time PCR System with the Power SYBR GREEN PCR Master Mix 

(#4368706; Applied Biosystems) using the following primer pairs (listed 5’ to 3’): 

mouse p21 forward-CCATGTCCAATCCTGGTGATG; mouse p21 reverse-

C G A A G A G A C A A C G G C A C A C T T ; m o u s e P u m a f o r w a r d -

G C G G C G G A G A C A A G A A G A G ; m o u s e P u m a r e v e r s e -

TCCAGGATCCCTGGGTAAGG mouse glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) forward-CTGGAGAAACCTGCCAAGTA; mouse 

GAPDH reverse-TGTTGCTGTAGCCGTATTCA; human p21 forward-
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G A C T C T C A G G G T C G A A A A C G G ; h u m a n p 2 1 r e v e r s e -

G C G G A T T A G G G C T T C C T C T ; h u m a n P U M A f o r w a r d -

C G A C C T C A A C G C A C A G T A ; h u m a n P U M A r e v e r s e -

A T G C T A C A T G G T G C A G A G A h u m a n G A P D H f o r w a r d -

C G G G G C T C T C C A G A A C AT C ; a n d h u m a n G A P D H r e v e r s e -

ATGACCTTGCCCACAGCCT. SYBR-Green fluorescence was analyzed using 

the ddCt method, the average threshold (Ct) was determined for each gene and 

normalized to GAPDH as  an internal control. All reactions were performed in 

triplicate.

Chromatin immunoprecipitation (ChIP) analysis

 10 cm plates of HCT116 cells were washed with phosphate buffered saline 

(PBS) and fixed in 1% formaldehyde for 10 minutes at room temperature (RT). 

Reactions were quenched with 125 mM Glycine for 5 minutes at RT and then 

collected in Harvest Buffer [PBS plus 10 mM DTT, and protease inhibitors (1 mM 

PMSF, 0.1 µM each of aprotinin, E-64, and leupeptin)]. Cells were then washed 

once each in 1 mL of Buffer I [10 mM Hepes  pH 6.5, containing 0.25% Triton-

X100, 10 mM EDTA, 0.5 mM ethylene glycol tetraacetic acid (EGTA), and 

protease inhibitors (1 mM PMSF, 0.1 µM each of aprotinin, E-64, and leupeptin)], 

then 1 mL of Buffer II [10 mM Hepes pH 6.5, containing 200 mM NaCl, 1 mM 

EDTA, 0.5 mM EGTA and protease inhibitors  (1 mM PMSF, 0.1 µM each of 

aprotinin, E-64, and leupeptin)] and then lysed in 300 uL of Nuclear Lysis Buffer 
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[50 mM Tris pH 8.0, containing 1% SDS, 10 mM EDTA, and protease inhibitors (1 

mM PMSF, 0.1 µM each of aprotinin, E-64, and leupeptin)] and incubated on ice 

for 10 min. Nuclear lysate was diluted 1:2 with ChIP Dilution Buffer [20 mM Tris 

pH 8.0, containing 0.01% SDS, 1% Triton X100, 2 mM EDTA, 150 mM NaCl and 

protease inhibitors  (1 mM PMSF, 0.1 µM each of aprotinin, E-64, and leupeptin)] 

and then sonicated 6 times for 10 sec each (power output 6) with at least 30 sec 

on ice in between each pulse to generate ~400 base pair fragments. Sheared 

chromatin was centrifuged at 13.2K RPM for 10 minutes at 4°C to pellet cellular 

debris. Supernatant containing soluble chromatin was diluted 1:5 in ChIP Dilution 

Buffer and each condition was split into three immunoprecipitation samples (for 

control immunoglobulin (IgG), anti-p53 DO-1, anti-p53 ac-K382). Samples were 

pre-cleared by incubation with 10 ug control IgG with 50 uL of pre-blocked 

Protein A Sepharose beads (50% slurry) containing 3% BSA and 2 ug of 

sonicated salmon sperm DNA for 2 hours at 4°C. Sample were then 

immunprecipiated with 3 ug of control IgG, 2.5 ug p53 DO-1, or 10 uL of ac-p53 

(K382) antibodies overnight at 4°C. The next day, immune complexes were 

captured using 50 ul of pre-blocked Protein A Sepharose beads for 2 hours at 

4°C. Immune complexes were then washed twice with 1 mL of TSE-I (20 mM Tris 

pH 8.0, containing 0.1% SDS, 1% Triton X100, 2 mM EDTA, 150 mM NaCl), 

three times with 1 mL of TSE-II (20 mM Tris pH 8.0,  containing 0.1% SDS, 1% 

Triton X100, 2 mM EDTA, 500 mM NaCl), twice with 1 mL of LiCl Detergent 

Buffer III (10 mM Tris  pH 8.0, containing 0.25 M LiCl, 1% NP-40, 1% 
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deoxycholate, 1 mM EDTA), and twice with 1 mL of Tris-EDTA Buffer (10 mM Tris 

and 1 mM EDTA, pH 8.0). After the final wash, samples were eluted with Elution 

Buffer (50 mM Tris pH 8.0, containing 1% SDS, 1 mM EDTA, 0.1 M NaBicarb-

NaHCO3). DNA-protein crosslinks were reversed and proteins digested at 65°C 

overnight and then DNA was purified using the QIAquick PCR DNA purification 

kit (Catalog # 28104). DNA was eluted in 20 uL of H20 (pH 8.0) and then 

analyzed for quantitative PCR (qPCR) using Taqman Universal PCR mastermix 

(#4304438; Life Technologies) and the following p21 primers and probe (listed 5’ 

to 3’): p21 promoter forward-GTGGCTCTGATTGGCTTTCTG; p21 promoter 

reverse-CTGAAAACAGGCAGCCC; and the p21 Taqman probe 6FAM-

TGGCATAGAAGAGGCTGGTGGCTATTTTG.

In vitro binding assays

GST-tagged PACS-2 proteins were expressed in Escherichia coli and 

prepared as  previously described (Simmen et al., 2005, Aslan et al., 2009). His6-

SIRT1 (Provided by J. Denu, UWM) was expressed in Escherichia coli and 

purified using Nickel-nitrilotriacetic acid (NTA)-agarose (QIAGEN) according to 

manufacturer's instructions and stored in dialysis  buffer (25 mM Tris  pH 8.0, 100 

mM NaCl, 1% glycerol, 5 mM DTT). For protein-protein interaction assays, 

purified His6-SIRT1 was incubated with glutathione-Sepharose 4B beads (Sigma) 

containing GST PACS-2 constructs or GST in Binding Buffer (20 mM Tris pH 7.9, 

150 mM NaCl, 0.1% NP-40, 0.1 mM EDTA, 0.3 mM DTT) for 30 minutes  at RT, 
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washed 3x in Wash Buffer (20 mM Tris  pH 7.9, 300 mM NaCl, 0.1% NP-40, 0.1 

mM EDTA, 3 mM DTT), and then bound proteins were eluted with Laemmli 

sample buffer, resolved by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE), and analyzed by western blot using an anti-His6 

antibody.

Microscopy

U2OS cells  were transfected with mcherry PACS-2 using Fugene 6 

(Fisher) and then treated with 20 nM Leptomycin B (Calbiochem) for 3 hours 

prior to fixation. Cells  were stained with 4',6-diamidino-2-phenylindole (DAPI, 

Souther Biotech) and then analyzed by laser scanning confocal microscopy using 

an Olympus FluoView FV1000 upright microscope (Olympus). The ratio of 

PACS-2 mcherry signal in the nucleus and cytoplasm was determined using 

softWoRx Explorer 2.0 (Applied Precision) from > 40 cells from at least three 

independent experiments.  

Nuclear fractionation assays

 Cells  were harvested in Buffer 1 [50 mM Tris pH 7.9, containing 10 mM 

KCl, 1 mM EDTA, 0.2% NP-40, 10% glycerol, and protease inhibitors (0.5 mM 

PMSF and 0.1 µM each of aprotinin, E-64, and leupeptin)] and then centrifuged 

at 6K RPM for 3 minutes  at 4° C to separate nuclei from cytoplasm. Nuclear 

pellet was  lysed with Buffer 2 [20 mM Hepes pH 7.9, containing 400 mM NaCl, 
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10 mM KCl, 1% NP-40, 20% glycerol, 1 mM EDTA, and protease inhibitors (0.5 

mM PMSF and 0.1 µM each of aprotinin, E-64, and leupeptin)] for 20 minutes at 

4° C and then centrifugred at 13.2K RPM for 10 minutes to separate the insoluble 

and soluble nuclear fractions. Soluble nuclear and cytoplasmic fractions were 

then subjected to immunoprecipitation using anti-FLAG mAb M2-agarose 

(#A2220; Sigma) or anti-PACS-2 (831) antibodies as indicated in Legends. 

Immune complexes were captured with Protein G Sepharose (#10-1242; 

Invitrogen) for 2 hours at 4° C, then washed 3x in Wash Buffer [20 mM Tris pH 

7.6, containing 0.5% NP-40, 150 mM NaCl, 1 mM EDTA] and eluted in SDS 

sample buffer prior to western blot analysis. 
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Figure 6.1. PACS-2 deficient cells display increased apoptosis and reduced 

clonogenic survival in a p53-dependent manner following DNA damage. 

(A) HCT116 cells or isogenic p53-/- cells were transfected with control or PACS-2 

siRNAs for 48 hours and then treated for an additional 48 hours with Doxorubicin 
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(0.5 µM) or treated for with TRAIL (20 ng/mL) 5 hours prior to harvest. Cell 

lysates were subjected to western blotting using cleaved caspase-3, 

procaspase-3, PARP, PACS-2, and p53 (DO-1) antibodies. Actin served as the 

loading control. (B) HCT116 cells  were transfected with control or PACS-2 

siRNAs for 48 hours and then treated for an additional 48 hours with Doxorubicin 

(0.5 µM) or 20 Gy ionizing radiation (IR). Cell lysates were subjected to western 

blotting using cleaved caspase-3, PACS-2, and p53 (DO-1) antibodies. Actin 

served as the loading control. (C) HCT116 cells or isogenic p53-/- cells were 

transfected with control siRNA (siControl) or PACS-2 siRNA (siPACS-2) for 72 

hours and then seeded at 300 cells/well and 24 hours later treated with 

Doxorubicin (5, 10, or 20 nM) and IR (25, 50, 100 cGy). Following 24 hours of 

treatment, drug-containing media was replaced with fresh media. Colonies were 

fixed, stained, and counted 12-14 days following treatment. Error bars represent 

mean ± SD from ≥ 3 independent experiments.
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Figure 6.2. PACS-2 deficient cells have reduced p21 mRNA and G1 cell cycle 

arrest following DNA damage. 

(A) HCT116 cells were transfected with control or PACS-2 siRNAs for 48 hours 

and then synchronized by serum deprivation for an additional 24 hours. Cells 

were then stimulated to re-enter the cell cycle in the presence of 10 µM 

Bromodeoxyuridine (BrdU), treated with Doxorubicin (0.5 µM) for an additional 24 
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hours, and then processed for flow cytometry using anti-BrdU FITC and 7-

Aminoactinomycin D (7-AAD). Left, representative scatter plots. Right, statistical 

analysis depicting mean percentage of cells in each cell cycle phase ± SD from 4 

independent experiments. Statistical significance determined using an unpaired 

Student’s t test. (B) HCT116 cells or (C) HCT116 p53-/- cells were transfected 

with control or PACS-2 specific siRNAs and then treated with doxorubicin (0.5 

µM) for 4 hours. RNA was isolated and p21 mRNA was analyzed by qRT-PCR 

(normalized to GAPDH). Error bars represent mean ± SD from ≥ 3 independent 

experiments. Statistical significance determined using Student’s t-test. NS, not 

significant. (D) HCT116 cells  were transfected with control or PACS-2 specific 

siRNAs and then treated with Doxorubicin (0.5 µM) for 4 hours, RNA was isolated 

and PUMA mRNA levels were analyzed by qRT-PCR. Error bars represent mean 

± SD from four independent experiments. Statistical significance determined 

using Student’s t-test. ns, not significant.
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Figure 6.3. The increased apoptosis and reduced clonogenic survival in 

PACS-2 deficient cells following DNA damage is both p53- and p21-

dependent. 

(A) HCT116 p21-/- cells  were transfected with control or PACS-2 siRNAs for 48 

hours and then treated for an additional 48 hours with Doxorubicin (0.5 µM). Cell 

lysates were subjected to western blotting using cleaved caspase-3, 
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procaspase-3, PACS-2, p53 (DO-1), and p21 antibodies. Actin served as the 

loading control. (B) HCT116 p21-/- cells were transfected with control siRNA 

(siControl) or PACS-2 siRNA (siPACS-2) for 72 hours and then seeded at 300 

cells/well and 24 hours later treated with Doxorubicin (5, 10, or 20 nM) and IR 

(25, 50, 100 cGy). Following 24 hours of treatment, drug-containing media was 

replaced with fresh media. Colonies were fixed, stained, and counted 12-14 days 

following following treatment. Error bars represent mean ± SD from ≥ 3 

independent experiments. (C) HCT116 cells  were transfected with control or 

PACS-2 siRNAs for 72 hours and then treated with Doxorubicin (0.5 µM) for 0, 4, 

or 8 hours  prior to harvest. Cell lysates were subjected to western blotting using 

p21, p53 (DO-1), and PACS-2 antibodies. Actin served as  the loading control. (D) 

U2OS cells were transfected with control or PACS-2 siRNAs for 72 hours and 

then treated with IR (20 Gy) for 24 hours  prior to harvest. Cell lysates were 

subjected to western blotting using p21, p53 (DO-1), and PACS-2 antibodies. 

Actin served as the loading control.
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Figure 6.4. p53 acetylation is reduced in PACS-2 deficient cells following 

DNA Damage. 

(A) HCT116 cells transfected with control or PACS-2 specific siRNAs were 

treated with doxorubicin (0.5 µM) for 6 hours, total p53 was immunoprecipitated 

with anti-p53 DO-1 antibody. Cell lysates  were subjected to western blotting 
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using acetyl (ac)-p53 (K382), phospho (p)-p53 (S15), p53 (FL-393), p21, p53 

(DO-1), and PACS-2 antibodies. Actin served as the loading control. (B) 

Thymuses from WT and Pacs2-/- mice were harvested 6 hours following 

exposure to 4.5 Gy ionizing radiation (IR) and analyzed by western blot for ac-

p53 (K379), p-53 (S18), p53 (CM5), p21, and PACS-2 antibodies. Actin served as 

the loading control. Representative mice are shown from ≥ 10 mice per condition. 

(C) Thymuses from WT and Pacs2-/- mice were harvested 6 hours following 

exposure to 4.5 Gy ionizing radiation (IR). RNA was isolated and p21 and Puma 

mRNA levels were analyzed by qRT-PCR (normalized to GAPDH). Error bars 

represent mean ± SEM from ≥ 4 mice per condition. Statistical significance 

determined using Student’s t-test. (D) HCT116 cells transfected with control or 

PACS-2 specific siRNAs were treated with doxorubicin (0.5 µM) for 6 hours and 

then analyzed by chromatin immunoprecipitation (ChIP)-coupled with qRT-PCR 

for the p21 promoter using antibodies specific for total p53 (DO-1) or acetylated 

(ac)-p53 (K382). Error bars represent mean ± SEM from 3 independent 

experiments. Statistical significance determined using Student’s t-test. ns, not 

significant. 
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Figure 6.5. PACS-2 interacts with the histone deacetylase SIRT1 both in 

vivo and in vitro. 

(A) HCT116 cells were transfected with SIRT1-V5 or p300-HA alone or together 

with PACS-2 flag and the amount of SIRT1-V5 or p300-HA co-

immunoprecipitating with PACS-2 flag was detected by western blot. Actin served 

a loading control. (B) HCT116 cells were treated or not with Doxorubicin (0.5 µM) 

for 3 hours and then immunoprecipiated with control IgG or anti-PACS-2 (834) 

antibody and co-immunoprecipitating SIRT1 was detected by western blot. Actin 

served as a loading control. (C) His6-SIRT1 was incubated with GST or the 

indicated GST constructs and the amount of interacting His6-SIRT1 was detected 

by western blot using anti-His antibody.
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Figure 6.6. PACS-2 regulates SIRT1-mediated deacetylation of p53 in vivo.

(A) HCT116 cells were transfected with plasmids expressing p53 flag, PACS-2 

HA, or SIRT1-V5 as indicated. p53 was immunoprecipitated and cell extracts 

were analyzed by western blot using acetylated (ac)-p53 (K382), flag, V5, and HA 

antibodies. Actin served as a loading control. (B) HCT116 cells were transfected 

with control, PACS-2, or SIRT1 specific siRNAs as  indicated and then treated 

with doxorubicin (0.5 µM) for 6 hours, total p53 was  immunoprecipitated with anti-
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p53 antibody (DO-1) and cell extracts were analyzed by western blot using 

acetylated (ac)-p53 (K382), p53 (FL-393), p53 (DO-1), PACS-2, and SIRT1 

antibodies. Actin served as a loading control. (C) HCT116 cells were transfected 

with control or PACS-2 specific siRNAs and then treated with doxorubicin (0.5 

µM) alone or together with the SIRT1 inhibitor EX-527 (1 µM) for 6 hours, total 

p53 was immunoprecipitated with anti-p53 (DO-1) antibody and cell extracts 

were analyzed by western blot using acetylated (ac)-p53 (K382), p53 (FL-393), 

p53 (DO-1), PACS-2, and SIRT1 antibodies. Actin served as a loading control. 

(D) HCT116 cells were transfected with control or PACS-2 specific siRNAs and 

then treated for 6 hours with doxorubicin (0.5 µM) alone, or together with the 

HDACI/II inhibitor Trichostatin A (TSA, 0.5 µM) or EX-527 (1 µM) as indicated. 

Cell lysates were analyzed by western blot using p21, p53 (DO-1), PACS-2, and 

SIRT1 antibodies. Actin served as a loading control. 
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Figure 6.7. PACS-2 interacts with SIRT1 in the nucleus in a Leptomycin B-

dependent manner. 

(A) Left, U2OS cells expressing mcherry tagged PACS-2 were treated or not with 

40 nM of the CRM1-dependent nuclear export inhibitor Leptomycin B (LMB) for 3 

hours and PACS-2 localization was monitored by confocal microscopy. Right, the 

ratio of mcherry PACS-2 signal in the nucleus versus the cytoplasm was 
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quantified. Error bars represent mean ± SD from 3 independent experiments. (B) 

HCT116 cells were transfected with plasmids expressing PACS-2 flag or SIRT1-

V5 as indicated and then treated with 40 nM Leptomycin B (LMB) for 16 hours 

prior to harvest and subcel lular fract ionation. PACS-2 f lag was 

immunoprecipitated from nuclear and cytoplasmic fractions using anti-flag 

agarose and co-immunoprecipitating SIRT1-V5 was detected by western blot. 

Histone 3 and tubulin served as nuclear and cytoplasmic markers, respectively. 

(C) HCT116 cells  were treated with 40 nM Leptomycin B (LMB) for 16 hours prior 

to harvest and subcellular fractionation. PACS-2 was immunoprecipitated from 

nuclear and cytoplasmic fractions using anti-PACS-2 (831) and co-

immunoprecipitating SIRT1 was detected by western blot. Histone 3 and tubulin 

served as nuclear and cytoplasmic markers, respectively.
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CHAPTER 7. DISCUSSION

7.1 Summary

 The results  presented in Part II of this dissertation provide evidence that 

the membrane trafficking protein PACS-2 regulates the SIRT1-mediated 

deacetylation of p53 to modulate the cellular response to DNA damage 

(illustrated in Figure 7.1). We demonstrate that PACS-2 directly interacts with 

SIRT1 in the nucleus and inhibits SIRT1-mediated deacetylation of p53 in vivo. 

We found that PACS-2 deficient cells have a SIRT1-dependent reduction in p53 

acetylation and p21 expression, resulting in increased apoptosis and reduced 

clonogenic survival in a p53- and p21-dependent manner following DNA damage. 

Moreover, loss  of PACS-2 results in reduced levels of acetylated p53 bound to 

the p21 promoter following DNA damage. Additionally, we provide evidence that 

PACS-2 undergoes nucleocytoplasmic trafficking and interacts with SIRT1 in the 

nucleus of cells. Based on these observations, we propose that PACS-2 is  a 

critical regulator of the SIRT1-p53 axis to modulate the DNA damage response. 

These results have diverse implications for future research directions  regarding 

novel functions of PACS-2 in cellular processes such as gene regulation, 

chromatin remodeling, cell growth and survival as well as biological processes 

such as cancer, aging, and metabolism. 

7.2 Novel roles for PACS-2 in apoptosis, cell survival, and tumorigenesis 
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 Recent studies  have determined that PACS-2 binds Nef on early 

endosomes to traffic Nef to the perinuclear region (Dikeakos et al., 2012, Atkins 

et al., 2008) as  well as  mediates TRAIL-induced lysosomal/mitochondria 

membrane trafficking steps leading to the induction of apoptosis in cancer cells 

(Aslan et al., 2009, Werneburg et al., 2012). Indeed, cells lacking PACS-2 are 

resistant to apoptosis induced by staurosporine or by the death ligands TNFα or 

TRAIL (Aslan et al., 2009, Simmen et al., 2005). However, while PACS-2 

knockdown cells are resistant to death ligand-induced apoptosis, the studies in 

this dissertation demonstrate that PACS-2 deficient cells  are conversely 

sensitized to DNA damage-induced apoptosis. Indeed, the observation that 

apoptosis is increased when cancer cells are treated with TRAIL in combination 

with chemotherapy or IR (Shankar et al., 2004) suggests various apoptotic 

pathways have redundant requirements for specific proteins and is consistent 

with the determination that PACS-2 has distinct roles in TRAIL- and p53-

dependent apoptosis. 

 Notably, while the resistance to TRAIL-induced apoptosis in PACS-2 

deficient cells is p53-independent, the sensitivity to DNA damage-induced 

apoptosis as well as the reduced clonogenic survival are both p53- and p21-

dependent, suggesting PACS-2 plays distinct roles in cell survival depending on 

the nature of the apoptotic stimulus. Together, these data suggest that following 

DNA damage, PACS-2 deficient tumor cells are more sensitized to DNA damage-

inducing chemotherapeutics  and ionizing radiation. This finding is  significant, as 
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the PACS-2 gene is known to be dysregulated in a subset of human cancers. 

Indeed, the 14q32.33 locus containing PACS-2 is  highly susceptible to 

chromosomal instability in multiple cancers (Anderson et al., 2001, Gallegos Ruiz 

et al., 2008, Kang et al., 2006, Dijkman et al., 2006, Bando et al., 1999). Notably, 

the 14q32.33 locus is deleted in 44% of non-small cell lung carcinomas (NSCLC) 

(Gallegos Ruiz et al., 2008) and 68% of primary cutaneous large B-cell 

lymphomas (Dijkman et al., 2006) and is reported as frequently deleted in 

recurrent breast cancer (Kang et al., 2006) as well as colorectal cancer (Bando et 

al., 1999, Bartos et al., 2007). Specifically, the PACS-2 gene has been reported 

to be deleted in 15-40% of sporadic colorectal cancer (Anderson et al., 2001), 

consistent with studies from our laboratory showing that PACS-2 protein 

expression is lost in late stage colorectal cancer (Aslan et al., 2009). These 

findings suggest tumors that lose PACS-2, yet retain wild-type TP53 status, may 

be sensitized to chemotherapy or radiation treatment. Indeed, it will be important 

to test this hypothesis  in vivo using mouse xenograft tumors from PACS-2 

knockdown tumor cell lines treated with chemotherapeutic agents such as 

Doxorubicin as well as radiation therapy. Along with in vivo models, it will be 

essential to rigorously analyze the nature of PACS-2 expression in a variety of 

human cancers at various  stages. Importantly, it will be essential to analyze the 

extent to which loss of PACS-2 occurs independent of TP53 mutational status. 

Interestingly, one study suggests that the genomic instability in colorectal cancer, 

which leads to the frequent loss of the locus containing PACS-2, precedes TP53 
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mutation (Kahlenberg et al., 1996). This  would suggest that PACS-2 loss  occurs 

independent of TP53 mutational status in colorectal cancer. However, a much 

more comprehensive and rigorous methodology is  required to test this 

hypothesis. Indeed, this analysis is essential for understanding the therapeutic 

importance of PACS-2 loss, as  tumors with mutated TP53 and concurrent 

PACS-2 loss would likely not be sensitized to DNA damage in the p53- and p21-

dependent nature we observed in wild-type TP53 harboring tumor cell lines. 

However, tumors with loss of PACS-2 that retain wild-type TP53 may be 

sensitized to particular therapies. Moreover, future studies should analyze how 

PACS-2 expression correlates with invasiveness, prognosis, and survival in a 

variety of tumor types. Together, these future studies and analyses  will be 

essential for testing the biological implications of PACS-2 loss in tumors and 

whether PACS-2 status may be a potential marker for identifying tumors likely to 

benefit from particular DNA damaging therapies. 

 An additional layer of complexity regarding therapeutic sensitivity of 

PACS-2 deficient cells exists  in PACS-2’s role as a TRAIL effector. The 

determination that PACS-2 is essential for TRAIL-induced apoptosis in multiple 

cancer cells lines  (Aslan et al., 2009, Werneburg et al., 2012), suggests tumors 

that undergo loss of PACS-2 may be resistant to TRAIL therapy. However, this 

TRAIL-dependent requirement for PACS-2 is muted by the increasing number of 

cell lines identified as resistant to TRAIL therapy (Zhang et al., 2005). Importantly, 

recent studies  suggest the induction of tumor cell apoptosis can be increased in 
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both TRAIL-resistant and TRAIL-sensitive cell lines when TRAIL is combined with 

DNA damage-inducing chemotherapeutics  or irradiation (Shankar et al., 2004), 

suggesting multiple apoptotic pathways can synergize to kill cancer cells. Indeed, 

this  notion of synergism in preclinical studies (Shankar et al., 2004), together with 

limited evidence of efficacy using TRAIL agonism as  a monotherapy, lead to the 

clinical testing of recombinant TRAIL or TRAIL receptor agonists in combination 

with various chemotherapeutic drugs in patients with advanced NSCLC (Soria et 

al., 2011, Von Pawel J, 2010, Karapetis  CS, 2010). These findings, together with 

the determination that PACS-2 loss sensitizes cells to p53-mediated DNA 

damage-induced apoptosis and reduced long-term survival, suggests that while 

PACS-2 loss may be a negative prognostic determinant regarding TRAIL therapy, 

it may conversely indicate sensitivity to DNA damaging therapeutics. Therefore, 

similar to that described above, it would be important to analyze how PACS-2 

loss correlates with TRAIL resistance or sensitivity as well as clinical response or 

outcome in patients treated with TRAIL in combination with various 

chemotherapeutics. However, since the use of TRAIL agonism as a clinical 

therapeutic is  in its infancy, this analysis will take time to acquire adequate 

tissues from various tumors and patients to rigorously test this hypothesis.  

7.3 The role of PACS-2 in p21 function

 The function of the G1/S checkpoint is  to prevent cells harboring DNA 

damage from transitioning into S-phase, thereby replicating the damaged DNA. 
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This  process is largely dependent on the p53-mediated transactivation of the 

CDK inhibitor p21 (el-Deiry et al., 1993, Deng et al., 1995, Brugarolas  et al., 

1995). Indeed, in cells lacking p53, expression of p21 alone is sufficient to induce 

G1 growth arrest (Rousseau et al., 1999) while conversely, G1 arrest is abrogated 

following DNA damage in mouse embryonic fibroblasts and human cancer cells 

from which p21 has been genetically deleted (Brugarolas et al., 1995, Deng et 

al., 1995, Waldman et al., 1995). Consistent with this  determination, the data in 

this  dissertation demonstrate reduced p53-dependent p21 expression following 

PACS-2 knockdown that correlates  with impaired G1 arrest following DNA 

damage. These findings are consistent with the well-characterized cell cycle 

inhibitory functions of p21 and suggest that PACS-2 functions to promote G1 

growth arrest following DNA damage. However, since the initial discovery of p21 

as a cell-cycle inhibitor and p53 effector (el-Deiry et al., 1993, Harper et al., 1993, 

Gu et al., 1993, Xiong et al., 1993, Noda et al., 1994, Dulic et al., 1994), p21 has 

been implicated in a multitude of cellular processes including apoptosis, 

differentiation and senescence, DNA repair, aging, reprogramming of induced 

pluripotent stem cells (Coqueret, 2003, Garner et al., 2008, Gartel et al., 2002, Li 

et al., 2009a) as well as  tumor suppression and tumor formation (el-Deiry et al., 

1993, Efeyan et al., 2007, Barboza et al., 2006, Martin-Caballero et al., 2001, 

Roninson, 2002, Gartel, 2006, Abbas et al., 2009). Therefore, in future studies it 

will be important to test whether the role for PACS-2 in regulating p21 expression 

extends to additional p21-mediated cellular processes following DNA damage, 
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such as DNA repair and senescence, and to what extent this  affects 

tumorigenesis in vivo. 

 The function of p21 to inhibit cell proliferation is a major determinant of 

p53-mediated tumor suppression (el-Deiry et al., 1993, Efeyan et al., 2007). 

Indeed, deletion of p21 accelerates tumor formation in mice expressing a p53 

mutant (R172→P) that are deficient in apoptosis but retain some growth arrest 

activity (Barboza et al., 2006) as well as  accelerates the development of 

chemically induced tumors (Topley et al., 1999, Poole et al., 2004, Jackson et al., 

2002, Philipp et al., 1999). However, the first genetic evidence of a tumor 

suppressor role for p21 resulted from the discovery that p21 knockout mice 

develop spontaneous tumors at ~16 months of age (Martin-Caballero et al., 

2001). However, the relatively late onset of these tumors compared to those that 

develop in mice lacking other tumor suppressors such as  p53 (Donehower et al., 

1992, Jacks et al., 1994), p16 (Serrano et al., 1996), or ARF (Kamijo et al., 

1999), suggests additional factors likely contribute to malignancy in the absence 

of p21 (Martin-Caballero et al., 2001). Notably, while many human cancers are 

associated with reduced p21 expression, such as colorectal (Bukholm et al., 

2000, Edmonston et al., 2000, Ogino et al., 2006, Polyak et al., 1996, Zirbes  et 

al., 2000, Mitomi et al., 2005) and NSCLC (Komiya et al., 1997), loss-of-function 

mutations in p21 are exceptionally rare (Shiohara et al., 1994, McKenzie et al., 

1997, Patino-Garcia et al., 1998). Rather, it is suggested that p21 cooperates 

with other tumor suppressors and antagonizes oncogenes to mediate its tumor 
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suppressive functions (Abbas et al., 2009). Interestingly, p21 expression is 

repressed in the same tumor types that frequently undergo loss of PACS-2, 

namely colorectal cancer and NSCLC (Gallegos Ruiz et al., 2008, Anderson et 

al., 2001, Bukholm et al., 2000, Edmonston et al., 2000, Ogino et al., 2006, 

Polyak et al., 1996, Zirbes et al., 2000, Mitomi et al., 2005, Komiya et al., 1997), 

suggesting perhaps there is a correlation between PACS-2 loss  and p21 in 

human tumors. It would be important in future studies to analyze the correlation 

between PACS-2 and p21 expression in colorectal and NSCLCs that contain 

wild-type or mutated p53. 

 Intriguingly, however, it was the discovery of p21 as  an inhibitor of 

apoptosis that lead to the investigation into oncogenic activities of p21 (Gartel et 

al., 2002, Roninson, 2002, Gartel, 2006). Indeed, the upregulation of p21 

expression in certain cancers positively correlates with tumor grade and 

invasiveness and is a poor prognostic indicator (Abbas et al., 2009). Limited 

genetic studies suggest that p21 deletion suppresses the development of 

spontaneous lymphomas in mice lacking p53 (De la Cueva et al., 2006) or ATM 

(Wang et al., 1997) as well as suppresses radiation-induced lymphomas in p53-

null mice (De la Cueva et al., 2006). Therefore, Gartel et al. proposed that p21 

exhibits  “antagonistic duality”; in that it can inhibit apoptosis (oncogenic function) 

to counter its growth arrest effects (tumor suppressive function) (Gartel et al., 

2002). Importantly, the studies in this dissertation demonstrate that PACS-2 

deficiency leads to impaired induction of p21 that correlates with reduced growth 
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arrest, resulting in increased apoptosis and reduced clonogenic survival in a p53- 

and p21-dependent manner. These findings are consistent with both the growth 

arrest and anti-apoptotic functions of p21 (Dotto, 2000, Gartel et al., 2002, 

Cazzalini et al., 2010) and suggest that mice harboring PACS-2 deficient 

xenograft tumors would be sensit ized to DNA damage-inducing 

chemotherapeutics as well as IR due to reduced p21-mediated inhibition of 

apoptosis. Moreover, PACS-2 deficient mice may also be sensitized to chemically 

induced tumorigenesis, similar to p21 knockout mice (Topley et al., 1999, Poole 

et al., 2004, Jackson et al., 2002, Philipp et al., 1999), due to reduced tumor 

suppressive effects of p21-mediated growth arrest. Moreover, if the tumor 

suppressive effects in PACS-2 deficient mice were indeed p21-dependent, then 

Pacs2-/-;p21-/- mice should not be sensitized to tumor formation beyond the 

extent of p21-null mice. Together, these future studies would be important in 

testing whether PACS-2 has tumor suppressive functions and the extent to which 

resulting effects are p21-dependent. 

7.4 Mechanisms of SIRT1 regulation

 SIRT1 was identified as a p53 deacetylase that binds the lysine-rich C-

terminal region of p53 (Langley et al., 2002) to catalyze p53 deacetylation and 

thereby regulate p53 transcriptional activities  and function (Langley et al., 2002, 

Luo et al., 2001, Vaziri et al., 2001). The experiments in this dissertation identify 

PACS-2 as  a novel regulator of the SIRT1-p53 axis following DNA damage. 
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Specifically, our studies  demonstrate that PACS-2 interacts  with SIRT1 in vivo 

and in vitro, as well as inhibits SIRT1-mediated deacetylation of p53 in vivo. 

Moreover, similar to siRNA knockdown of the other known SIRT1 inhibitors  DBC1 

(Kim et al., 2008, Zhao et al., 2008) or Set7/9 (Liu et al., 2011), there is a marked 

reduction of p53 acetylation in PACS-2 siRNA-treated cells following DNA 

damage that is  completely reversed with concomitant siRNA knockdown or 

enzymatic inhibition of SIRT1. While our data clearly implicate a role for PACS-2 

in modulating the SIRT1-p53 axis in vivo, the precise mechanism of this 

regulation remains to be elucidated. One component of this  mechanism is the 

identification of regions critical for interaction, therefore future studies should 

include detailed mapping of the binding sites between SIRT1 and PACS-2. While 

our data demonstrate that the PACS-2 cargo binding region, as expected, is 

responsible for interacting with full-length SIRT1, it will be important to map the 

precise region on SIRT1 required for interacting with PACS-2, and vice versa. 

Subsequent studies could then test the ability of a SIRT1 mutant that fails to bind 

PACS-2 to mediate p53 deacetylation and regulate p53-induced transcription of 

target genes. Conversely, the SIRT1-dependent specificity of PACS-2-mediated 

effects on p53 could be investigated by the generation of a PACS-2 mutant that is 

unable to bind SIRT1. Future studies should also address whether PACS-2 

affects the interaction between SIRT1 and p53 to inhibit SIRT1 function. Indeed, 

both DBC1 and Set7/9, which bind the catalytic and N-terminal regions of SIRT1, 

respectively, can disrupt the interaction between SIRT1 and p53 in vivo (Zhao et 
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al., 2008, Liu et al., 2011), however the mechanisms mediating these effects  are 

unknown. In addition, while PACS-2 interacts with SIRT1 directly and clearly has 

a role in regulating SIRT1-mediated deacetyation of p53 in vivo, we cannot 

eliminate the possibility this effect is due to an indirect mechanism of SIRT1 

regulation. For instance, PACS-2 could inhibit the endogenous SIRT1 activator 

AROS, affect cofactor availability by altering the levels of NAD+ biosynthesis, 

affect cellular concentrations of the noncompetitive endogenous inhibitor 

nicotinamide, or alter SIRT1 subcellular localization. Therefore, it will be 

important for future studies to more precisely elucidate the mechanism of how 

PACS-2 regulates SIRT1 to have a greater understanding of the biological 

context in which this regulation is critical. 

 One caveat to the elucidation of precise mechanisms regulating SIRT1 

activity is the lack of a solved crystal structure for human SIRT1. Indeed, much of 

the information known regarding the NAD+-dependent mechanism of the Sirtuin 

reaction is based on crystal structures solved for human SIRT2, SIRT3, SIRT5, 

and SIRT6, or other Sirtuin homologs such as bacteria (CobB and Sir2Tm), yeast 

(Sir2 and Hst2), and archea (Sir2-Af1 and Sir2-Af2) in various ligated forms 

(Sanders et al., 2010). To note, sequence homology among Sirtuins is limited to 

the catalytic domain, an ~270 amino acid region that is  sufficient for catalytic 

activity (Landry et al., 2000, Imai et al., 2000). Interestingly, prokaryotic 

organisms contain only one or two Sirtuins, and these homologs are relatively 

small, containing few residues outside the highly conserved catalytic domain 
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(Frye, 2000). Conversely, eukaryotic organisms often have several Sirtuin 

homologs that contain more extended N- and C-terminal sequences (Frye, 

2000). However, human SIRT1 is  arguably the most complex of the Sirtuins, as it 

contains the most extended N- and C-terminal segments flanking the catalytic 

core and by far has the most number of identified substrates (Stunkel et al., 

2011, Pan et al., 2012). These findings, together with recent protein biochemistry 

studies determining that the evolutionarily diverse N- and C-terminal segments of 

SIRT1 play critical autoregulatory functions to increase SIRT1 deacetylase 

activity (Pan et al., 2012), suggest that various protein binding partners can 

dramatically alter SIRT1 activity by interacting with or affecting the conformation 

of the N- and C-terminal domains. Therefore, it will continue to be of great 

interest and heavy pursuit in the field to co-crystalize substrate-ligated SIRT1 

with various binding parters to further elucidate the mechanisms by which 

proteins such as DBC1, Set7/9, AROS, and PACS-2 can modulate SIRT1 activity.

7.5 Implications of modulating SIRT1 function

 Given the tremendous number of SIRT1 substrates and the biologic 

complexity of these targets, SIRT1 has been associated with diverse normal and 

abnormal processes such as aging, neural plasticity, memory, metabolism, 

inflammation, immunity, neurodegeneration, and cancer (Haigis  et al., 2010, 

Saunders et al., 2007). Because of these pleiotropic functions, SIRT1 has been 

widely investigated as a prospective therapeutic target for multiple disease 
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processes. Indeed, studies suggest that SIRT1 activators may be therapeutically 

beneficial in inflammatory or metabolic diseases as well as in neurodegeneration 

(Stunkel et al., 2011). 

 The most well-characterized function of SIRT1 is the regulation of multiple 

targets  involved in metabolism and energy homeostasis. These studies have 

identified SIRT1 as having robust protective effects against pathologies 

associated with chronic intake of high-fat diet, such as glucose intolerance and 

liver steatosis (Herranz et al., 2010, Pfluger et al., 2008, Banks et al., 2008). In 

particular, these studies have identified SIRT1 as a master regulator of metabolic 

pathways such as gluconeogenesis  and lipogenesis, as well as implicated SIRT1 

in the control of the central regulation of food intake (Sasaki et al., 2010) and 

circadian clock function (Bellet et al., 2010). SIRT1 mediates these effects 

through transcriptional silencing as well as through direct interaction with specific 

corepressors (Stunkel et al., 2011). For instance, the SIRT1-mediated 

deacetylation of PGC-1α promotes gluconeogenic gene induction and increases 

hepatic glucose output during caloric restriction (Rodgers et al., 2005), while 

deacetylation of LXR and downregulation of PTP1B enhances reverse 

cholesterol transport and decreases insulin resistance, respectively (Sun et al., 

2007, Li et al., 2007). In addition, SIRT1 enhances fatty acid mobilization from 

adipose tissue as well as  positively regulates insulin secretion in pancreatic β-

cells through the deacetylation of PPARγ (Picard et al., 2004, Moynihan et al., 

2005, Banks et al., 2008). Interestingly, overexpression of SIRT1 in the liver 
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enhances insulin sensitivity (Li et al., 2011b) while SIRT1 knockdown results in 

insulin resistance, likely through PTP1B silencing at the chromatin level (Sun et 

al., 2007). Moreover, SIRT1 activation has been linked to insulin sensitivity, 

enhanced fatty acid oxidation, and decreased lipogenesis (Haigis et al., 2006, 

Liang et al., 2009), further supporting the therapeutic implications of SIRT1 

activation for metabolic diseases. The determination that PACS-2 inhibits SIRT1 

function at the level of p53, suggests that perhaps PACS-2 plays a role in 

modulating SIRT1 activity toward other substrates, such as those involved in 

metabolic pathways. This hypothesis  is currently being tested in the laboratory, 

with ongoing experiments working toward characterizing the metabolic 

phenotype of PACS-2 deficient animals basally, as well as in response to high-fat 

diet induced obesity. These ongoing and future studies will be essential for 

determining if PACS-2-mediated SIRT1 regulation extends to additional pathways 

beyond p53. 

 While the role of SIRT1 in metabolism is complex, accumulating evidence 

continues to support well-defined protective roles for SIRT1 in regulating energy 

metabolism. However, in the context of cancer, the role for SIRT1 is much less 

clear. A function for SIRT1 in cancer initially stemmed from the ability of SIRT1 to 

deacetylate the tumor suppressor p53, thereby inhibiting its  transactivation 

functions (Luo et al., 2001, Vaziri et al., 2001). Consistent with this determination, 

p53 is  hyperacetylated in SIRT1 deficient mice, resulting in increased thymocyte 

apoptosis (Cheng et al., 2003), although this result could not be confirmed by 
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other investigators (Kamel et al., 2006). Subsequent studies determined that 

SIRT1 is  elevated in multiple cancers (Deng, 2009), supporting the notion that 

SIRT1 may be oncogenic. However, the majority of in vivo studies with 

genetically modified SIRT1 support the idea that SIRT1 has  tumor suppressive 

functions (Firestein et al., 2008, Herranz et al., 2010, Oberdoerffer et al., 2008, 

Wang et al., 2008a). Notably, increased SIRT1 expression results in delayed 

development of lymphomas and sarcomas in p53+/- mice, while loss of SIRT1 

accelerates tumor formation (Wang et al., 2008a, Oberdoerffer et al., 2008). 

Moreover, the ability of SIRT1 overexpression to protect Apc+/min mice from 

intestinal tumors lead to the determination that SIRT1 deacetylates and inhibits 

β-catenin to mediate this effect (Firestein et al., 2008). Intriguingly, the first direct 

evidence of an oncogenic function for SIRT1 in vivo was a study that reported 

that increased SIRT1 expression in mice lacking the tumor suppress PTEN, a 

PIP3 phosphatase that attenuates  PI3K signaling, produced aggressive thyroid 

and prostate carcinomas (Serrano, 2011). Together, these studies illustrate how 

regulation of SIRT1 may be a double-edged sword that requires tight control and 

a much more thorough understanding of biological context. Therefore, it will be 

important to test in future studies if PACS-2 additionally regulates SIRT1-

mediated deacetylation of histones or other nonhistone substrates, to better 

understand the extent to which PACS-2 modulates SIRT1 function. 

7.6 Nuclear functions for PACS-2
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 Prior to the studies in this dissertation, PACS-2 function had thus far been 

studied in the context of various cytoplasmic membrane trafficking roles (Youker 

et al., 2009). Therefore, the determination that PACS-2 was regulating cell fate 

processes in a manner dependent on the predominantly nuclear SIRT1, p53 and 

p21 proteins, lead us  to test whether PACS-2 could additionally localize to the 

nucleus. Indeed, our studies determined that PACS-2 could shuttle between the 

nucleus and the cytoplasm, as well as interact with endogenous SIRT1 in the 

nucleus. This determination was noteworthy regarding known PACS protein 

functions, and suggested PACS may have additional uncharacterized nuclear 

roles. This  notion was consistent with accumulating data demonstrating that 

some membrane-associated cytoplasmic trafficking proteins have additional 

nuclear gene regulation functions, such as the protein kinase CK2 (Yamane et 

al., 2005, Pluemsampant et al., 2008) and GSK3β (Hoeflich et al., 2000, Grimes 

et al., 2001, Zhou et al., 2004, Jope et al., 2004). Conversely, many nuclear 

proteins such as CtBP (Corda et al., 2006), HDAC3 (Longworth et al., 2006), and 

p53 (Green et al., 2009) have been characterized as  having membrane-

associated functions. Together, these findings support a functional link between 

the endomembrane system and gene regulation pathways, and support a 

potential nuclear role for PACS-2 in SIRT1-mediated transcriptional regulation of 

p53 target genes, such as p21. Therefore, it will be essential for future studies to 

discern the mechanism of PACS-2 nuclear transport. It will be critical to identify 

the PACS-2 nuclear localization and nuclear export sequences, as well as to 
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determine what cellular factors regulate the shuttling of PACS-2 between the 

nucleus and cytoplasm. Importantly, future studies should also address whether 

PACS-2 nuclear localization is required for its ability to modulate the SIRT1-p53 

axis.  

 The determination that PACS-2 has nuclear trafficking capabilities opens 

the door to analyzing novel nuclear functions of PACS-2. One manner in which 

this  could be performed would be by overexpressing PACS-2 or a PACS-2 

mutant deficient in nuclear localization, immunoprecipitating PACS-2 from the 

nucleus of cells  and then identifying co-immunoprecipitating proteins by mass 

spectrometry. This type of analysis would provide useful information as to the 

scope of nuclear proteins that interact with PACS-2 and suggest clues to 

subsequent experimental approaches to investigate. Moreover, the determination 

that PACS-2 traffics  to the nucleus, as well as binds SIRT1 and modulate p53 

transcription in a SIRT1-dependent manner suggests that perhaps PACS-2 

associates with these factors at DNA promoters or even binds DNA itself. In 

future studies, it will be important to investigate this hypothesis by coupling 

chromatin immunoprecipitation using anti-PACS-2 antibodies with massively 

parallel sequencing (ChIP-seq) to identify DNA regions that associate with 

PACS-2. This  type of analysis would provide useful information to whether 

PACS-2 associates with transcription factors at the chromatin level on specific 

genes, such as p21; moreover, whether PACS-2 associates with additional 

promoters in a sequence-specific manner. Together, these studies would 
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provides clues as to the nuclear functions of PACS-2 and what gene regulation 

pathways or networks in which PACS-2 may function. 

7.7 Systematic approach to the role of PACS-2 in gene regulation, cancer, and 

beyond  

 The studies in this dissertation implicate PACS-2 in regulating a SIRT1-

p53-p21 axis, thereby modulating cellular fate following DNA damage. 

Importantly, SIRT1, p53, and p21 have complex, even conflicting, roles in tumor 

suppression and tumor formation as well as in cell death and cell survival. 

Indeed, both SIRT1 and p21 have been identified as  having both tumor 

suppressive and oncogenic roles depending on the cellular context, and both can 

mediate these effects in a p53-dependent and -independent manner (Abbas et 

al., 2009, Stunkel et al., 2011), illustrating the complexity of these gene regulation 

networks. These complex and conflicting findings  suggest that to understand the 

role of PACS-2 in modulating these processes will require a comprehensive and 

systematic approach. Thus far, studies  regarding the role of PACS in cancer and 

tumor cell signaling have relied primarily on the analysis of specific cellular 

effects following PACS-2 knockdown or overexpression in a limited number of 

cancer types/cell lines. Therefore, to comprehensively analyze the role of 

PACS-2 in various cell death and survival pathways, future experiments should 

be performed using a systems biology approach. This type of methodology would 

computationally analyze high throughput genomic, transcriptomic, and proteomic 
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data gathered from multiple tumor cell lines  after knockdown or overexpession of 

PACS-2. Importantly, this  approach could be used with PACS-2 mutants, such as 

one deficient in nuclear localization, or that cannot bind SIRT1, etc. This 

computational analysis could then correlate experimental conditions, such as 

DNA damage or radiation treatment, to changes in genomic, transcriptomic, and 

proteomic profiles depicting various cellular processes and signaling pathways. 

This  type of unbiased analysis would help identify which signaling and gene 

regulation pathways  PACS-2 functions, as  well as analyze how the role of 

PACS-2 in particular pathways might change depending on tumor cell type; 

ultimately yielding critical information as to the cellular context of PACS-2 

dysregulation and how this might be useful in understanding the role of PACS-2 

in cancer and other disease processes.

 Importantly, performing a systems biology approach to understanding the 

role of PACS-2 in signaling pathways and gene regulation networks by 

comprehensively analyzing tumor cell lines or tissues would help facilitate 

subsequent studies  to test these functions in vivo in mouse tumorigenesis 

models. However, the strength of these tumor models lies, in part, in the types of 

animals used for the analysis. Currently, our laboratory has analyzed Pacs2 loss 

using a gene trap knockout strategy. Although gene trap knockout mice can be 

very effective, there are limitations regarding potential differential or alternative 

splicing, and this strategy does not always generate null alleles  and animals can 

indeed become hypomorphic. Moreover, in any constitutive knockout model there 
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is  always the possibility that compensatory mechanisms may arise during 

embryonic development which may mask cellular processes regulated by the 

gene of interest. This is consistent with studies showing that the single  

Caenorhabditis  elegans PACS protein localizes to early endosomes and was 

identified in a genetic screen as a mediator of synaptic transmission, as 

knockdown of PACS lead to severe defects at the neuromuscular junction 

(Sieburth et al., 2005). This striking defect is in contrast to Pacs2 gene trap 

knockout mice, which are developmentally normal and contain no obvious 

physical or behavioral defect. Therefore, in future studies it may be useful to 

develop tamoxifen-inducible tissue specific-Pacs2 knockout mice, thereby 

controlling the timing and location of Pacs2 knockdown in various tumor models. 

This  type of methodology would also be very useful for studying PACS-2 function 

in a variety of contexts  related to other known PACS-2 functions, such as 

polycystic kidney disease, TRAIL action, and viral pathogenesis  (Youker et al., 

2009).  

7.8 Conclusion to PART II

 The results  presented in Part II of this dissertation provide evidence that 

the membrane trafficking protein PACS-2 regulates the SIRT1-mediated 

deacetylation of p53 to modulate the cellular response to DNA damage 

(illustrated in Figure 7.1). We demonstrate that PACS-2 directly interacts with 

SIRT1 in the nucleus and inhibits SIRT1-mediated deacetylation of p53 in vivo. 
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We found that PACS-2 deficient cells have a SIRT1-dependent reduction in p53 

acetylation and p21 expression, resulting in increased apoptosis and reduced 

clonogenic survival in a p53- and p21-dependent manner following DNA damage. 

Moreover, loss  of PACS-2 results in reduced levels of acetylated p53 bound to 

the p21 promoter following DNA damage. Additionally, we provide evidence that 

PACS-2 undergoes nucleocytoplasmic trafficking and interacts with SIRT1 in the 

nucleus of cells. Based on these observations, we propose that PACS-2 is  a 

critical regulator of the SIRT1-p53 axis to modulate the DNA damage response. 

These results have diverse implications for future research directions  regarding 

novel functions of PACS-2 in cellular processes such as gene regulation, 

chromatin remodeling, cell growth and survival as well as biological processes 

such as cancer, aging, and metabolism.
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Figure 7.1. Model of PACS-2 dual-function in membrane traffic and p53 

transcriptional activation. 

In the cytoplasm, PACS-2 mediates the TGN-localization of cargo such as Nef 

and CI-MPR (Atkins et al., 2008), as well the ER-localization of cargo such as 

profurin, PKD2, and calnexin (Feliciangeli et al., 2006, Kottgen et al., 2005, Myhill 

et al., 2008). In the nucleus, PACS-2 inhibits SIRT1-mediated deacetylation of 

p53 following DNA damage, thereby increasing p53 transcriptional activation, 

including the expression of p21, resulting in p21-mediated growth arrest and 

inhibition of apoptosis. 
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CHAPTER 8. Conclusion

 The studies in this dissertation describe how the identification of PACS-2 

as essential for HIV-1 Nef-mediated immune evasion lead to the discovery of a 

small molecule inhibitor that targets a critical PACS-2-dependent step in Nef 

action, as well as identify PACS-2 as a negative regulator of SIRT1 and as an 

essential mediator of p53 activation and p21 expression following DNA damage. 

These studies significantly contribute to the understanding of how a membrane 

trafficking protein can have diverse cellular roles linking viral pathogenesis to 

DNA damage and tumor suppression pathways. Future studies must 

systematically determine how PACS-2 coordinates  these various functional roles 

and the cellular and biological contexts for which these regulatory networks are 

essential. 

 In the context of HIV-1 Nef-mediated pathogenesis, future studies should 

investigate whether disruption of the Nef-PACS-2 interaction may be an effective 

strategy to prevent downstream Nef-SFK-, or potentially other Nef PXXP75-

dependent events. Indeed, future studies should including solving a high 

resolution crystal structure of Nef with PACS-2, as  the identification of how this 

interaction is mediated will facilitate the development of small molecule 

compounds that can disrupt the Nef-PACS-2 interaction. In addition, studies  in 

which transgenic mice expressing wild-type Nef or Nef mutated for PACS-protein 

interactions, NefE4A,W113A, would provide critical in vivo evidence for the 
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importance of PACS-mediated Nef trafficking steps in determining the extent of 

Nef-induced disease pathogenesis. Together, these studies would provide 

essential information about how the interaction of Nef with cellular proteins  such 

as PACS-2 could identify potential pharmacologic targets for inhibition of Nef 

action. In addition, future studies should more precisely elucidate the mechanism 

of how Nef switches from the signaling to the stoichiometric mode of MHC-I 

downregulation to have a greater understanding of the biological context in which 

this  regulation is critical. These studies should analyze whether the signaling and 

stoichiometric pathways occur only in activated CD4+ T-cells or monocyte-

macrophage cells, or whether one or both of these pathways exist in longer-lived 

HIV-1 reservoir populations  such as resting CD4+ T-cells. Together, the proposed 

studies would provide critical information about how these identified mechanisms 

of Nef action could be used to understand how HIV-1 functions in distinct cellular 

reservoirs to mediate disease pathogenesis. 

 The studies in this dissertation suggest tumors that lose PACS-2, yet 

retain wild-type TP53 status, may be sensitized to chemotherapy or radiation 

treatment. Therefore, it will be essential to rigorously analyze the nature of 

PACS-2 expression in a variety of human cancers at various stages. Importantly, 

it will be essential to analyze the extent to which loss  of PACS-2 occurs 

independent of TP53 mutational status. Indeed, this analysis  is  essential for 

understanding the therapeutic importance of PACS-2 loss, as tumors  with 

mutated TP53 and concurrent PACS-2 loss would likely not be sensitized to DNA 
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damage in the p53- and p21-dependent nature we observed in wild-type TP53 

harboring tumor cell lines. However, tumors with loss of PACS-2 that retain wild-

type TP53 may be sensitized to particular therapies, such as Doxorubicin or 

ionizing radiation. Moreover, future studies should analyze how PACS-2 

expression correlates with invasiveness, prognosis, and survival in a variety of 

tumor types. In addition, it would be important to analyze the correlation between 

PACS-2 and p21 expression in cancers  that contain wild-type or mutated p53. 

Together, these future studies  and analyses will be essential for testing the 

biological implications of PACS-2 loss in tumors and whether PACS-2 status may 

be a potential biomarker for identifying tumors  likely to benefit from particular 

DNA damaging therapies, such as Doxorubicin or ionizing radiation.

 The studies  presented in this  dissertation were limited to the analysis of 

p53 Lys382 acetylation as a readout of PACS-2-mediated regulation of SIRT1 

deacetylase activity. Therefore, it will be important in future studies to test 

whether PACS-2 affects the acetylation of additional p53 lysine residues in a 

SIRT1-dependent manner. Moreover, future studies should further probe the 

mechanism by which acetylation of p53 leads to promoter-specific activation of 

p53 target genes, including the role of components  of the basal transcriptional 

machinery and the affinity of p53 to specific DNA regions. In particular, future 

studies should address how acetylation of specific p53 lysine residues or 

combinations of residues leads to activation of various target genes and different 

cellular fates following DNA damage. These studies  will be critical for 
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understanding how proteins such as PACS-2 are able to modulate p53 

transcriptional activation through the regulation of p53 acetylation. 

 To address whether PACS-2-mediated inhibition of SIRT1 is  specific to 

p53 or includes additional SIRT1 substrates, comprehensive studies should 

include a rigorous testing of the acetylation status of additional SIRT1 targets in 

the presence or absence of PACS-2. In addition, Pacs2-/- mice should be 

analyzed for evidence of a SIRT1-overexpressing phenotype, such as that seen 

in mice treated with SIRT1 activators, which are resistance to diet-induced 

obesity and more efficiently clear glucose. Together, these studies will be 

essential for determining if the effect of PACS-2 on modulating SIRT1 activity is 

specific to p53 or includes additional SIRT1 targets. These studies are critical, 

because it is  currently unknown whether any of the previously identified SIRT1 

modulators, such as  AROS or DBC1, broadly affect SIRT1 activity, or if they 

predominantly target SIRT1-mediated deacetylation of p53.   

 Therefore, given the diverse nature of the cellular proteins and processes 

modulated by PACS-2, the implications of this data are far reaching and suggest 

that PACS-2 may function in various cellular processes such as gene regulation, 

chromatin remodeling, cell growth and survival as well as biological processes 

such as cancer, viral immunity, and metabolism.
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APPENDIX A. A HIF-Regulated VHL-PTP1B-Src Signaling Axis Identifies a 

Therapeutic Target in Renal Cell Carcinoma
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ABSTRACT

 Metastatic renal cell carcinoma (RCC) is a molecularly heterogeneous 

disease that is intrinsically resistant to chemotherapy and radiotherapy. Although 

therapies targeted to the molecules vascular endothelial growth factor and 

mammalian target of rapamycin have shown clinical effectiveness, their effects 

are variable and short-lived, underscoring the need for improved treatment 

strategies for RCC. Here, we used quantitative phosphoproteomics and 

immunohistochemical profiling of 346 RCC specimens and determined that Src 

kinase signaling is elevated in RCC cells that retain wild-type von Hippel-Lindau 

(VHL) protein expression. RCC cell lines and xenografts with wild-type VHL 

exhibited sensitivity to the Src inhibitor dasatinib, in contrast to cell lines that 

lacked the VHL protein, which were resistant. Forced expression of hypoxia-

inducible factor (HIF) in RCC cells with wild-type VHL diminished Src signaling 

output by repressing transcription of the Src activator protein tyrosine 

phosphatase 1B (PTP1B), conferring resistance to dasatinib. Our results suggest

that a HIF-regulated VHL-PTP1B-Src signaling pathway determines the 

sensitivity of RCC to Src inhibitors and that stratification of RCC patients with 

antibody-based profiling may identify patients likely to respond to Src inhibitors in 

RCC clinical trials.
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INTRODUCTION

 Renal cell carcinoma (RCC) is the most lethal genitourinary cancer, 

accounting for about 209,000 new cancer occurrences and 102,000 deaths per 

year worldwide (Gupta et al., 2008). Cure rates in RCC are modest because 

more than a quarter of patients have metastatic disease at presentation, and 

patients treated surgically for localized cancers frequently relapse with metastatic 

disease (Janzen et al., 2003, Lam et al., 2005). RCC is histologically 

heterogeneous. Although ~75% of RCC are clear cell carcinomas, papillary, 

chromophobe, sarcomatoid, collecting duct, and medullary carcinomas also 

occur (Bonsib, 2009). Inactivation of the von Hippel-Lindau (VHL) tumor 

suppressor gene is  the most prevalent driver mutation, accounting for ~60% of all 

RCC tumors and occurring primarily in the clear cell subtype (Dalgliesh et al., 

2010, Kim et al., 2004). VHL loss stabilizes hypoxiainducible factor–1a (HIF-1α) 

andHIF-2α, leading to increased expression of HIF-responsive genes, including 

VEGF-A, PDGF-B, and TGF-A (Kim et al., 2004). HIF-dependent gene 

expression is further elevated by mammalian target of rapamycin (mTOR), 

thereby identifying several therapeutic targets  in VHL-negative RCC (Thomas et 

al., 2006). Indeed, drugs that target vascular endothelial growth factor (VEGF) 

and mTOR show clinical activity in patients with metastatic RCC, although these 

responses are often variable and short-lived (Rini et al., 2009a, Rini et al., 

2009b). 

284



 The remaining ~40% of patients  with VHL-positive RCCs suffer from a 

lack of biologically rational treatment options, a result of a paucity of identified 

molecular drivers. Furthermore, patients with papillary RCC and other non–clear 

cell RCC are often excluded from clinical trials  (Motzer et al., 2002, Ronnen et 

al., 2006), suggesting that identification of predictive biomarkers that stratify 

patients for rational treatment strategies is urgently required. Indeed, the ability of 

the Bcr-Abl inhibitor imatinib to successfully treat chronic myeloid leukemia 

supports such an approach and has led to the development of targeted therapies 

for other cancers (Demetri et al., 2002, Druker et al., 2001, Flaherty et al., 2010). 

Targeted therapies are most effective in treating homogenous cancers driven by 

a single activating oncogene and are much less  effective against molecularly 

heterogeneous cancers such as RCC (Rini et al., 2009a). Indeed, quantitative 

phosphoproteomic studies show that cancer is driven by aberrant networks 

rather than discrete signaling pathways (Huang et al., 2007, Stommel et al., 

2007). This  observation is exemplified by Src kinase, which, despite its pivotal 

role in tumor growth, angiogenesis, and metastasis, is rarely mutated in cancer. 

Rather, Src’s  signaling output is  controlled posttranslationally by the convergent 

action of the lipid raft–localized inhibitory receptor tyrosine kinase Csk and the 

activating tyrosine phosphatase PTP1B (protein tyrosine phosphatase 1B) 

(Yeatman, 2004).

 Here, we report a personalized medicine approach for stratifying tumors 

on the basis of the HIF-regulated VHL-PTP1B-Src signaling axis in patients  with 
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VHL-positive RCC that may identify patients likely to respond to Src inhibitors as 

a co- or monotherapy.
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RESULTS

A.1 Src is expressed in RCC and correlates with VHL expression

 To identify cellular signaling networks  differentially regulated in RCC 

subgroups, we performed quantitative phosphoproteomics on SN12C clear cell 

carcinoma cells, which retain VHL protein expression, and its isogenic subline 

SN12C-shVHL, which has reduced VHL by short hairpin RNA (shRNA) 

knockdown (Thomas et al., 2006, Pan et al., 2006, Pantuck et al., 2010, Turcotte 

et al., 2008). Lysates from parallel cultures of serum-stimulated SN12C and 

SN12C-shVHL cells  were labeled with iTRAQ 8-plex reagent, and 

phosphotyrosine-containing peptides were subjected to immobilized metal affinity 

chromatography–tandem mass spectrometry (MS/MS) analysis  (Huang et al., 

2007). Quantitative phosphorylation profiles were generated for 22 

phosphorylation sites, whereas cluster analysis revealed a >50% reduction of 

pTyr at numerous phosphorylation sites in SN12C-shVHL lysates (Figure A.1A 

and Table A.1). Specifically, the proportion of pY419 autophosphorylated Src as 

well as several Src substrates, including annexin II, paxillin, and inositol 

polyphosphate phosphatase-like 1 (INPPL1), were diminished in SN12C-shVHL 

lysates. The ability of serum to increase pTyr levels of Src substrates in SN12C 

cells but not SN12C-shVHL cells suggested that VHL expression is  a key 

determinant of Src kinase activity. Consistent with this possibility, in vitro kinase 

assays showed that SN12C cells contained about twice as much dasatinib-
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sensitive Src kinase activity as did SN12C-shVHL cells  (Figure A.1B). Together, 

these data suggest that VHL may regulate Src kinase activity as well as its 

downstream signaling.

 Because both the amount of total Src protein and its  enzyme activity are 

implicated in cancer development (Yeatman, 2004, Ishizawar et al., 2004, 

Wheeler et al., 2009), we analyzed a human RCC tissue microarray (TMA) with 

samples from 215 patients for Src protein expression by immunohistochemistry 

(Figure A.1C). We found a significant positive association between total Src 

protein, which correlates with cytoplasmic staining, and active Src, which 

correlates with membranous staining (P = 0.0185, Table A.2A). RCC samples 

with strong Src immunostaining came from patients  with reduced survival when 

compared to patients whose samples had weak expression (P = 0.0367; Figure 

A.1D). In addition, multivariate analysis with stage [grouped as organ-confined 

(pT1, 2) or advanced (pT3, 4)] and Fuhrman grade revealed that strong Src 

levels  independently predicted poorer survival (P = 0.02, Table A.2B). Indeed, 

there was a tendency for tumors staining negatively for VHL to have weaker Src 

staining (Table A.2C).

A.2 VHL-WT RCC cells are sensitive to dasatinib

 To evaluate whether VHL expression determined sensitivity to Src 

inhibitors, we treated SN12C and SN12C-shVHL cells as well as ACHN or 

ACHN-shVHL papillary RCC cells with dasatinib (Thomas et al., 2006, Pan et al., 
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2006, Pantuck et al., 2010, Turcotte et al., 2008). We found that dasatinib 

reduced proliferation of VHL-WT SN12C and ACHN cells but not their shVHL 

counterparts  (Figure A.2A). The inhibition of proliferation by dasatinib correlated 

with an increase in G1-arrested cells and a corresponding decrease in S-phase 

cells as determined by propidium iodide (PI) staining (Table A.3). Moreover, 5-

bromo-2′-deoxyuridine (BrdU) staining showed that dasatinib caused a 

dosedependent decrease in DNA synthesis in VHL-WT SN12C and ACHN cells 

but not in their shVHL counterparts  (Figure A.2B). No accumulation of a sub-G1 

population was observed, suggesting that dasatinib is cytostatic in the cell lines 

tested. Similar results were obtained with VHL-WT RXF-393 and Caki-1 RCC 

cells compared to VHL-null 786-0 cells (Figures A.3 and A.4). Correspondingly, 

ectopic expression of VHL in 786-0 cells  conferred increased sensitivity to 

dasatinib (Figure A.4).

 Our determination that dasatinib inhibited proliferation of VHLWT RCC 

cells prompted us to test whether dasatinib inhibited Src kinase activation and 

the phosphorylation of Src substrates. Indeed, flow cytometric and immunoblot 

analyses showed that dasatinib reduced pY419 Src levels irrespective of VHL 

status (Figure A.2C). In agreement with the in vitro kinase assay (Figure A.1B), 

Western blot analysis showed that pY419 Src levels  were higher in VHL-WT 

SN12C or ACHN cells compared to their shVHL counterparts. Dasatinib also 

caused total Src protein levels  to increase regardless of VHL status (Figure A.2C 

and Figure A.4). This dasatinib-induced increase in total Src protein has been 
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observed in other tumor types as well as with other classes of Src inhibitors and 

is  consistent with the increased stability of dephosphorylated Src in vivo 

(Buettner et al., 2008, Gwanmesia et al., 2009, Schweppe et al., 2009, Frame, 

2002). In addition to inhibiting pY419 Src, dasatinib inhibited phosphorylation of 

the Src substrate FAK in VHL-WT cells (Figure A.2C). Surprisingly, pY576/577 

FAK was undetectable in VHL knockdown cells despite the presence of total FAK 

protein. These results  suggest that dasatinib may selectively inhibit proliferation 

of VHL-WT cells  compared to their VHL-null or VHL-low counterparts by 

repressing Src’s signaling output.

 To evaluate the effect of dasatinib on tumor growth in vivo, we implanted 

SN12C and SN12C-shVHL cells subcutaneously into the flanks of nude mice. 

Daily treatment with dasatinib significantly reduced the growth of VHL-WT 

SN12C cells but had no effect on SN12C-shVHL cells, recapitulating our in vitro 

findings (compare Figures A.2, A and D). Dasatinib had no statistically significant 

effect on apoptosis in the xenograft tumors. Notably, administration of dasatinib 

resulted in a statistically significant reduction of Ki-67–positive proliferating 

SN12C cells  but not SN12C-shVHL cells (Figure A.2E). Together, these results 

demonstrate that VHL-WT RCC cells are more sensitive than shVHL cells to 

dasatinib in xenograft tumors as  well as in vitro and that this sensitivity is 

mediated through a blockade on proliferation.

 Next, we asked whether the dasatinibinduced growth inhibitory effects on 

VHLWT RCC cells  were due to Src inhibition. Indeed, SN12C cells knocked down 
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for Src (SN12C-shSrc) were resistant to dasatinib treatment (Figure A.5A). By 

contrast, rescue of SN12C-shSrc cells by expression of chicken Src, which is 

resistant to the human-specific shRNA (Zhang et al., 2009), restored dasatinib 

sensitivity. Moreover, stable expression of a dasatinib-resistant Src encoding a 

T388I gatekeeper mutation, which prevents  access of adenosine 5′-triphosphate 

(ATP)– competitive inhibitors to the ATP-binding pocket in Src, thereby protecting 

pY419 autophosphorylation, conferred resistance of SN12C cells  to dasatinib 

(Figure A.5B) (Zhang et al., 2009, Lombardo et al., 2004). Similarly, expression of 

v-Src, which naturally expresses the T→I gatekeeper mutation (Liu et al., 1999), 

rendered VHL-WT SN12C and ACHN cells resistant to dasatinib (Figures A.5C 

and A.6). Accordingly, SN12C–v-Src xenograft tumors grown in severe combined 

immunodeficient (SCID) mice were resistant to dasatinib, whereas parental 

SN12C tumors remained dasatinib-sensitive (Figure A.5D).

 Several controls supported our findings  that dasatinib suppressed 

proliferation in VHL-WT cells by inhibiting Src. First, SN12C cells expressing the 

BCR-ABL T315I gatekeeper mutant were sensitive to dasatinib, suggesting the 

dasatinib resistance mediated by Src T388I or v-Src was specific (Figure A.7). 

Second, treatment with imatinib, which inhibits ABL, PDGFR (platelet-derived 

growth factor receptor), and c-KIT but not Src, had no effect on the proliferation 

of SN12C or SN12CshVHL cells (Figure A.8A). Finally, saracatinib, a structurally 

unrelated Src inhibitor (Ple et al., 2004), repressed proliferation of control SN12C 

cells but not
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shVHL cells (Figure A.8B). 

A.3 Constitutively stabilized HIF confers resistance to dasatinib in VHL-WT cells 

 Because the E3 ligase activity of VHL negatively regulates HIF, we asked 

whether expression of constitutively stable HIF would phenocopy VHL loss by 

conferring resistance to dasatinib in VHL-WT RCC cells. Indeed, SN12C and 

ACHN cells  expressing constitutively stable HIF-1α–P564A or HIF-2α–

P405A,P531A mutants (Kondo et al., 2002) contained reduced levels of Src 

mRNA and were resistant to the dasatinib-mediated G1 arrest observed in 

parental SN12C and ACHN cells (Figures A.9, A to C, Figure A.10, and Table A.

4). Correspondingly, constitutively stable HIF-1α and HIF-2α inhibited Src 

signaling output in VHL-WT RCC cells as determined by immunoblot of pY419 

Src and phosphorylated Src substrates, including pY576/577 FAK, pY703STAT3, 

and pY204ERK (Figure A.9D). Conversely, ectopic expression of VHL in VHL-null 

786-0 RCC cells resulted in an increase in both total and pY419 Src, as well as 

the phosphorylation and activation of its downstream targets when compared to 

the parental cells (Figures A.4 and A.11). Together, these results suggest that HIF 

represses VHL-mediated Src signaling output. 

 The ability of constitutively stable HIF mutants to promote dasatinib 

resistance and repress Src signaling output suggested that HIF may repress an 

activator of Src activity. Consistent with this  possibility, expression of PTP1B 

protein and mRNA, which activates Src by dephosphorylation of Y530, was 
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consistently lower in shVHL or RCC cells that ectopically express constitutively 

stable HIF (Figure A.9, D and E). Correspondingly, PTP1B protein was 

decreased in VHL-null 786-0 cells compared to VHL-restored 786-0–VHL cells 

(Figure A.11). Biochemical analysis of Src signaling output suggested that 

PTP1B knockdown phenocopied expression of constitutively stable HIF in VHL-

WT cells. SN12CshPTP1B cells contained reduced pY419 Src and the levels  of 

phosphorylated Src substrates, including pY576/577FAK, and pY204ERK (Figure 

A.9F), and were relatively resistant to dasatinib-mediated growth inhibition 

(Figure A.9G). Only pY703STAT3 was unaffected by PTP1B knockdown, which 

may result from a PTP1B-specific effect on STAT3 (signal transducer and 

activator of transcription 3) and its  regulator, JAK (Janus kinase) (Lund et al., 

2005). As a control, SN12C cells were exposed to hypoxia in vitro or in xenograft 

tumors. We found that HIF was stabilized but PTP1B was unaffected, suggesting 

that HIF-regulated PTP1B expression may be different under hypoxic conditions 

(Figure A.12).

 Consistent with the reduced activation of Src, PTP1B knockdown cells 

were less sensitive to dasatinib than control cells  (Figures A.9G and A.13). By 

contrast, overexpression of the Src regulator Csk in SN12C cells  had no effect on 

dasatinib sensitivity or Src signaling output (Figure A.14), which is  consistent with 

work by others  that Csk phosphorylation of Src pY530 is complex (Boerner et al., 

1996, Moarefi et al., 1997, Sun et al., 1998, Matsubara et al., 2010, Veracini et 
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al., 2008) (see Discussion). Together, these results suggest that sensitivity to 

dasatinib correlates with the inhibition of Src’s signaling output.

 In addition to repressed levels  of PTP1B protein, RCC cells with VHL 

knockdown or expression of constitutively stable HIF had reduced PTP1B mRNA 

(Figure A.9E), suggesting that HIF may repress PTP1B transcription. In support 

of this finding, chromatin immunoprecipitation (ChIP) revealed that HIF is 

enriched at a putative hypoxia response element in the PTP1B promoter in 

ACHN cells  expressing constitutively stable HIF-1α–P564A but not in parental 

ACHN cells (Figure A.15). This result suggests that HIF-mediated transcriptional 

regulation of the PTP1B gene contributes to the repression of Src signaling 

output in VHL-null RCC cells.

A.4 Interaction of VHL, HIF, PTP1B, and Src in RCC patients

 Our identification of a HIF-regulated VHL-PTP1B-Src signaling axis in 

RCC cell lines provided us with additional markers to interrogate the presence of 

this  pathway in RCC patients. We constructed a TMA from a second cohort of 

131 patients with RCC and performed immunohistochemistry for VHL, HIF-2α, 

which is the primary driver in VHL-null RCC (Kaelin, 2008), Src, and PTP1B. As 

controls, we analyzed the HIF transcriptional target CA-IX, as well as the Src 

substrate pFAK. Quantification was performed with automated digital image 

analysis algorithms to rigorously and systematically measure staining intensity 

(Figure A.16A). An unsupervised hierarchical clustering of the tumors on the 
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basis of the expression of VHL, Src, pFAK, and PTP1B was used to generate a 

heat map (Figure A.17). VHL, Src, PTP1B, and pFAK showed the most similar 

expression patterns, although pFAK expression was generally lower than the 

other markers.

 In agreement with the initial RCC clinical data set (Table A.2A), a 

Spearman rank correlation test of the second RCC clinical data set again 

revealed a positive correlation between VHL and Src (r = 0.409; P < 0.001; 

Figure A.16B). Using these more stringent analyses, only 8% (1 of 12) of VHL-

negative tumors had strong Src expression, whereas 58% (69 of 119) of VHL 

strong tumors had strong Src expression, suggesting a correlative relationship 

between VHL and Src (P = 0.0018; Figure A.16C and Table A.5). Conversely, the 

relationship between VHL and HIF-2α revealed a significant negative correlation 

(r = −0.132; P = 0.036). In agreement with our in vitro findings, PTP1B positively 

correlated with VHL (r = 0.293; P < 0.001) but negatively correlated with HIF-2α (r 

= −0.212; P = 0.001), suggesting that patient tumors with VHL loss or HIF-2α 

overexpression may have reduced PTP1B expression. Controls showed positive 

correlations between HIF-2α and CA-IX and between Src and pFAK as  expected 

(Figure A.16B). A multiple linear regression showed VHL (P < 0.0001) and 

PTP1B (P < 0.0001) to be predictors of Src expression. Additionally, VHL (P < 

0.0001) and HIF-2α (P = 0.0021) were independent predictors of PTP1B levels 

(Table A.6). Next, we extracted the data points and organized them into a scatter 

plot representing patient subgroups defined by VHL and Src expression (Figure 
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A.16D). Indeed, 28.6% of the patients were VHL strong/Src strong, representing 

the potential candidates for a prospective Phase II clinical trial with dasatinib 

(Table A.5).

 Next, we tested whether this  RCC immunohistochemistry profile could be 

applied to other cancers  to predict sensitivity to dasatinib. Using a clinical data 

set of transitional cell carcinomas of the bladder, we found the same correlations 

among VHL, Src, HIF-2α, and PTP1B (Figure A.18). Together, these findings 

suggest that the immunophenotype of the VHL-PTP1B-Src signaling axis 

comprises a signature that not only defines a biologically distinct subgroup of 

RCC that may benefit from dasatinib or similar Src inhibitors but also points to a 

wider clinical applicability for these predictive markers in identifying sensitivity to 

Src inhibitors.

 We then explored the cooperating events involved in mediating sensitivity 

to dasatinib by applying a systems-based approach to map the potential protein-

protein interactions, transcriptional information, and the signaling networks  they 

affect by using the ROCK-BCFG database (Richardson et al., 2009). We seeded 

the interaction network searches with targets identified in our experiments and 

defined a protein interaction network containing 82 nodes that suggest an 

underlying signaling network involving Src, PTP1B, CA-IX, FAK, and VHL 

together with the transcriptional regulators  HIF-1α, HIF-2α, and Sp1 (Figure A.

19).
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DISCUSSION

 Although targeted therapies have been successful in treating cancers 

driven by the activation of a single oncogene, these drugs are much less 

effective in molecularly heterogeneous cancers driven by a multitude of 

dysregulated signaling networks (Stommel et al., 2007). Successful treatment 

therefore requires  a personalized medicine approach based on robust predictive 

biomarkers that can stratify patients toward appropriate targeted therapies. Here, 

we used a quantitative phosphoproteomic screen to identify Src as  a potential 

pharmacologic target in metastatic RCC. Immunohistochemistry of 346 human 

RCC tumors identified a positive correlation between Src and VHL expression, 

whereas treatment of VHL-WT xenografts with dasatinib blocked tumor growth in 

vivo. Conversely, forced expression of HIF, which phenocopied VHL loss, 

diminished Src’s signaling output by down-regulation of PTP1B, thereby 

conferring resistance to dasatinib. HIF binds the PTP1B promoter and reduces 

PTP1B expression, suggesting that HIF controls Src signaling output by 

regulating PTP1B transcription. Our data suggest that stratifying RCC patients by 

profiling for expression of VHL and Src, as well as downstream effector 

molecules may identify patients likely to respond to Src inhibitors  in future RCC 

clinical trials.

 Despite playing a central role in multiple tumorigenic signaling networks, 

Src itself is  rarely mutated in cancers (Yeatman, 2004). Our data suggest that 
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one mechanism by which tumor cells  amplify Src kinase activity is  by using gene-

autonomous drivers  such as PTP1B to dephosphorylate the kinase autoinhibitory 

domain. The ability of PTP1B knockdown to confer resistance to dasatinib 

(Figures A.9G and A.13) suggests that PTP1B may augment Src signaling in 

RCC cells by channeling inputs from upstream oncogenes, including Ras (Dube 

et al., 2004). Unlike PTP1B knockdown, overexpression of Csk did not alter Src 

pY419 status (Figure A.14), suggesting that the regulation of Src activation by 

Csk is complex. Our findings are consistent with reports that Csk phosphorylation 

of Src Y530 requires interaction of Csk with Csk-binding protein (Cbp) in lipid 

rafts (Boerner et al., 1996, Moarefi et al., 1997, Sun et al., 1998, Matsubara et 

al., 2010, Veracini et al., 2008), suggesting that analysis of Src pY419 or pY530 

levels  by immunoblot is insufficient to detect minute or compartment-specific 

changes in Src activation. Our finding that hypoxia-induced stabilization of HIF 

failed to affect PTP1B expression is in agreement with the HIF-dependent but 

hypoxia-independent regulation of Ror2 (Figure A.12) (Wright et al., 2010), and is 

consistent with the model that HIF-mediated inhibition of PTP1B requires that 

HIF be constitutively stabilized by VHL loss and not by fluctuating O2 levels 

present in VHL-WT tumors  (Chan et al., 2002). Finally, although our studies 

cannot exclude the possibility that dasatinib may mediate its effects by inhibiting 

additional Src family kinases (SFKs), they highlight the therapeutic utility of a 

pan-SFK inhibitor such as dasatinib.
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 Successful implementation of targeted therapies in molecularly 

heterogeneous cancers requires robust predictive biomarkers. The development 

of epidermal growth factor receptor (EGFR) mutation analysis for stratification of 

patients with non–small cell lung cancer to EGFR inhibitors  supports the 

feasibility of this approach (Gridelli et al., 2011). Therefore, our initial examination 

of VHL and Src on routinely processed human RCC samples assessed the 

clinical significance of Src expression. Indeed, RCC patient samples with strong 

Src expression had a statistically significant reduced overall survival when 

compared to those with weak expression. This  analysis also suggested a positive 

correlation between VHL and Src with a semiquantitative scoring protocol that 

was biased toward sensitivity relative to specificity. We then more rigorously 

interrogated the VHL-Src relationship with enhanced specificity by analyzing 

VHL, Src, as  well as their downstream effector molecules in a second cohort of 

human RCC tumors. This analysis  used unbiased digital image analysis 

algorithms to objectively quantify staining intensities and to determine 

correlations between these molecules. The VHL-Src relationship was one of the 

strongest correlations found. In addition, the relationships among VHL, Src, 

HIF-2α, PTP1B, pFAK, and CA-IX were recapitulated in patient tumors, 

consistent with our in vitro results. The presence of these associations in clinical 

samples reveals the strength of the molecular networks  identified and supports 

the testing of these markers in future clinical trials.
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 Inactivation of the VHL tumor suppressor gene is the most prevalent driver 

mutation in RCC, accounting for ~60% of all tumors  (Dalgliesh et al., 2010, Kim 

et al., 2004). Thus, even though ~40% of RCC patients have VHL-positive 

cancer, they are treated as if they have VHL-negative cancers. Unfortunately, the 

absence of biomarker-driven treatment protocols  in RCC, together with the fact 

that VHL-positive patients  are excluded from many registration trials, precludes 

meaningful understanding of the mechanisms of response or resistance. Thus, 

the singular approach targeting VEGF or mTOR, which is currently used to treat 

metastatic RCC, underscores the need for alternative treatment strategies for 

VHL-positive metastatic RCC. Our findings suggest that Src inhibition may 

represent a rational treatment option in renal cancers that retain VHL protein 

expression. Additionally, analyzing functional readouts  of VHL and Src activity by 

means of HIF, CA-IX, and pFAK expression could enhance specificity because 

functional VHL would confer low HIF and CA-IX expression, whereas elevated 

Src signaling output would correlate with increased pFAK levels. Although the 

ideal treatment subgroup would include those tumors that are VHL strong, Src 

strong, pFAK strong, HIF weak, and CA-IX weak, the most effective biomarker 

combination can only be determined from future clinical studies in which 

outcomes after Src inhibitor treatment are known. Because Src inhibitors such as 

dasatinib and saracatinib already have been clinically tested, our data suggest 

that analysis of these potential biomarkers can occur rapidly in a Phase II clinical 

trial in patients with metastatic RCC.
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 Collectively, our results  suggest that a fundamental change in RCC 

treatment may be warranted. Specifically, patients  should be selected initially on 

the basis of a molecular phenotype. The simplicity of our approach lies in two 

elements: use of an immunohistochemical-based assay on routinely processed 

clinical samples and the targeting of src, a well-characterized oncogene for which 

there already exist clinically active drugs. The key challenges ahead are 

assessing intratumor heterogeneity and standardization of methods across 

diagnostic laboratories. In summary, stratifying RCC patients on the basis of the 

presence of an active VHL-PTP1B-Src signaling axis in the tumor will identify a 

subgroup likely to respond to Src inhibitors.
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MATERIAL AND METHODS

Sample preparation, peptide immunoprecipitation, and MS analysis

 SN12C and SN12C-shVHL cells were maintained in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS). 

Cells  (40 to 50% confluence per 10-cm plate) were seeded for 24 hours, washed 

twice with phosphate-buffered saline (PBS), and then incubated for 24 hours in 

serum-free media. Cells were stimulated with 10% serum for 10 min and 

harvested in 900-ml dish/8 M urea. Unstimulated cells were used as controls. 

Cells  were lysed in 8 M urea and subjected to reduction, alkylation, and trypsin 

digestion as previously described (Huang et al., 2007). Peptides were desalted 

on a C18 Sep-Pak Plus cartridge (Waters), eluted with 25% acetonitrile, and 

lyophilized to dryness. Lyophilized peptides were subjected to labeling with the 

iTRAQ 8-plex reagent (Applied Biosystems). Peptide immunoprecipitation was 

performed as described (Huang et al., 2007). Briefly, 30 mg of protein G Plus-

agarose beads (Sigma) was incubated with 12 mg of each of the 

antiphosphotyrosine antibodies [pTyr100 (Cell Signaling Technology), PT66 

(Perkin Elmer), and 4G10 (Millipore)] in 200 ml of immunoprecipitation buffer 

(100 mM tris, 100 mM NaCl, 1% NP-40, pH 7.4) for 8 hours  at 4°C. Beads were 

washed with rinse buffer (100 mM tris, 100 mM NaCl, pH 7.4), and retained 

peptides were eluted from antibody with 70 ml of elution buffer (100 mM glycine, 

pH 2.5) for 1 hour at room temperature. Immobilized metal affinity 
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chromatography was performed to enrich for phosphorylated peptides, and 

peptides retained on the column were eluted with 250 mM sodium phosphate (pH 

8.0) and analyzed by electrospray ionization liquid chromatography–MS/MS on a 

QqTof (QSTAR Elite, Applied Biosystems) as described (Huang et al., 2007).

Phosphopeptide sequencing, quantification, and analysis

 MS/MS spectra were extracted, searched, and quantified with Protein Pilot 

(Applied Biosystems). Phosphorylation sites and peptide sequence assignments 

were validated by manual confirmation of raw MS/MS data. Peak areas of iTRAQ 

marker ions [mass/charge ratio (m/z) 113, 114, 115, 116, 117, 118, 119, and 121] 

were normalized with values from the iTRAQ marker ion peak areas of 

nonphosphorylated peptides in supernatant of the immunoprecipitation. Each 

condition was normalized against the 113 channels  to obtain fold changes across 

all eight conditions. Table A.1 represents the mean and SD of two biological 

replicate experiments.

Tissue microarrays

 Two separate RCC patient clinical databases were used to construct the 

TMAs described in our experiment. The first TMA comprised 215 clear cell RCCs 

collected from nephrectomies performed at the University Hospital of Zurich. All 

RCC samples were histologically reviewed by one pathologist (H.M.). This study 

was approved by the local commission of ethics. Tumor-specific survival data 

303



were obtained by reviewing the hospital records and by the cancer registry of the 

Canton of Zurich. The second RCC TMA consisted of 131 nephrectomies 

performed for kidney cancer at the Royal Marsden Hospital, London. This study 

protocol was approved by the hospital ethics review board. All tumors arrayed 

from this  second data set were histologically reviewed by one pathologist 

(G.V.T.).

Immunohistochemistry

 The first TMA was stained with the ultraView Universal DAB Detection Kit 

(Ventana). A clear cell RCC tumor with strong membranous  Src positivity was 

used as positive control. Negative controls were identical array sections stained 

in the absence of the primary antibody. Immunohistochemistry can yield false 

positivity at the margin or edges of tissue (that is, edge effect), and this  needs to 

be considered when scoring TMA cores. Therefore, to minimize false positivity, 

we used a conservative 5% cutoff; that is, any tumors with <5% cytoplasmic and/

or membranous staining were considered negative, and any tumors with >5% 

cytoplasmic and/or membranous staining were considered positive. Next, 

positive Src expression was analyzed subjectively based on antibody staining 

intensity as  having either weak or strong cytoplasmic and/or membranous 

immunoreactivity by an experienced pathologist (H.M.). VHL immunostaining was 

similarly scored (Dahinden et al., 2010). The second TMA was processed with 

EnVision Kits  (Dako), SuperSensitive IHC Detection Systems (BioGenex), or 
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Vectastain ABC Kit (Vector Labs) according to the manufacturer’s instruction. 

Negative control slides were used in every run (incubated in Dako Universal 

Negative Control Mouse/Rabbit). Diaminobenzidine tetrahydrochloride (DAB) 

was used as the enzyme substrate for visualization and counterstained with 

hematoxylin. 

Image acquisition, management, and automated analysis

 The Aperio ScanScope CS slide scanner (Aperio Technologies) was used 

to capture whole-slide digital images with a 20x objective. Slides were de-arrayed 

to visualize individual cores with the TMA Lab (Aperio). A color deconvolution 

algorithm (Aperio) was used to develop a quantitative scoring model for 

measuring cytoplasmic immunoreactivity in TMAs consecutively stained with 

VHL, Src, CA-IX, PTP1B, and pFAK. A nuclear algorithm was used to quantify 

HIF-2α and Ki-67 nuclear positivity. The algorithm was calibrated to individual 

staining patterns  (range of hues and saturation), and three intensity ranges were 

generated: weak, yellow; moderate, orange; strong, red; and immunonegative, 

blue. For pixels  that satisfy the color specification, the algorithm counted the 

number and intensity sum in each intensity range, along with three additional 

quantities: average intensity, ratio of strong/total number, and average intensity of 

weak positive pixels. The algorithm was calibrated for both cytoplasmic and 

nuclear expression by constructing receiver operator curves for hue, hue width, 

and color saturation. A pseudocolor “markup” image was generated from the 
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algorithm and verified to ensure that specified inputs were measuring the desired 

color and intensity ranges. All markup images were inspected by a pathologist 

(G.V.T.) to confirm the accuracy of the algorithm. The final automated score was 

assessed for each core as the product of corrected average intensity and 

corrected positive pixel percentage.

Cell culture

 RCC isogenic pairs of VHL WT ACHN and SN12C and counterparts 

expressing shRNA targeting VHL have already been described (Thomas et al., 

2006). ACHN and SN12C cells  expressing a VHL-resistant version of HIF-1α or 

HIF-2α were generated by transducing a retrovirus expressing HIF-1α (P564A) 

and HIF-2α (P405A; P853A) in which the proline hydroxylation sites  are mutated 

to alanine (a kind gift of Dr. William Kaelin). Transduction of empty retroviral 

vector (pBabe) served as a negative control. 786-0 VHL-WT and vector controls 

were a kind gift of Dr. William Ohh. To assess the role of Src we generated stable 

SN12C (i) shRNA mediated knock down of Src using pSuper-Retro-puro system; 

(ii) a c-Src rescued lines  resistant to the shRNA targeting using a retroviral 

expression vector pBabe-hygro encoding the chicken c-Src protein and (iii) a 

dasatinib resistant with a mutant form of c-Src (T338I). These plasmids were a 

kind gift of Dr. Joan Massagué and procedures were followed as described 

(Zhang et al., 2009). In addition, SN12C cells expressing lower level of PTP1B 

was developed by viral transduction with PTP1BshRNA (V2SHS_170902; Open 
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Biosystems and TRC 0000002777; Sigma). SN12C cell line stably transduced 

with GFP shRNA (Addgene) or with Non-Targeting shRNA Control (Sigma) 

served as  a controls, respectively. SN12C cells overexpressing CSK were 

generated by stable transfection of pCSK-N1 (kind gift from Dr. M. Okada and Dr. 

S. Nada). All cell lines were routinely grown in monolayer cultures in Dulbecco's 

Modified Eagle Medium (DMEM) supplemented with 10% FBS and penicillin/

streptomycin.

Drugs and antibodies

 Dasatinib, saracatinib, and imatinib were purchased from JS Research 

Chemicals Trading, Germany. The antibodies used in western blotting and 

immunohistochemistry staining were: pY419 Src, pY530 Src, Src, pY576/577 

FAK, FAK, pY705 STAT3, CSK (C74C1), ERK1/2, cleaved caspase-3 (Asp175) 

from New England Biolabs, α-tubulin (TU02), β-actin, (C4), pY204 ERK1/2 (E-4) 

from Santa Cruz Biotechnology, Src, VHL, HIF-1α, PTP1B from BD Biosciences, 

HIF-2α, PTP1B (EP1841Y), STAT3 (STAAD22A) from Abcam, HIF2-α from 

Millipore, CA-IX from Novus Biologicals, Ki-67 from DAKO and Pimonidazole was 

purchased from Hypoxyprobe, Inc.

Cell proliferation assay

 5 x 104 cells were plated and treated with a single dose of 25, 50 or 100 

nM dasatinib or vehicle (DMSO). Cells  were trypsinized, resuspended in DMEM/
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10% FBS and counted using the VI-Cell XR automated cell-viability analyzer 

(Beckmann Coulter) at 96h post-treatment, unless otherwise stated. Cell counts 

were performed in triplicate and experiments were repeated on at least three 

independent occasions. Cells were split to sustain log phase growth.

Xenografts

 5 x 106 SN12C and SN12C shVHL cells  or 1x106 SN12C and SN12C v-

Src cells diluted in 100 ml of matrigel (Collaborative Biomedical) were 

subcutaneously injected into both flanks of nude or SCID mice, respectively. 

When tumor volume reached 150 mm3, mice were randomized to daily treatment 

with vehicle or 10 mg/kg of dasatinib (six animals/group). Nude mice were 

injected with pimonidazole (Hypoxyprobe, Inc) 1h prior to sacrifice. All mouse 

experiments were performed in compliance with the guidelines of the Animal 

Research Committee of the University of California at Los Angeles and in 

accordance with UK Home Office and UK CCCR guidelines for animal 

experimentation with local Ethical Committee approval.

Flow cytometry

 Cells  were plated at a density such that they were no more than 70% 

confluent on the day of analysis. Cells were treated with dasatinib for 48h unless 

otherwise stated. For PI staining, cells were trypsinized, collected by 

centrifugation and washed in PBS prior to fixing in 70% v/v ethanol. Ethanol was 
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removed by washing in PBS. Cells were incubated with 100 µg/ml RNase A 

(Sigma) for 5 min and stained with 50 µg/ml PI for 30 min. For BrdU analysis, 

dasatinib-treated cells were incubated for 30 min with 10 µM BrdU (Sigma) prior 

to harvesting. Cells  were stained with fluorescein isothiocyanate (FITC)- 

conjugated anti-BrdU antibodies  (BD Biosciences) according to the manufacturer 

instruction. Following multiple washes in blocking solution and PBS, cells were 

stained with 5 µg/ml PI for 30 min. The PI or BrdU/PI-stained samples were 

analyzed by LSR FACS machine (Becton Dickinson) and the cell cycle profile 

was analyzed with the FlowJo software (Tree Star Inc.). Phosphoprotein flow 

cytometry analysis was performed as previously described (Shah et al., 2008).

Real-time PCR

 Total RNA was extracted from cells with the RNeasy kit (Qiagen) and the 

reverse transcription performed with 1 µg of RNAs and 200 units of Superscript II 

enzyme (Invitrogen). Real time PCR amplifications were performed using the 

Brilliant II Fast SYBR Green QPCR Master Mix (Agilent Technologies) with 2 µl of 

1/10 cDNA and 300-500 nM of primers. The primers used were as follows for 

R P L P 0 5 ’ - G T G A T G T G C A G C T G A T C A A G A C T - 3 ’ a n d 5 ’ - 

GATGACCAGCCCAAAGGAGA-3’, from SuperArray Biosciences for Src and 

PTP1B. Reactions proceeded with initial 2 min incubation at 95°C followed by 40 

cycles of amplification: 95°C for 5s and 60°C for 2 0s in a Mx3000p thermal 

cycler (Agilent Technologies). Fluorescence was measured in real time with 
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dissociation curves option; the cycle threshold (Ct) values were calculated using 

the Mx3000p algorithm (Agilent Technologies). Standard curves were performed 

on serial dilutions of genomic human DNA or RT-transcripts. Comparative 

quantitation was performed using the MxPro QPCR software by comparing the 

Ct value obtained from the amplification of a given target with that determined for 

the normalizer, RPLP0 (human acidic ribosomal phosphoprotein P0). Relative 

mRNA abundance was calculated using the Ct method.

Chromatin immunoprecipitation

 Sheared, formaldehyde crosslinked chromatin derived from 0.5 X 106 cells 

was incubated with 1µl of anti-HI-1α antibody (Abcam ab2185) or 2 µg of normal 

rabbit (IgG) antibody (Millipore) to immunoprecipitate DNA overnight at 4°C. 1% 

of chromatin was removed prior to immunoprecipitation as input. Immune 

complexes were collected with protein A/G (3:1)-magnetic beads (Dynabeads, 

Invitrogen). After extensive washing, immune complexes were released, 

crosslinks were reversed, and DNA was purified with mini-elute PCR purification 

kit (Qiagen) and eluted with 60ul EB. A putative palindromic HRE sequence, 

localized at -214 to -224, was found in the PTP1B promoter region using CLCbio 

Genomics workbench software. The primers designed by the software were as 

fol low forward 5’- ATGGAATTTGTGCTCTGCT-3’ and reverse 5’- 

CTCTATTTCCTGCCTCCCA-3’. Real-time PCR was performed in triplicate on 
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2ul of the immunoprecipitated DNA or 2ul of the 1% input. Immunoprecipitated 

DNA was calculated as “% of input” with ddCt method.

Western blot analysis

 Cells  were seeded to have approximately 50% confluence upon lysis. 

Cells  were lysed after 18h of exposure to vehicle or dasatinib in EBC lysis  buffer 

(50 mM Tris, pH 8.0, 120 mM NaCl, 0.5% Nonidet P-40) supplemented with 

complete protease (Roche) and phosphatase inhibitor (Calbiochem) cocktails. 

Xenograft tumors were lysed in a protein lysis  buffer (150 mM NaCl, 1 mM EDTA, 

50 mM Tris, 1% v/v Triton X-100, 1 nM NaF, 1 mM NaVO3, 5 µM bpVphen, 1 mM 

PMSF), supplemented with phosphatase inhibitors I & II, protease inhibitor 

cocktail and TLCK (Sigma). Protein extracts (40-100 µg) were resolved by SDS-

PAGE, transferred on to polyvinylidene fluoride membrane (Millipore) and probed 

with appropriate antibodies. The primary antibodies were detected using 

horseradish peroxidase-linked goat anti-mouse or anti-rabbit secondary 

antibodies (Jackson Laboratories) and visualized by SuperSignal West Pico 

Chemiluminescent substrate (Thermo Scientific). Images were collected by UVP 

BioSpectrum(R) AC Chemi HR 410 Imaging System. Blots were analyzed and 

quantified using UVP VisionWorksLS Image Acquision and Analysis software.

In vitro Src kinase assay
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 Equal number of subconfluent SN12C and SN12C-shVHL cells  were 

harvested is NETN lysis buffer [20 mM Tris (pH 8.0), 150 mM NaCl, 0.5% NP-40, 

1 mM EDTA] supp lemented w i th p ro tease inh ib i to rs (0 .5 mM 

phenylmethylsulfonyl fluoride and 0.1 µM each of aprotinin, E-64, and leupeptin), 

and phosphatase inhibitors (1 mM sodium orthovanadate and 20 mM sodium 

fluoride). Endogenous Src was immunoprecipitated with anti-Src 327 ascites 

(Jonathan Cooper, Fred Hutchinson Cancer Research Center, USA) and 

captured with Protein G-sepharose 4B (Invitrogen). Immunoprecipitated Src 

kinase activity from SN12C and SN12C-shVHL cells  was measured using a 

commercial Src Assay Kit (Millipore #17-131) accordingly to the manufacturer’s 

instructions. Briefly, Src immunoprecipitates or control immunoprecipitates 

(lysates incubated with Protein G in the absence of antibody) were incubated in 

Src Kinase Reaction Buffer [100 mM Tris  (pH 7.2), 125 mM MgCl2, 5 mM MnCl2, 

2 mM EGTA, 250 µM sodium orthovanadate, 2 mM dithiothreitol] at 30° C for 10 

min with Src substrate peptide (KVEKIGEGTYGVVYK), 10 µCi [ g-32P] ATP in 

manganese/ATP buffer [75 mM MnCl2, 500 µM ATP in 75 mM MOPS (pH 7.2), 

25 mM  b-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovanadate, 1 mM 

dithiothreitol] and 50 nM Dasatinib where indicated. Reactions were spotted onto 

P81 phosphocellulose paper, precipitated with 40% TCA, then washed five times 

with 0.75% phosphoric acid, once with acetone and transferred to vials 

containing 5 ml of scintillation fluid (CytoScint, Fisher #BP458-4) and 32P-labeled 

substrate peptide was measured in a Packard 1900TR Liquid Scintillation 
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Analyzer. Data are presented as the mean CPM ± S.D. from three independent 

experiments assayed in duplicate. Statistical analysis  between mean CPM of 

SN12C and SN12C-shVHL Src kinase activity was performed using a 2-tailed 

Student’s t-test. For immunoblot analysis, the amount of Src was quantified with 

NIH Image J and presented numerically as the fold-change.

Statistical analysis

 Contingency table analysis and Chi-square test were used for the analysis 

of the association between membranous and cytoplasmic Src expression as  well 

as between Src and VHL protein expression. Overall survival rates  were 

determined according to the Kaplan–Meier method and analyzed for statistical 

differences using a log rank test. Spearman Rho correlation coefficients were 

used to assess the association between different biomarkers expression and was 

performed using the GraphPad Prism software. To analyze whether level of a 

protein can be predicted by other proteins, multiple linear regression was 

performed in the R statistical programming language (R v 2.10.1). All model 

variables, both response and explanatory, have been log transformed to improve 

normality. No model selection was performed. Two models were examined based 

on previous biological knowledge and the correlation results: Src level as  the 

response variable with VHL and PTP1B as the explanatory variables, and PTP1B 

level as the response variable with VHL and HIF-2α as the explanatory variables. 

The statistical significance of differences for the in vitro experiments  was 
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determined by 2-tailed Student’s  t-test (GraphPad statistics software). Any 

difference with a P-value less than 0.05 was considered significant. The heatmap 

was generated using Spotfire software. Scatter plots were generated using 

Statistica software and thresholds gated as stated in figure legend.
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Figure A.1. Src is expressed in RCC and is associated with poor outcome.
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(A) Lysates from parallel cultures of serum-stimulated SN12C and SN12C-

shVHL cells were labeled with iTRAQ 8-plex reagent and phosphotyrosine-

containing peptides were subjected to immobil ized metal aff inity 

chromatography–MS/MS analysis. Quantitative phosphorylation profiles were 

generated for 22 phosphorylation sites. Mean ratios  to SN12C control were log-

transformed and partitioned according to similarity of phosphorylation status by 

unsupervised hierarchical clustering with Cluster 3.0 and visualized with 

TreeView. Heat map is pseudocolored to indicate direction and magnitude of 

mean ratios  relative to SN12C control cells. SF, serum free; FBS, fetal bovine 

serum. See also table S1 and Materials and Methods. (B) Src was 

immunoprecipitated from SN12C and SN12C shVHL cells, and Src kinase activity 

was measured in the absence or presence of 50 nM dasatinib as described in 

Materials  andMethods. Data are presented as  the mean cpm (counts  per minute) 

± SD from three independent experiments assayed in duplicate. (Lower panel) 

Corresponding Western blot showing control (no primary antibody) or Src 

immunoprecipitates and relative Src expression in SN12C and SN12CshVHL 

cells. The amount of Src was quantified with ImageJ and presented as mean 

cpm. (C) Immunohistochemistry for Src from samples from three representative 

RCC patients with strong (left and middle panels) or weak expression (right 

panel). Arrowheads indicate membranous localization. Scale bar, 20 mm. (D) 

Kaplan-Meier survival analysis of clear cell RCC patients with tumors expressing 

weak or strong Src immunohistochemical staining (n = 117, P = 0.0367).
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Figure A.2. Dasatinib induces growth arrest in VHL-WT RCC cells. 
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(A) VHL-WT SN12C and ACHN or shVHL cells  (5 X 104) were treated with 

vehicle and 25, 50, or 100 nM dasatinib 24 hours after seeding. The effect of 

dasatinib on cell growth was monitored by cell counting at indicated time points 

(n = 3). Data are presented as means ± SD. (B) Subconfluent SN12C and ACHN 

VHL-WT or shVHL cells were treated with the indicated doses of dasatinib for 48 

hours and labeled with 10 mM BrdU for 30 min before harvesting. Cells  were 

dual-stained with fluorescein isothiocyanate (FITC)–BrdU antibody and PI and 

analyzed by flow cytometry. (C) Subconfluent SN12C and ACHN VHL-WT or 

shVHL cells were treated with vehicle and 25, 50, or 100 nM dasatinib. Inhibitory 

effect of dasatinib on Src kinase activity was assessed by flow cytometry with 

anti-pY419 Src (left panel). Levels of total and phospho-specific forms of Src and 

FAK were determined by immunoblotting (right panel). α-Tubulin was used as the 

loading control. (D) Nude mice bearing SN12C and SN12C shVHL xenografts 

were treated daily with vehicle or dasatinib (10 mg/kg) by oral gavage. Fold 

increase in tumor volume is  plotted against days following tumor injection. 

Xenografts were analyzed by immunoblot for levels of pY419 Src and total Src. 

a-Tubulin was used as the loading control. Data are presented as means ± SEM 

of six mice in each group. (E) Xenograft tumors from (D) were analyzed for cell 

proliferation and apoptosis  by immunohistochemistry against Ki-67 and cleaved 

caspase-3, respectively, and subjected to quantitative image analysis. Data are 

presented as means ± SEM (n = 11 to 21).
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Figure A.3. VHL-WT RXF-393 and Caki-1 cells are sensitive to dasatinib. 

5 x 104 RXF-393 or Caki-1 cells were treated with vehicle, 25, 50 or 100 nM 

dasatinib 24h post-seeding. Effect of dasatinib on cell growth was recorded by 

cell count after 96h. Data are presented as the mean ± S.D. (n = 3).
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Figure A.4. Reconstitution of VHL enhances sensitivity to dasatinib in VHL 

null 786-0 cells. 

5 x 104 786-0 control or 786-0 cells expressing VHL (VHL-WT) were treated with 

vehicle, 25 or 50 nM dasatinib 24h post-seeding. Effect of dasatinib on cell 

proliferation was monitored by cell count after 96h. Levels of total and 

phosphospecific forms of Src and FAK after 24h vehicle/dasatinib treatments 

were determined by immunoblot. α-tubulin, loading control.
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Figure A.5. Src is the relevant target of dasatinib in RCC. 
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(A) SN12C, SN12C-shSrc, or SN12-shSrc cells  expressing shRNA-resistant Src 

(Rescue) were treated with vehicle and 25, 50, or 100 nM dasatinib for 96 hours 

and then cell growth was analyzed by cell count. Data are presented as means ± 

SD (n = 3). Src expression or knockdown was verified by immunoblot with 

antibodies against total and pY419 Src. a-Tubulin was used as the loading 

control. (B and C) SN12C cells  (Control) or SN12C cells  stably expressing (B) 

dasatinib-resistant Src (Src T338I) or (C) v-Src were treated with vehicle alone or 

with 25 or 50 nM dasatinib for 96 hours and then cell growth was analyzed by cell 

count. Data are presented as means ± SD (n = 3). The levels of total Src and 

pY419 Src were assessed by immunoblot. a-Tubulin and β-actin were used as 

loading controls. (D) SCID mice bearing SN12C and SN12C v-Src xenografts 

were treated daily with vehicle or dasatinib (10 mg/kg) by oral gavage. Percent 

(%) increase in tumor volume is  plotted against days after tumor injection. Data 

are presented as means ± SEM (n = 24).
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Figure A.6. Expression of v-Src renders VHL-WT cells resistant to 

dasatinib. 

5 x 104 ACHN cells expressing either a control vector or v-Src were treated with 

vehicle, 25 or 50nM dasatinib 24h post-seeding. Effect of dasatinib on cell growth 

was monitored by cell count after 96h. Data are presented as the mean ± S.D. (n 

= 3).
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Figure A.7. Overexpression of Bcr-Abl T315I mutant does not rescue 

sensitivity to dasatinib. 

5 x 104 SN12C cells  expressing either a control vector (EV) or BCR-Abl T315I 

were treated with vehicle, 25 or 50 nM dasatinib 24h post-seeding. Effect of 

dasatinib on cell proliferation was monitored by cell count after 96h. Data are 

presented as the mean ± S.D. (n = 3).
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Figure A.8. Growth inhibition of VHL-WT cells by dasatinib is due to Src 

inhibition. 

(A, B) 5 x 104 cells SN12C VHL-WT or shVHL cells were treated with indicated 

doses of (A) imatinib or (B) saracatinib. Effect of these drugs on cell proliferation 

was monitored by cell count 96h post-treatment. Data are presented as the mean 

± S.D. (n = 3).
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Figure A.9. HIF-α and PTP1B are involved in dasatinib-induced growth 

inhibition. 

(A) SN12C and ACHN cells  stably expressing mutant HIF-1α (P564A) or HIF-2α 

(P405A; P531A) were treated with vehicle and 25, 50, or 100 nM dasatinib for 96 

hours and then cell growth was analyzed by cell count. Data are presented as 

means ± SD (n = 3, **P < 0.01). Overexpression of the mutant forms of HIF-α 

was validated by immunoblot. α-Tubulin was used as the loading control. (B) 
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SN12C and ACHN cells stably expressing mutant HIF-1α (P564A) or HIF-2α 

(P405A; P531A) were treated with vehicle and 25, 50, or 100 nM dasatinib for 48 

hours and then analyzed for BrdU incorporation by flow cytometry as  described 

in Materials and Methods. (C) SN12C and ACHN cells stably expressing 

constitutively stable HIF-1α P564A (SN12C HIF-1α) or HIF-2α P405A; P531A 

(SN12C HIF-2α) were treated with vehicle alone or with 25, 50, or 100 nM 

dasatinib for 18 hours. Levels of total Src and FAK, as well as pSrc Y419 and 

pFAK Y576/577 were determined by immunoblot. α-Tubulin was used as the 

loading control. (D) Lysates from the SN12C and ACHN mutant HIF-α–

overexpressing lines, shVHL cells, and the parental cell lines were examined for 

expression of total and/or phosphospecific forms of Src, FAK, ERK1/2 

(extracellular signal–regulated kinase 1/2), STAT3, Csk, and PTP1B by 

immunoblot. α-Tubulin was used as the loading control. (E) The levels of PTP1B 

mRNA were measured by real-time polymerase chain reaction (PCR) in SN12C 

and ACHN HIF-α–overexpressing and shVHL cell lines. Levels of PTP1B mRNA 

in the parental cell lines were normalized to 1. Data are presented as means ± 

SD (n = 3). (F) SN12C cells expressing an shRNA targeting PTP1B (shPTP1B) 

were analyzed by immunoblot for expression levels of total and/or phospho-

specific forms of PTP1B, Src, FAK, STAT3, ERK1/2, and a-tubulin. (G) SN12C or 

shPTP1B cells  were treated with vehicle and 25, 50, or 100 nM dasatinib, and 

cell growth was assessed by cell count. Data are presented as means ± SD (n = 

3).
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Figure A.10. VHL status modulates Src expression at the transcriptional 

level. 

Transcriptional level of Src in SN12C or ACHN parental cells, SN12C or ACHN 

cells overexpressing constitutively stable HIF-1α-P564A (HIF-1α) or HIF-2α-

P405A,P853A (HIF-2α) mutants, or isogenic shVHL knockdown cells (n = 3). 

Data are presented as the mean ± S.D. Levels of mRNA in the parental cell lines 

are normalized to 1.
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Figure A.11. Reconstitution of VHL alters S signaling output. 

786-0 Control and VHL-WT expressing cells were analyzed for total and 

phospho-specific forms of Src, PTP1B, CSK, FAK, STAT3 and ERK1/2 by 

immunoblot. α-tubulin, loading control.
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Figure A.12. PTP1B expression levels and hypoxia. 

(A) Changes in levels of PTP1B and HIF1α in SN12C and ACHN cells were 

monitored by immunoblot following exposure to hypoxia (1% oxygen) for the 

indicated times. α-tubulin, loading control. (B) Xenograft tumors from SN12C and 

SN12C shVHL cells were immunostained with pimonidazole (Hypoxyprobe) and 
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PTP1B. Corresponding markup images of the color deconvolution algorithm with 

intensity ranges are shown (Red = strong, orange = moderate, yellow = weak, 

blue = negative immunoreactivity). Scale bar is 100 µm.
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Figure A.13. Second PTP1B shRNA also rescues sensitivity to dasatinib.

SN12C (control) and SN12C-shPTP1B (targeting sequence #2) cells  were 

analyzed for expression of PTP1B by immunoblot. α-tubulin, loading control. Cell 

proliferation following 96h exposure to vehicle alone or to 25 or 50 nM dasatinib 

was assessed by cell count. Data are presented as the mean ± S.D. (n = 3).
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Figure A.14. Csk overexpression does not confer dasatinib-resistance in 

SN12C cells. 

Control SN12C cells or CSK-overexpressing SN12C cells were analyzed by cell 

count following 96h treatment with vehicle, 25, 50 or 100 nM dasatinib. Data are 

presented as the mean ± S.D. (n = 3). The levels of CSK, as well as total and 

phospho-specific forms of Src, FAK, STAT3, and ERK 1/2 were monitored by 

immunoblot. α-tubulin, loading control.

334



Figure A.15. Chromatin Immunoprecipitation analysis at the PTP1B 

promoter. 

ChIP analysis  using anti-HIF1α or non-specific IgG antibodies was performed on 

sheared chromatin from ACHN or ACHN-HIF-1α cells. Co-immunoprecipitated 

DNA containing the PTP1B hypoxia response element (HRE) was  quantified 

using using real-time PCR and presented as percent (%) of input.
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Figure A.16. VHL, HIF-α, Src, and PTP1B levels are related in RCC patients. 
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(A) Quantitative assessment of VHL, PTP1B, Src, and HIF-2α expression by 

immunostaining of RCC TMA. Representative staining images from a patient with 

strong VHL protein expression (top panel) and from a patient with weak VHL 

expression (bottom panel) are shown. Corresponding markup images of the color 

deconvolution algorithm with intensity ranges are shown (red = strong, orange = 

moderate, yellow = weak, blue = negative immunoreactivity). For HIF-2α, the 

nuclear immunostaining algorithm was applied. Scale bar, 50 mm. (B) Spearman 

Rho correlation coefficients among the biomarkers. Red indicates positive 

correlation and blue indicates negative correlation. P values  for these 

correlations are represented as follows: *P < 0.05; **P < 0.001; ***P < 0.0001 (n 

= 131). (C) Comparison between Src and VHL protein expression in the samples 

of the RCC tissue microarray (TMA). (D) Scatter plot of the VHL and Src scores 

generated from automated image analysis intensity algorithm. The vertical lines 

represent fifth percentile and median VHL scores, corresponding to thresholds for 

negative and weak expression, respectively. The horizontal line represents the 

median for the Src score, where levels below are considered weak expression 

and levels above are considered strong expression. The upper right (shaded) 

quadrant depicts the molecular phenotype of tumors with both strong VHL and 

strong Src expression.
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Figure A.17. Heat map showing hierarchical clustering of the protein 

expression data of VHL, Src, pFAK and PTP1B. 

The data was  generated from the cytoplasmic staining intensity scores as 

measured by quantitative digital image analysis and normalized by centering on 

the median. HIF-2α immunostaining is not shown, as its  reported values were 

scored by quantifying nuclear positivity. Each row corresponds to a patient 

sample and each column represents the indicated biomarker (Src, PTP1B, pFAK, 

VHL). Color represents expression level from black to red, with red indicating 

high expression and green indicating low expression. The columns were also 

clustered as shown by the simple tree at the top of the figure.
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Figure A.18. Correlation between the expression levels of VHL, PTP1B, Src 

and HIF-2α immunostaining in transitional cell carcinoma of the bladder. 

A tumor from a representative transitional cell carcinomas patient was 

immunostained with VHL, PTP1B, Src and HIF-2α using DAB based detection 

method and subsequently counterstained with hematoxylin. The scanned slides 

were then subjected to quantitative digital image analysis. Corresponding markup 

images of the color deconvolution algorithm with intensity ranges are shown (Red 

= strong, orange = moderate, yellow = weak, blue = negative immunoreactivity).

For HIF-2α, the algorithm was applied for nuclear immunostaining. Scale bar is 

50µm. 

Table, Spearman Rho correlations between the biomarkers
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Figure A.19. Analysis of interrelationships among VHL, HIF-α, Src and 

PTP1B in RCC patients. 

ROCK-BCFG network interaction map: Red nodes indicate the markers 

experimentally analyzed in vitro and in vivo. Solid lines denote physical 

interactions and dotted lines denote transcriptional regulation events.
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Table A.1. Summary of differentially phosphorylated proteins between 

SN12C and SN12C VHL cells
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Table A.2. Clinicopathological correlations for Src in patients with RCC 

sampled on tissue microarray (cohort 1). 

(A) Association between membranous and cytoplasmic Src expression. 

Contingency table analysis and Chi Square test. (B) Multivariate analysis with 

tumor stage, Fuhrman grade, Src cytoplasmic and membranous expression 

(combined). Cox proportional hazard regression analysis. CI = Confidence 

interval; RR = Relative risk; n = negative; w = weak; s = strong expression. (C) 

Correlation between Src and VHL expression in RCC. *Contingency table 

analysis and Chi-square test. 215 tumor cores from 215 patients.
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Table A.3. Cell cycle analysis of shVHL lines. 

VHL-WT or shVHL SN12C and ACHN cell lines were treated with the indicated 

concentration of dasatinib, and cell cycle profiles were examined by flow 

cytometry. Cell population (%) in each cell cycle phase was quantified.
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Table A.4. Cell cycle analyses of HIF-α mutant cell lines. 

Cell cycle profiles of SN12C and ACHN cells expressing constitutively stable 

HIF-1α–P564A (HIF-1α) or HIF-2α–P405A, P853A (HIF-2α) mutants  were 

analyzed by flow cytometry 48 hours after treatment with dasatinib. Cell 

population (%) in each cell cycle phase was quantified.
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Table A.5. Correlation between Src and VHL expression in patients with 

RCC sampled on tissue microarray (cohort 2). 

*Contingency table analysis and Chi-square test. 262 tumor cores from 131 

patients Numbers may not add up to 262 because of missing cores
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Table A.6. Multiple linear regression. 

Coefficient estimates for two predefined models PTP1B and Src. All variables 

have been log-transformed. CI, confidence interval.
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APPENDIX B. Preliminary and Supplementary Data
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Figure B.1. PACS-2 is sumoylated and acetylated at Lys105. 

(A) U2OS cells were cotransfected with PACS-2 flag or PACS-2 K105→R flag and 

Sumo-HA. PACS-2 flag was immunoprecipitated and Sumo-HA was detected by 

western blot. (B) U2OS cells were cotransfected with PACS-2 flag or PACS-2 

K105→R f lag, p300, and SIRT1 as indicated. PACS-2 f lag was 

immunoprecipitated and the amount of acetylated PACS-2 was detected by 

western using acetyl lysine antibody.   
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Figure B.2. Survival analysis of wild-type and Pacs2-/- mice following 15 Gy 

whole body irradiation. 

(A) Wilde-type (WT) (n = 25) and Pacs2-/- (n = 21) mice were exposed to 15 Gy 

whole body irradiation (WBI) and analyzed for overall survival by the Kaplan 

Meier method and statistical significance determined using the log-rank test. (B) 
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Weights were recorded daily from male mice and calculated as a percentage of 

total body weight lost. Error bars  represent mean ± SD. Statistical significance 

determined using a two-sided t-test. (C) Left, representative autopsy photos of 

WT and Pacs2-/- mice following 15 Gy WBI. Right, graphical representation of the 

occurrence of gross lung disease and hemorrhage from 29 autopsied mice 

(11/16 WT, 3/13 Pacs2-/-). (D) Lungs from autopsied mice exposed to 15 Gy WBI 

were processed for hematoxylin & eosin (H&E) staining. (E) Surviving crypts  from 

the small intestine of WT and Pacs2-/- mice were analyzed 3.5 days following 15 

Gy WBI using the crypt microcolony survival assay. Error bars represent mean ± 

SD. Statistical significance determined using a two-sided t-test.
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Figure B.3. Migration of BrdU+ cells along the crypt-villus axis following IR. 

(A) WT and Pacs2-/- mice were injected with 50 mg/kg BrdU and immediately 

exposed to 15 Gy WBI or left untreated. 48 hours following BrdU injection, small 

intestine was dissected and a 3 cm segment of ileum just proximal to the cecum 

was processed for IHC using anti-BrdU antibody. (B) The number of villi with 

BrdU+ cells reaching the upper 1/4th of the villus  were counted and presented as 

the mean percentage of BrdU+ villus tips  per circumference (or cross-section). 

Error bars represent mean ± SD. Statistical significance determined using a two-

sided t-test. Quantification from untreated mice was not depicted, as all villi from 

untreated mice (both WT and Pacs2-/-) had Brdu+ cells at the villus tips. 
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B.4. Analysis of villus-crypt ratio in WT and Pacs2-/- mice. 

(A) 10 week old male WT and Pacs2-/- mice were sacrificed and 3 cm segments 

of ileum (just proximal to cecum) and jejunum (mid-way between stomach and 

cecum) were processed for H&E. (B) Ratio of villus  height to crypt depth was 

quantified from ≧ 100 villi per genotype from n = 4 mice. Error bars represent 

mean ± SEM. Statistical significance determined using a two-sided t-test. Upper, 

jejunum. Lower, ileum. (C) Representative images from ileum. 
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Figure B.5. PACS-2 promotes NF-κB transcriptional activity and interacts 

with p65 and IκBα. 

(A) HCT116 cells were cotransfected with plasmids encoding the NF-κB 

response element (RE) (firefly luciferase) and thymidine kinase (renilla 

luciferase) together with PACS-2-HA and the NF-κB subunit p65/RelA as 

indicated. The relative luciferase activity was determined by the ratio of firefly to 

renilla. Error bars  represent mean ± SD. Statistical significance determined using 

a two-sided t-test. (B) HCT116 cells  were cotransfected with PACS-2 flag and 

Inhibitor of κB-α (IκBα)-HA and treated with MG-132 for 6 hours. PACS-2 flag 

was immunoprecipitated and coimmunoprecipitating IκBα-HA and endogenous 

p65 was detected by western blot. 
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