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Introduction

Background and significance

Every year over 1.5 million people are diagnosed with cancer and more
than 500,000 people succumb to the disease, making it the second-leading
cause of death in the United States (American Cancer Society, 2013). Despite a
sustained decline in cancer deaths in recent years, there are still key gaps in our
understanding of this disease that are crucial for the development of new and
more effective therapeutics (Jemal, 2013). Cancer development can be thought
of as a stepwise process through which transition to malignancy requires
manipulation or loss of the many checkpoints in place to prevent tumor
progression. The ability of cells to induce apoptosis, a type of programmed cell
death, in response to aberrant growth signals is one of these checkpoints and
represents a substantial barrier for evolving tumor cells (Hanahan, 2011). A
clearer understanding of how apoptotic pathways are regulated and how they
become deregulated during tumor evolution is an active area of investigation,
and restoration of apoptotic sensitivity in tumors remains an important goal in

cancer therapy (Fesik, 2005).

Resistance to apoptotic signals is commonly achieved by deregulating
or inactivating key tumor suppressor pathways. One of the most common
mechanisms of inactivation is achieved by mutating the tumor suppressor p53 or
by functionally inactivating the signaling pathways upstream or downstream of
p53. p53 is a vital transcription factor with the ability to translate extracellular

signals into biologic outcomes through its ability to initiate transcription of various
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target genes. More specifically, signaling through p53 in response to genetic
damage or oncogenic stress can initiate a range of cellular functions including
cell cycle arrest, DNA repair, and apoptosis. The ability of p53 to initiate
apoptosis is a key means through which it protects cells against tumorigenesis
and important questions still remain about the precise signaling and cellular
contexts required for p53-induced apoptosis (Christophorou, 2006; Efeyan and

Serrano, 2007; Vousden and Prives, 2009).

p53 activity is regulated at many levels and kept low in unstressed cells
due largely in part to regulation by the E3-ubiquitin ligase MDM2. In response to
cellular stressors, like DNA damage or oncogenic signaling, p53 is modified and
regulated by countless proteins, a full review of which is beyond the scope of this
dissertation. Briefly, DNA damaging signals are transmitted to p53 through
phosphorylation at a number of sites by the serine/threonine kinases ATM, ATR,
CHK1, and CHK2. In the case of oncogenic signaling, p53 stability and activity
are enhanced by activation of ARF, an MDM2 inhibitor. Once stabilized, p53 can
activate or repress a diverse set of target genes that lead to cellular fate
decisions like cell cycle arrest or apoptosis (Efeyan and Serrano, 2007). The
apoptoic function of p53 is vital for its role as a tumor suppressor (Christophorou,
2006) and as a result, understanding the cell context, machinery, and interacting
proteins needed to stimulate p53-mediated apoptosis is an active area of
investigation. In this dissertation we will focus on the regulation of the p53-
binding and apoptotic-stimulating protein, ASPP2. ASPP2 (apoptosis-stimulating

protein of p53-2) is a regulator of apoptosis that cooperates with p53 and other
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apoptotic proteins to promote apoptotic cell death (Naumovski and Cleary, 1996;
Samuels-Lev et al., 2001; Yang, 1999). Aspp2 has emerged as a tumor
suppressor that can cooperate with p53 to prevent tumorigenesis in vivo (Kampa
et al., 2009a; Vives, 2006). This dissertation will explore the regulation of ASPP2
expression as well as one functional consequence of Aspp2 loss in a defined
tumorigenic system. Additionally we will describe the discovery and
characterization of a novel ASPP2 isoform, AN-ASPP2, with important regulatory

potential with regards to both ASPP2 and p53.

A. ASPP2 Background

ASPP proteins: an overview of structure and function. ASPP2 (Apoptosis-
stimulating protein of p53-2) is the founding member of a family of apoptosis
regulating proteins that all share homology in their C-terminus. As shown in
Figure 1.1, the ASPP family includes ASPP2 (also referred to as 53BP2L) and
BBP (a splice isoform of ASPP2; also referred to as 53BP2S), which are both
generated from the ASPP2 gene, TP53BP2 (Naumovski and Cleary, 1996). The
ASPP family also includes ASPP1 and iASPP, which are generated from
separate genes on separate chromosomes (Bergamaschi, 2003; Samuels-Lev et
al., 2001; Yang et al., 1997). ASPP2 was originally discovered as a partial clone,
named 53BP2, that was found during a yeast two-hybrid screen using the DNA-
binding domain of the tumor suppressor p53 as bait (lwabuchi et al., 1994).

53BP2 was later found to be a partial clone of a longer protein named BBP (BCL-
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2-binding protein) for its ability to bind the anti-apoptotic protein BCL-2
(Naumovski and Cleary, 1996). It was later determined that BBP is a naturally
occurring N-terminally truncated splice isoform of full-length ASPP2, the longest
and most potent gene product from the TP53BP2 locus (Samuels-Lev et al.,

2001).

ASPP family members all share homology in their C-terminus and
contain an Ankyrin-repeat domain, SH3-domain, and a Poly-Proline rich region,
which helps to further emphasize the ASPP family name (Samuels-Lev et al.,
2001). The proteins can be functionally subdivided with ASPP1, ASPP2, and, to
a lesser extent, BBP being considered pro-apoptotic and iASPP being anti-
apoptotic (Bergamaschi, 2003; Samuels-Lev et al., 2001). Because the pro-
apoptotic family members share homology in their N-terminus and the anti-
apoptotic iIASPP does not, this region is thought to contain key regulatory
domains necessary for promoting apoptotic function. While the specifics of its
function in apoptosis are unclear, it is known that the N-terminus of ASPP2 has
an unstructured a-helical and RAS-association domain (Tidow, 2007) that is
integral for RAS-mediated signaling and senescence (Wang Y., 2013; Wang,
2012b). The importance of an intact N-terminus will be explored in further detalil

in Chapter 2.
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a ASPP1
o Pro[[Ank [ [SF3] | 1001 ASPP1
b ASPP2
o IPro[|"Ank | [SH3| | 1128 ASPP2
o lPro|[ Ank | [SH3| | 1005 BBP
Pro-apoptotic
c iASPP Anti-apoptotic

Proll Ank [ISH3[Y 525 iaspp

Figure 1.1: Schematic of the ASPP2 gene family (Trigiante and Lu, 2006
with permission). The functionally subdivided ASPP family of proteins share the
common features of a poly-proline rich region (Pro), ankyrin repeat domain (Ank),
and SH3-domain (SH3) in their C-terminus. Furthermore, the pro-apoptotic
members share homology in an unstructured a-helical domain (a) in their N-
terminus.
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Diverse ASPP2 binding implies diverse functions. As previously mentioned,
ASPP2 was originally discovered for its ability to bind to the DNA-binding domain
of the tumor suppressor p53 (lwabuchi et al., 1994). The interaction of the p53
core domain and 53BP2 (a C-terminal partial clone of ASPP2) was further
verified when they were co-crystallized to a resolution of 2.2 angstrom (Gorina
and Pavletich, 1996). In addition, several of the more common tumor-derived hot
spot mutations of p53 disrupt ASPP2-p53 binding and suggest direct regulation
of p53 function (Gorina and Pavletich, 1996; Thukral et al., 1994; Tidow, 2007).
Interestingly, p53 cannot bind ASPP2 and DNA at the same time (lwabuchi et al.,
1994), hinting at complexities in the regulation of p53 by ASPP2 that have yet to

be defined.

In addition to binding p53, however, ASPP2 has been shown to bind a
wide variety of other proteins. While most of the known ASPP2 binding partners
interact through its C-terminal domain (Rotem-Bamberger, 2013), recent work
has centered on defining associations at the N-terminus and their subsequent
functional ramifications. For example, we have shown that ASPP2 associates
with the signaling protein RAS through the N-terminal 126 amino acids of ASPP2
and that this association is necessary for potentiating RAS signaling and
senescence (Wang, 2012b). The functional relevance of many of these
interactions is still not known but they implicate ASPP2 in many p53-independent
processes and in a wide array of signaling pathways. As summarized in Table

1.1, the ability of ASPP2 to bind a broad spectrum of proteins with a diverse set
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of functions highlights the fact that ASPP2 has far reaching, yet poorly

understood, effects within the cell.
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Putative function of pathway interactions

Reference(s)

p53 (p73/p63)

H-RAS

BCL-2 (BCL-X,)

IRS-1

dCsk

APP-BP1

PP1

PAR-3

ATGS

NFkB/p65 subunit

HCV core protein

Ddx42p

DDA3

YAP

APCL
14-3-3s

Modulates functions/pathways:

Enhances p53 transcriptional
activity/Promotes p53-mediated apoptosis

Potentiates RAS signaling, ERK1/2
phosphorylation, B-RAF/C-RAF dimerization,
and C-RAF phosphorylation

Impedes cell cycle progression/Induces
mitochondrial-mediated apoptosis

Modulates insulin signaling mediated by IRSs

Drosophila ASPP interacts with dCsk to
regulate dSrc kinase

Inhibits neddylation pathway via interaction
with APP-BP1

Inhibits Protein Phosphatase 1 activity and
facilitates activation of TAZ

Facilitates establishment and maintenance of
cell polarity

Inhibits autophagy

Functions modulated by:

Apoptosis inhibited by NFkB pathway

Apoptosis inhibited by HCV core protein

Apoptosis/cell growth suppression inhibited
by DEAD box protein Ddx42p

Stimulation of p53-mediated BAX activation
inhibited by DDA3

Undefined functional association:

Phosphorylation by c-Yes inhibits interaction
with YAP (a p73 co-activator)

Intracellular localization modulated by APCL

Associates with 14-3-s during interphase

Samuels-Lev 2001;
Iwabuchi 1998;
Bergamaschi 2004; Wang
2013

Wang 2012; Wang 2013

Naumovski 1996;
Kobayashi 2005;
Takahashi 2005

Hakuno 2007

Langton 2007

Chen 2003

Helps 1995; (Liu et al.,
2011; Skene-Arnold, 2013)

Cong 2010; Sottocornola
2010

Wang 2012a

Yang 1999; Takahashi
2005

Cao 2004

Uhlmann-Schiffler 2009

Sun 2008

Espanel 2001

Nakagawa 2000

Meek 2004

TABLE 1.1 POTENTIAL FUNCTIONS AND PUTATIVE

PARTNERS OF ASPP2 (adapted from Kampa et al., 2009b with permission).

INTERACTING
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The TP53BP2 locus is inherently complex. ASPP2 is encoded by the 66 kb
gene TP53BP2 located on the minus strand of chromosome 1g42.1 (Yang et al.,
1997). Both ASPP2 and BBP transcripts originate from TP53BP2 (Aspp2 in
mice) through alternative splicing (Takahashi et al., 2004). Removal of exon 3,
which harbors a premature stop codon, generates the ASPP2 transcript and
ultimately ASPP2 (also known as 53BP2L), a proposed 1,134 amino acid protein
with a predicted size of approximately 135 kDa (Samuels-Lev et al., 2001). The
BBP transcript is generated in one of two ways. First, retention of exon 3, and
thus the premature stop codon, can cause translation to initiate in exon 6 as
opposed to exon 1 (Takahashi et al., 2004). Additionally, splicing can cause the
removal of both exons 2 and 3, resulting in a frame shift that creates a premature
stop codon in exon 4, again causing translation to initiate in exon 6 (Figure 2.2A).
Both transcripts give rise to the N-terminally truncated BBP (53BP2S), which
lacks the first 126 amino acids as compared to ASPP2, is 1,005 amino acids in
length, and has a predicted size of approximately 115 kD (Figure 1.2; Naumovski

and Cleary, 1996).

ASPP2/BBP T55
BBP

Y

1 2 3 4 5 6789 1011 12 13 1415 18 17 18

TGA

Figure 1.2: Gene structure of TP53BP2/ASPP2. Both ASPP2 (53BP2L) and
BBP (53BP2S) are generated from the TP53BP2 locus. ASPP2 translation
initiates in exon 1 while BBP translation utilizes an ATG in exon 6 due to a
premature stop codon located in exon 3. Black triangle=BBP translation start site;
TSS=transcription start site; TGA=stop codon.

10
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ASPP2 expression is regulated on many levels.

Transcriptional Regulation

Current knowledge about the regulation of ASPP2 expression is limited, but
several findings suggest that it is complex and occurs at multiple levels. Studies
show that epigenetic changes, such as methylation at the TP53BP2 promoter,
can inhibit ASPP2 expression (Liu, 2005; Sarraf and Stancheva, 2004). In HeLa
cells, stable transcriptional repression of TP53BP2 occurs through histone 3-
lysine 9 (H3-K9) methylation of the promoter by a complex formed by the methyl
CpG binding protein MBD1 and the methylase SETDB1 (Sarraf and Stancheva,
2004). Additionally, the TP53BP2 promoter was shown to be hypermethylated in
a subset of tumor cell lines when compared to normal fibroblasts, indicating that
abnormal methylation may be involved in down-regulating TP53BP2 gene

expression during tumorigenesis (Liu, 2005).

TP53BP2 has also been identified as an E2F gene target (Chen, 2005;
Dynlacht, 2005; Fogal et al., 2005; Hershko et al., 2005), connecting it to the
RB/E2F tumor suppression pathway. The E2F family of transcription factors
transactivates many genes that are important for cell cycle progression as well as
genes involved in apoptosis, thus allowing proliferation while also sensitizing
cells to apoptotic signals (Sherr, 2002). Identification of TP53BP2 as an E2F
target gene provides a link between two important tumor suppressor pathways
and strengthens the argument that ASPP2 plays an important role in preventing

tumorigenesis. Interestingly, although mutation of all known E2F binding sites in

11
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an TP53BP2 promoter-luciferase reporter shows loss of EZ2F-induced
transcriptional stimulation, transactivation of this mutated promoter is still
significantly higher than empty vector controls when exposed to serum (Chen,
2005), indicating that other serum-stimulated, non-E2F-mediated pathways may
also regulate ASPP2 expression. In Chapter 3 | will present data demonstrating
that the oncoprotein c-MYC regulates TP53BP2 transcription and discuss the

possible functional consequences of this regulation.

Protein Regulation

ASPP2 protein expression responds to various types of cellular stimuli. Serum,
UV irradiation, the DNA-damaging drugs idarubicin and doxorubicin, as well as
the proteasome inhibitor bortezomib all induce expression of ASPP2 protein
(Lopez, 2000; Lossos et al., 2002; Samuels-Lev et al., 2001; Zhu, 2005), but very
little is known about the upstream pathways involved in these reponses.
Additionally, ASPP2 protein degradation is posttranslationally controlled by

ubiquitin-mediated proteolysis (Zhu, 2005).

Cellular Localization

ASPP2 localizes to several subcellular compartments, which may be cell type or
context dependent. ASPP2 contains a nuclear localization signal within its
ankyrin repeat domain (amino acid residues 795-894) that, when expressed
alone or as a fusion with other proteins, localizes to the nucleus (Sachedev

1998 ;Yang 1999). Despite this signal however, full-length ASPP2 is
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predominantly located in the cytoplasm and near the plasma membrane as a
result of its association with the small GTPase protein RAS (lwabuchi et al.,
1998; Naumovski and Cleary, 1996; Wang Y., 2013; Wang, 2012b). Additionally,
ASPP2 can transiently localize to the mitochondria and enhance apoptosis,

though the mechanism remains unclear (Kobayashi, 2005).

Tissue Distribution

The distribution of protein expression throughout a panel of tissues is often a
helpful tool for understanding a protein’s function. ASPP2 appears to be
ubiquitously expressed in most tissues but its expression levels vary. Northern
blot analysis, using a probe near the 3’ end of the transcript, shows elevated
levels of ASPP2 mRNA in several human tissues including heart, testis, and
peripheral blood leukocytes (Yang 1999). Moreover, whole mount in situ
hybridization of mice at embryonic day 9.5, using probes that target both the 5'-
end and 3’-end of the transcript, shows that ASPP2 is strongly expressed in the
central nervous system-- specifically the brain, spinal cord, and optic cup

(Sottocornola et al., 2010).

ASPP2 promotes apoptosis. Before ASPP2 was known to be the full-length
gene product from the TP53BP2 locus, Yang and colleagues showed that
overexpression of BBP in cells induces apoptosis (Yang 1999). In 2000, Lopez et
al. demonstrated that ASPP2 was UV-damage inducible and that loss of the
endogenous protein promotes cell survival in response to damage, thus

implicating it in the damage response pathway (Ao et al., 2001). In 2001, a
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seminal study by Samuels-Lev et al. showed that full-length ASPP2 promotes
apoptosis and does so, at least in part, through a p53-mediated mechanism,
which supported and clarified earlier results showing the ASPP2 binds the tumor
suppressor p53 in its core domain (Gorina and Pavletich, 1996; Iwabuchi et al.,
1994). They postulated that ASPP2 enhances apoptosis by promoting
preferential binding and transactivation of p53 on its pro-apoptotic target genes
(e.g. Bax, PIG3, Puma) and not cell cycle arrest genes (e.g. p21"*F, mdm-2;
(Samuels-Lev et al., 2001). These findings give insight into a possible
mechanism of how ASPP2 may cooperate with p53 to promote apoptosis and

define ASPP2 as a key regulator of p53 function.

While primarily studied as a p53-interacting protein, ASPP2 is known to
bind and affect a variety of other proteins, several of which are involved in
apoptotic pathways (Table 1.1). For example, ASPP2 binds and modulates the
apoptotic activity of the p53 family members p63 and p73, demonstrating p53-
independent roles as well (Bergamaschi 2004). Additionally, ASPP2 binds the
pro-survival proteins BCL-2 and NF-kB/p65 and expression of either BCL-2 or
NF-kB can suppress ASPP2-mediated apoptosis (Takahashi et al., 2005; Yang,
1999). Additionally, ASPP2 can stimulate apoptosis by localizing to the
mitochondria to promote depression of the mitochondrial transmembrane
potential, though the details of the precise mechanisms involved remain unclear
(Kobayashi, 2005). Taken together, these findings clearly demonstrate that
ASPP2 promotes apoptosis, but also underscores the need to clarify precisely

how and under what cellular contexts it functions to promote cell death.

14



Introduction

ASPP2 has clear functions beyond apoptosis.

Cell cycle

Several studies have demonstrated a role for ASPP2 in the cell cycle. The
ASPP2 splice isoform BBP can block cell cycle progression by inducing
accumulation of cells in G,/M (Naumovski and Cleary, 1996). Additionally, Aspp2
appears to play a role in the Go/G; cell cycle checkpoint in response to y-
irradiation, as murine thymocytes that lack one copy of Aspp2 do not arrest at
Go/G1 as efficiently as their wild type counterparts (Kampa et al., 2009a). Indeed,
a role for ASPP2 in cell cycle regulation is suggested by its physical and
functional association with p53, a master tumor suppressor with defined roles in

cell cycle checkpoint control (Efeyan and Serrano, 2007).

Senescence

RAS is a widely studied small GTPase that controls an intracellular signaling
cascade that is responsible for a variety of cellular outcomes, including
senescence (Collado, 2010). Senescence, a type of irreversible cell cycle arrest,
is considered an intrinsic protective response against malignant transformation.
Because of the presence of a predicted RAS-association domain in the N-
terminus of ASPP2, a series of studies have looked at whether ASPP2 plays a
role in this complex signaling pathway. ASPP2 was shown to be a mediator of
RAS-induced senescence by demonstrating that loss of ASPP2 in multiple
primary cell types attenuated activated RAS-induced senescence (Wang et al.,

2010; Wang, 2012b). Additionally, ASPP2 binds directly to RAS at the plasma
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membrane through the first 126 N-terminal residues making this interaction
entirely separate from its C-terminal p53-binding ability. Furthermore, ASPP2
potentiates RAS signaling as shown by phosphorylation of the downstream
mediator ERK1/2, enhanced dimerization of the protein kinases B-RAF/C-RAF,
and increased phosphorylation of C-RAF (Wang, 2012b). Additional data
suggests that RAS-induced senescence may be mediated by ASPP2 through its
ability to inhibit RAS from inducing accumulation of the cell cycle regulatory
protein cyclin D1 within the nucleus (Wang et al., 2010). Together these findings
define a clear role for ASPP2 in senescence and broaden our understanding of

one mechanism through which it may act as a tumor suppressor in vivo.

Cell polarity and development

In an effort to more clearly understand the role of ASPP2 in vivo two different
groups have genetically targeted Aspp2 in mouse models to examine the
outcome of its depletion. While the differences in the two targeting strategies
appear to have created some disparities (see Chapter 2), both Aspp2’ animal
models show profound developmental defects (Kampa et al.,, 2009a; Vives,
2006). Vives et al. found that mice were born runted and with cranial, retinal, and
heart abnormalities while Kampa et al. were unable to recover any Aspp2”
animals even as early as embryonic day 6.5. Further analysis determined that
Aspp2 has a vital role in the development of the central nervous system (CNS),
more specifically that it plays a role in the establishment and maintenance of

neural progenitor cells (Sottocornola et al., 2010).
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Further investigation into the mechanism behind the CNS defects
revealed that animals lacking Aspp2 were deficient in their ability to establish and
maintain the integrity of tight junctions, an important cell-cell connection needed
to regulate epithelial cell polarity. Loss of Aspp2 expression correlates with a loss
of tight junction integrity and an impaired ability to maintain apical domains in
polarized cells in culture and in vivo (Cong, 2010; Sottocornola et al., 2010).
Interestingly, Aspp2 was shown to co-localize with, bind to, and regulate the
organization of the PAR-3 polarity complex at apical junctions within the brain

(Cong, 2010).

Autophagy

Autophagy is a regulated cellular process through which a cell catabolizes
organelles and macromolecules. It is a complex process that can be initiated as a
means of recycling cellular components during nutrient deprivation or to promote
cell death, depending on the cell type and context. This dual role in both survival
and cell death makes it important for both the pathogenesis and treatment of
cancer (Kundu, 2008). Recently, studies have shown that certain types of cancer
are dependent upon autophagy for survival and tumor growth and that inhibition
of autophagy can result in tumor regression and upregulation of protective
pathways like senescence (Wang, 2012a; Yang, 2011). Interestingly, ASPP2 has
been shown to inhibit autophagy. Specifically, the N-terminus of ASPP2 is
proposed to share structural similarity with the essential autophagic protein

ATG16 and thus competes with it for binding partners. This competition inhibits
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autophagy by inhibiting the necessary ATG16/ATG12/ATG5 complex and, as a
result, enhances RAS-induced senescence (Wang, 2012a). This notion that
levels of autophagy, and by extension ASPP2, can regulate a cell's response to
oncogenic RAS is very interesting and opens up new avenues of investigation for

improved cancer therapeutics.

ASPP2 is a bona fide tumor suppressor repressed in human cancer. Given
that ASPP2 plays a role in promoting apoptosis, and that it does so by
cooperating with pathways that are often deregulated in human cancer, many
studies have focused on examining ASPP2 (or lack thereof) during cancer
progression (Table 1.2). Two separate animal studies have shown that loss of
one copy of Aspp2 leads to an increase in spontaneous tumor formation.
Aspp2*"~ mice were also shown to be more sensitive to tumorigenesis induced by
ionizing radiation as compared to their wild type littermates (Kampa et al., 2009a;
Vives, 2006). In accordance with these data, several studies report that low
levels of ASPP2 mRNA are seen in invasive and metastatic breast cancer patient
samples (Bergamaschi, 2003; Cobleigh et al., 2005; Hedenfalk et al., 2001;
Samuels-Lev et al., 2001; Sgroi, 1999) as well as in various other tumor types
and a number of human cancer cell lines (Liu, 2010; Liu, 2005; Lossos et al.,
2002; Meng, 2013; Mori et al., 2000; Pomeroy et al., 2002; Zhao et al., 2010). A
full summary of ASPP2 expression in human tumors is shown in Table 1.2.
Decreased levels of ASPP2 mRNA correlates with poor prognosis in some non-
Hodgkin’s lymphomas (Lossos et al., 2002) and shorter recurrence-free survival

in breast cancer patients (Cobleigh et al., 2005). Moreover, ASPP2 mRNA levels
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strongly correlate with sensitivity to genotoxic stress (Mori et al.,, 2000),
suggesting that ASPP2 may play a role in sensitizing tumor cells to apoptotic
stimuli thus protecting them from malignant transformation. Furthermore, loss of
Aspp2 in mice leads to the development of retinal dysplastic rosettes, similar to
those seen in human neuronal tumors and BBP inhibits RAS/E1A-mediated
transformation in rat embryonic fibroblasts (Iwabuchi et al., 1998; Sottocornola et

al., 2010).

There remains a great deal of work to be done in order to understand
the genetic mechanisms surrounding loss of ASPP2 expression during tumor
development. However, we do know that while mutations in TP53BP2 are rare,
they have been reported in gastric cancers with high microsatellite instability and
that single nucleotide polymorphisms in the gene have been found associated
with gastric cancer susceptibility (Ju et al., 2005; Mori et al., 2000; Park et al.,
2010). Additionally, epigenetic silencing of the TP53BP2 promoter by methylation
is frequently observed in human cancer (Liu, 2005; Sarraf and Stancheva, 2004;
Zhao et al., 2010). These data, taken together with the mechanistic and
functional data showing that ASPP2 enhances apoptosis, regulates senescence,
and possibly regulates cell cycle checkpoints and autophagy, strongly suggest
that ASPP2 is a tumor suppressor that is vital for protection against malignant
transformation. Indeed, loss of ASPP2 expression in cancer may afford a
selective advantage by conferring evolving tumor cells with a degree of apoptotic

or senescent resistance.
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Tumor type

Introduction

Reference(s)

Breast

Reduced levels of ASPP2 expression
seen in both invasive and metastatic
breast tumor tissue (Sgroi 1999) and
ASPP2 downregulation may be favored
in tumor cells expressing wild type but
not mutant p53 (Samuels-Lev 2001).

Sgroi, 1999; Samuels-
Lev, 2001; Cobleigh,
2005; Bergamaschi,

2003; Hedenfalk, 2001

Non-Hodgkin’s
Lymphoma
specifically diffuse large
B-cell (DLBC), follicular
center (FC), and
Burkitt's lymphoma

ASPP2 expression higher in DLBC
lymphomas as compared to FC.
Variability of ASPP2 expression in DLBC
lymphoma was much greater than that
seen in FC. ASPP2 expression inversely
proportional to serum lactate
dehydrogenase levels. Levels of ASPP2
expression are extremely low or
undetectable in cell lines derived from
Burkitt's lymphoma.

Lossos, 2002

Gastric cancer

Single nucleotide polymorphisms within
TP53BP2 show significant correlation
with gastric cancer susceptibility (Ju
2005). ASPP2 expression lower in
gastric cancer and precancerous lesions

Ju, 2005; Meng, 2013;

as compared to benign gastric disease Park, 2010
group (Meng 2013). ASPP2 frameshift
mutations are detected in gastic cancers
with high microsatellite instability (Park
2010).
Downregulation of ASPP2 (and ASPP1)
Hepatitis B virus as a result of promoter hypermethylation
positive- is observed in human patient samples of Zhao. 2010
hepatocellular HBV-positive hepatocelluar carcinoma ’
carcinoma as compared to surrounding non-tumor
tissue.
Endometrial Lower expression of A_S_PPZ seen in
endometrioid endometrial endometrioid Liu, 2010

adenocarcinoma

adenocarcinoma as compared to normal
endometrial tissue.

Embryonic tumors of
the central nervous
system

Low expression seen in desmoplastic
samples as compared to normal brain.

Pomeroy, 2002

TABLE 1.2. SUMMARY OF ASPP2 EXPRESSION PATTERNS AND
MUTATIONS IN HUMAN TUMORS.
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B. c-MYC Background

c-MYC is a master transcription factor. c-MYC is the most widely studied
member of a family of basic helix-loop-helix-leucine zipper (bHLH-LZ)
transcription factors. It controls a wide variety of cellular processes, including
proliferation, differentiation, metabolism, and apoptosis, by mediating the
transcription of a diverse set of target genes (Cowling, 2006). MYC is also one of
the most commonly overexpressed proteins in cancer due in part to its ability to
promote proliferation (Meyer and Penn, 2008; Nesbit, 1999). Structurally, MYC is
comprised of a C-terminal DNA-binding domain (bHLH-LZ) and an N-terminal
transactivation domain, which mediate interactions with transcriptional cofactors
and play an important role in regulating protein stability (Meyer and Penn, 2008).
Along with its obligate binding partner MAX, the MYC:MAX heterodimer activates
gene transcription by binding specific DNA sequences (CACGTG) called E-box
regulatory elements within the promoters of target genes (Blackwell, 1990;
Blackwood, 1991; Prendergast, 1991). MYC recruits and binds to a variety of
chromatin remodeling co-factors, such as histone acetyltransferases (HATs) and
TRRAP (transformation/transcription domain-associated protein) that facilitate
the modification and opening of chromatin to allow gene activation (Cowling,
2006; McMahon, 1998). Partnering of MYC with MAX and subsequent gene
activation is opposed by competition for MAX binding by both the MNT and the
MAD family of transcriptional repressors (Hurlin, 2006). MAD:MAX and
MNT:MAX heterodimers also bind to E-box regulatory elements within their target

promoters and, in a process converse to MYC:MAX, promote gene repression
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by recruiting transcriptional co-repressors such as SIN3A (Ayer DE, 1995; Hurlin,
2006). In this way, the availability of competing transcription factors can act as a
level of control to ensure that MYC transcription is occurring at the correct time
and under appropriate cell conditions.

While most commonly known to activate transcription, MYC has also been
linked to gene repression through its ability to bind the transcription factor MIZ-1.
Interestingly, one of the mechanisms of MIZ-1-mediated repression does not
appear to rely upon E-box regulatory sequences but rather on initiator (INR)

elements in the promoters of target genes (Cowling, 2006; Patel, 2007).
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Figure 1.3 Gene regulation mediated by the MYC/MAX transcriptional
network (Patel, 2004 with permission). MYC heterodimerizes with MAX to bind
E-box regulatory elements within target gene promoters to initiate transcription.
The opening of chromatin is aided in part through remodeling proteins such as
SWI/SNF and TRRAP. MYC:MAX further promotes transcription by recruiting
and facilitating the phosphorylation of RNA polymerase Il. MYC is capable of
gene repression through its interaction with MIZ-1 and their association with
initiator (INR) elements within target gene promoters. MNT and MAD family
proteins compete with MYC for MAX binding and represses target genes, also
through binding to E-box motifs. Under normal cycling conditions MYC:MAX
transcription promotes proliferation, apoptosis, and blocks differentiation. In its
pathogenic state, such as is seen in cancer, MYC promotes transformation and
angiogenesis making it a powerful oncogene.
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MYC functions in normal cell proliferation and apoptosis.

MYC is frequently elevated in human cancer (Nesbit, 1999), which highlights the
importance of keeping c-MYC expression tightly controlled so its function is
restricted to the appropriate cellular context.

At the gene level, MYC expression is controlled by a bevy of transcription
factors, including B-catenin/TCF4 and the activating E2F proteins (Wierstra,
2008). As a serum-responsive and proliferation-promoting protein, MYC is
produced in response to mitogenic signals aimed at advancing cell division. At
rest, a cell contains low levels of MYC and upon mitogenic stimulation its
expression rapidly increases to promote transcription of the early response
genes needed for cell cycle entry and progression (Sears, 1999). Indeed,
expression of MYC in the absence of growth stimulation is sufficient for entry into
the cell cycle (Eilers, 1991). MYC facilitates transition of cells from G; into S
phase by direct activation of the important cell cycle regulators cyclin D2 and
cyclin E, and E2F(1-3) while simultaneously repressing cyclin inhibitors such as
p21 (Bouchard, 1999; Fernandez et al., 2003; Leone et al., 2001; Sears et al.,
1997; Seoane et al., 2002; Wu, 2003). As proliferative signaling diminish, so
does MYC expression and activity, thus temporally limiting its function to ensure
cell division proceeds under the correct conditions. Conversely, as MYC
expression wanes, expression of the repressive MNT and MAD family of proteins
increases, thus increasing competition for MAX and further limiting MYC activity
(Hurlin, 2006).

We know that deregulation of MYC is a common mechanism for evolving
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tumor cells to drive cell cycle progression. However, like many oncoproteins, it
also sensitizes cells to apoptosis when MYC expression levels exceed a critical
threshold, thus protecting the cell from aberrant MYC activity (Evan, 1992,
Murphy et al.,, 2008; Nilsson, 2003). It is proposed then that the selective
advantage afforded to cells with deregulated or elevated levels of MYC is kept in
check by its ability to limit proliferation by inducing apoptosis (Evan, 1992;
Nilsson, 2003). Evan et al. first conclusively demonstrated this surprising
discovery by showing that when Ratl fibroblasts are cultured in low serum they
rapidly undergo apoptosis in a MYC-dependent manner (Evan, 1992). This
apoptotic response can be initiated through both p53-dependent and
independent mechanisms. MYC activation of the tumor suppressor ARF
promotes stabilization of p53 by inhibiting its inhibitor MDM2 leading to p53
activation and induction of apoptosis (Zindy et al., 1998). The BCL-2 family of
proteins strongly influences apoptosis by governing mitochondrial membrane
permeability and MYC has been implicated in activating the pro-apototic function
of several of these proteins, specifically BAK and BAX (Jiang, 2007; Juin, 2002).
Also, MYC repression of MIZ-1 allows for the induction of apoptosis by reducing
expression of the anti-apoptotic protein BCL-2 (Patel, 2007). Fundamental
guestions remain, however, about the direct mechanisms involved in executing
MYC-induced apoptosis and the cell context required to trigger this important cell
death response. The ability of c-MYC to induce apoptosis puts selective pressure
on evolving tumor cells to deregulate this apoptotic response and not

surprisingly, deregulation of apoptotic machinery is one of the most common
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cooperating mutations found in tumors with elevated MYC (Nilsson, 2003). In
Chapter 3 I will provide evidence to suggest that direct upregulation of ASPP2 is
one pathway through which MYC may enhance apoptosis in response to
oncogenic or environmental stress.

In addition to sensitizing cells to apoptosis and positively regulating genes
needed for cell cycle progression, MYC also targets genes that promote cell
growth by way of ribosome biogenesis, inhibit terminal differentiation, promote
stem cell self renewal, and enable anchorage-independent migration (Dang,
2012). With such a wide array of functions it is easy to imagine how deregulation

of this one protein has such a strong impact on promoting tumorigenesis.
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Statement of thesis

Evidence is clear that ASPP2 is a tumor suppressor that plays a role in protecting
against malignant transformation. What is not known, is precisely how the gene
products from the TP53BP2 locus are regulated and how this regulation
translates into meaningful action within the cell. Given ASPP2’s role as a pro-
apoptotic tumor suppressor and the established complexity at the TP53BP2
locus, | hypothesized that multiple pathways must regulate ASPP2 expression
and that ASPP2 function may be impacted by previously unknown protein
isoforms. In Chapter 2, | focus on the discovery and characterization of a novel
isoform from the TP53BP2 locus and how it might play a role in promoting
tumorigenesis. In Chapter 3, | concentrate on my examination of TP53BP2 as a
MYC target gene and the extent to which this regulation affects the established

role for ASPP2 as a tumor suppressor.
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Chapter Two:

AN-ASPP2 is a Novel Isoform of
the ASPP2 Tumor Suppressor that

Promotes Cellular Survival
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Abstract

Apoptosis-Stimulating Protein of p53 2 (ASPP2 aka 53BP2L) is a tumor
suppressor that works, at least in part, through enhancing p53-dependent
apoptosis.  Full-length ASPP2 is necessary for potent stimulation of p53-
dependent apoptosis, though the precise mechanisms and cell contexts that
enable this function remain to be clarified. The complexity of the TP53BP2 allele
led us to investigate whether additional ASPP2 isoforms might contribute to the
modulation of ASPP2 and/or p53 function. We now describe a new isoform, AN-
ASPP2, generated from an internal transcription start site that encodes an N-
terminally truncated protein missing a predicted 254 amino acids. Here we report
that AN-ASPP2 suppresses p53 target gene transactivation, promoter
occupancy, and endogenous p53 target gene expression in response to DNA
damage. Additionally, AN-ASPP2 promotes proliferation, resistance to genotoxic
stress-induced growth inhibition, and apoptosis. We have also found that AN-
ASPP2 expression is increased in human breast tumors as compared to adjacent
normal breast tissue; in contrast, full-length ASPP2 expression is suppressed in
the majority of these breast tumors. Together, our results provide insight into
how this new ASPP2 isoform may play an important role in regulating the

ASPP2-p53 axis.
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Introduction

The p53 pathway is a critical and central player in the regulation of both
cellular stress response and tumor suppression. Defects in the p53 axis result in
subsequent defects in downstream tumor suppressive pathways such as cell
cycle arrest, apoptosis, and senescence (Meek, 2009; Pietsch et al., 2008). Not
surprisingly, p53 is known to be one of the most highly mutated genes in human
cancer. However, in some cancers (such as breast) the frequency of p53
mutations is relatively low (~20%) as compared to other cancers (Gasco et al.,
2002). Thus, functional inactivation of the p53 pathway must occur by
mechanisms besides p53 mutation. Precisely how the p53 pathway is
functionally inactivated remains complex and incompletely understood.

ASPP2 is the founding member of a family of p53-binding proteins that
share homology in their C-terminus. The C-terminal ankryin-repeat and SH3
domains of ASPP2 bind the p53 core domain (Gorina and Pavletich, 1996;
Iwabuchi et al., 1994) and modulate p53 function (Bergamaschi, 2003; Iwabuchi
et al.,, 1994; Kampa et al., 2009b; Samuels-Lev et al., 2001). The full-length
1,134 amino acid (a.a.) ASPP2 (aka 53BP2L), and to a lesser extent the 1,005
a.a. splice variant BBP (aka 53BP2S) (Naumovski and Cleary, 1996; Takahashi
et al.,, 2004) stimulate p53-mediated transcription, inhibit cell growth, promote
apoptosis, and inhibit RAS/E1A-mediated transformation of rat embryonic
fibroblasts (Lopez, 2000; Naumovski and Cleary, 1994; Naumovski and Cleary,

1996; Samuels-Lev et al., 2001; Yang, 1999). ASPP2 selectively stimulates p53
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(and p73/p63)-transactivation of target genes (Bergamaschi et al.,, 2004;
Samuels-Lev et al., 2001) but also mediates p53-independent functions to inhibit
cell growth (Wang, 2012b). Importantly, targeting of the TP53BP2 allele in mouse
models demonstrates that Aspp2 is a bonafide tumor suppressor (Kampa et al.,
2009a; Vives, 2006). Indeed, clinical studies also demonstrate reduced ASPP2
expression in human tumors and correlation with poor clinical outcome (Lossos
et al., 2002; Samuels-Lev et al., 2001; Zhao et al., 2010). Not surprisingly given
its complex functions, ASPP2 expression is complex and controlled by both
transcriptional and post-translational mechanisms (Chen, 2005; Kampa et al.,
2009b; Lopez, 2000; Zhu, 2005). Moreover, the TP53BP2 locus is an 18 exon
gene spanning over 50 kB, which suggests that additional mechanisms may
further regulate ASPP2 expression. Despite these findings, little is known about
the mechanisms controlling ASPP2 expression and function or how its loss may
impact tumorigenesis and resistance to therapy.

The ASPP2 N-terminus contains important structural and functional
domains (Tidow, 2007). The originally described partial clone known as 53BP2
(encoding an artificial 528 a.a. protein that is missing the N-terminal 600 a.a.) has
dominant-negative activity against ASPP2 and p53 (Samuels-Lev et al., 2001).
Interestingly, the natural occurring N-terminally truncated ASPP2 splice isoform
BBP (missing the first 123 a.a.) has attenuated function compared to full-length
ASPP2 including decreased apoptosis and growth-inhibitory functions (Samuels-
Lev et al., 2001). Indeed, there are many examples of protein isoforms having

distinct and important functions that differ from their full-length products (such as
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the complex isoforms of the p53, p63, and p73 families) (Fujita et al., 2009;
Samuels-Lev et al., 2001). Despite our understanding that the TP53BP2 locus is
complex and that an intact N-terminus is needed for ASPP2’'s full growth
inhibitory and tumor suppressor function, little is known about naturally occurring
ASPP2 N-terminally truncated isoforms or their functions.

In this report, we describe a new ASPP2 isoform that we have named AN-
ASPP2. We demonstrate that AN-ASPP2: (i) is derived from an alternative
transcription start site within intron 6 of TP53BP2, (ii) encodes an N-terminally
truncated ASPP2 protein, (iii) antagonizes p53 transactivation and p53 promoter
occupancy after cellular stress, (iv) promotes cell proliferation and suppresses
cytotoxic damage-induced growth inhibition and apoptosis, and (v) is
overexpressed in human breast tumors as compared to adjacent normal breast
tissue, while full-length ASPP2 expression is suppressed in these tumor
samples. Together our data provide novel insight into the regulation of ASPP2
function and identify a dominant-negative ASPP2 isoform that may ultimately

play an important role in human cancer and provide a new target for therapy.
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Results

AN-ASPP2 is a novel N-terminally truncated isoform of ASPP2. Since the
TP53BP2 locus is structurally complex (Kampa et al., 2009a) we wished to
explore if novel TP53BP2 gene products were generated that could provide
insight into the complexity of ASPP2 function (Kampa et al., 2009b). We utilized
5-RACE with GeneRacer® (Invitrogen) to detect mature capped ASPP2 mRNA
transcripts in human, mouse, and rat cDNA libraries (Figure 2.1). In addition to
the expected known full-length ASPP2 transcript (Samuels-Lev et al., 2001), we
identified and sequence-verified a novel ASPP2 mRNA generated from an
internal transcription start site (TSS) within intron 6 in mouse/human or intron 7 in
rat (Figure 2.1A). We named the new isoform AN-ASPP2 since the predicted
ATG in exon 8 would generate an N-terminal truncated 880 a.a. protein. AN-
ASPP2 is not a splice isoform of the full-length ASPP2 transcript, since exon 1-
initiatied RT-PCR only detects ASPP2 and BBP mRNA in human (Figure 2.2A)
and mouse cDNA libraries (Figure 2.2B). Upon sequence verification we
discovered that a newly described BBP transcript [as opposed to the known
transcript described in (Takahashi et al., 2004)], can be generated by splicing out
both exons 2 and 3. The resulting exon 1-4 splicing causes a frameshift, which
reveals a premature stop codon in exon 4, consequently promoting translation
initiation in exon 6 (Figure 2.2A).

Sequencing of the 5-RACE products identified a unique 5-untranslated
region (containing a portion of intron 6/7 of full-length ASPP2) in the mature AN-

ASPP2 mRNA but not in the mature ASPP2 and BBP mRNAs. To further verify
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the identity of AN-ASPP2, the TSS in rat AN-ASPP2 was additionally mapped
using RT-PCR with a reverse exon 9 primer coupled with a series of forward
primers derived from intron 7 through exon 8 (Figure 2.1B, bottom panel). The
same primer sets were used on genomic DNA from the same source (Figure
2.1B, top panel). As expected, we amplified all fragments (f1-6) in genomic DNA.
However RT-PCR was only able to amplify f1 and f2 from the cDNA library,
which is consistent with the TSS identified by 5’RACE. The genomic sequence
was further analyzed using the promoter prediction software Promoter 2.0
(Knudsen, 1999) and revealed a high scoring TSS (score 1.071) that is within
380 base pairs of our experimentally determined AN-ASPP2 TSS. The open
reading frame of AN-ASPP2 is predicted to truncate the 254 N-terminal amino

acids compared with full-length ASPP2 (Figure 2.1C).
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Figure 2.1. AN-ASPP2 is a novel N-terminally truncated isoform of ASPP2.
(A) Mouse, human, and rat 5’RACE products generated from a GeneRacer®
forward primer (black arrow) and an ASPP2-specific reverse primer (white

arrow).
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Figure 2.1. AN-ASPP2 is a novel N-terminally truncated isoform of ASPP2.
(B) Gel mapping of AN-ASPP2 transcription start site within intron 7. Rat
genomic DNA or a brain cDNA library was amplified using the indicated forward
primers (white arrows) and an exon 9 reverse primer (black arrow) and run on a
1% agarose gel. (C) Diagram of TP53BP2 gene structure with ASPP2 and AN-
ASPP2 TSS indicated (top) and putative protein structure (bottom). Black
boxes=open reading frame; white-boxes=untranslated regions; TSS=transcription
start site; RA=RAS-association domain; PP=poly proline region; AR=ankyrin
repeats; SH3=Sarc homology-3 domain.

36



AN-ASPP2 is a Novel Isoform of the ASPP2 Tumor Suppressor that
Promotes Cell Survival

= = =]
ATG TGA *’-llTE
J—/f——% BBP
1 2 3 4 [
= TGA ATG
.—. . . .__;\/-v- I h ﬁ ASPP2
ATG out of frame TGA ATG

B.
o
M MEF TGA ATG
|
600 bp- ':5:' ' ,/‘/l :_: /;ff mASPP2
'\\ MG
} - H BBP
b\f ST

M MEF

600 bp-

Figure 2.2. AN-ASPP2 is generated from an alternative transcription start
and not alternative splicing. cDNA was prepared from total RNA for both
human cell lines and mouse embryonic fibroblasts. (A and B; top panel)
Sequenced PCR products verify that only ASPP2 and BBP transcripts are
generated from exon 1-initiated transcription in human cell lines and MEFs. el-4
indicates exon 1 forward/exon 4 reverse amplicon and el-6 indicates exon 1
forward/exon 6 reverse amplicon. All 3 PCR products, corresponding to 3 distinct
transcripts, migrate faster in el-4 reactions due to smaller amplicon size. (B;
bottom panel) Sequenced PCR products verify that only one transcript is
generated from an exon-4 or exon-5 initiated amplification. White arrows indicate
primers used.
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Endogenous AN-ASPP2 is expressed in cells. To confirm that the newly
identified AN-ASPP2 TSS (Figure 2.1) generated an intact AN-ASPP2 mRNA
and protein, we first cloned and sequenced the entire AN-ASPP2 cDNA using a
5’-UTR-specific forward primer and 3'UTR-specific reverse primer (Figure 2.3A).
We did not detect mutations in the open reading frame (ORF) shared with
ASPP2. To demonstrate that the AN-ASPP2 cDNA could generate an ASPP2-
immunoreactive protein, we engineered the AN-ASPP2 cDNA, including the
unique 5’ UTR, into an expression vector and transfected the construct into cells
(Figure 2.3B). Using a C-terminal specific ASPP2 antibody on lysates prepared
from transfected cells, we found an ASPP2-immunoreactive protein of ~125 kD,
which migrated faster than the ~165 kD full-length ASPP2 (Figure 2.3B). It is
known that ASPP2 migrates anomalously slow (~165 kD as compared to
predicted ~135 kD) in SDS-PAGE due to its poly-proline rich domain (Samuels-
Lev et al., 2001). This domain is conserved in AN-ASPP2 (Figure 2.1C), which
would similarly account for AN-ASPP2 migrating more slowly than predicted
(~125 kD as compared to predicted ~90 kD). To confirm that the ~125 kD
endogenous band is AN-ASPP2, we used ASPP2 N-terminal and C-terminal-
specific antibodies to epitope-map endogenous AN-ASPP2 protein in human
cancer cell lines. As expected, an endogenous ASPP2-immunoreactive band of
the expected ~125 kD size of AN-ASPP2 was only recognized by the C-terminal
(a.a. 691-1128), but not the N-terminal (a.a. 50-150), epitope-specific antibody
(Figure 2.3C, left panel verses right panel). Likewise, the AN-ASPP2 expression

vector generated a protein with a similar epitope-specific pattern (Figure 2.3D).
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Finally, adding additional support that AN-ASPP2 is naturally-occurring, in
conjunction with our collaborators in Paul Spellman’s lab we obtained data from
an unbiased whole transcriptome sequencing (RNA-seq) database created from
a panel of breast cancer cell lines and detected the presence of the 5’'UTR
sequence that is unique to AN-ASPP2 in some human tumor cell lines, including
HCC202, DU4475, SUM159PT, and 21MT1 (Table 2.1).

We previously targeted exons 10-17 of the Aspp2 allele in a mouse model
(Kampa et al., 2009a). Since this targeting construct is predicted to disrupt the
transcription of both Aspp2 and AN-Aspp2 mRNA (Figure 2.1C), we examined

Aspp2+/exon10-l7

mouse embryonic fibroblasts (MEFs) and found decreased
mouse AN-Aspp2 mRNA levels (Figure 2.3E, right panel) and decreased C-
terminal mouse Aspp2-immunoreactive ~125 kD protein (Figure 2.3E, left panel)

+/+

compared to Aspp2™" MEFs. Together, these results confirm the existence of a

new N-terminally truncated ASPP2 isoform.
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Cell line Subtype ASPP2 AN-ASPP2
21MT1 Basal + +
MCF7 Luminal + —
AU565 Luminal + -
BT20 Basal + —
SUM159PT Claudin low + +
HCC202 Luminal + +
DU4475 Basal + +
CAMA1 Luminal + —
SKBR3 Luminal + --
BT474AZ Luminal + --
HCC2218 Luminal + -
UACC812 Luminal + —
SUM190PT Luminal + -
T47D Luminal + —
ZR75B Luminal + --
LY2 Luminal + —
MCF12A Non- 4 -

malignant

MDA-MB-453 Luminal + --

Table 2.1 Summary of RNA-seq analysis of ASPP2 and AN-ASPP2 in a
panel of breast tumor cell lines. (+) denotes the presence of the ASPP2-
specific or AN-ASPP2-specific search query while (--) denotes no detection.
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Figure 2.3. Endogenous AN-ASPP2 is expressed in cells. (A) Left: Agarose
gel showing AN-ASPP2 cloning product generated from amplification of an MCF7
human cDNA library constructed from total RNA. Right: Schematic of the
sequence amplified using the indicated 5'UTR-specific forward primer and
3'UTR-specific reverser primer. (B) Immunoblot of ectopically expressed full-
length AN-ASPP2 clone and empty vector transfected lysate from H1299 cells.
Lysates were probed with a C-terminally-derived ASPP2-immunoreactive
antibody (ASPP2a from Sigma) (C) Left panels: Immunoblot epitope-mapping of
lysates prepared from breast cancer cell lines and probed for endogenous
ASPP2 and AN-ASPP2 with both a C-terminally-derived (right panel;, ASPP2b
antibody) and N-terminally-derived (left panel; ASPP2c antibody) ASPP2-
immunoreactive antibodies were used at a concentration of 1:500.
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Figure 2.3. Endogenous AN-ASPP2 is expressed in cells. (D) Immunoblot
epitope-mapping of ectopic AN-ASPP2, full-length ASPP2, or an equivalent
concentration of empty vector control transfected into U20S cells and probed
with an N-terminally (left; ASPP2c) or C-terminally (right; ASPP2a) derived
ASPP2 antibodies at a concentration of 1:500. The membrane was serially
probed by quenching HRP signal with 3% hydrogen peroxide between
antibodies. (E) Left panel: Immunoblot showing endogenous Aspp2 and AN-
Aspp2 in wild type and Aspp2-heterozygous MEFs using a C-terminally-derived
ASPP2 antibody (ASPP2d). Right panel: Semi-quantitative RT-PCR of mAN-
Aspp2 and mAspp2 transcripts in cDNA generated from Aspp2** and Aspp2*”
MEFs.
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p53 transcriptional activation is inhibited by AN-ASPP2. Our discovery of
the new N-terminally truncated ASPP2 isoform, AN-ASPP2 (Figs. 2.1 and 2.3),
suggests that it may harbor unique function(s), since the N-terminally truncated
ASPP2 splice isoform BBP has a reduced ability to enhance p53-mediated
apoptosis, and the partial transcript 53BP2 (encoding an artificial N-terminally
truncated protein) is dominant-negative against p53 and ASPP2 (Samuels-Lev et
al., 2001; Takahashi et al., 2004). We therefore explored whether AN-ASPP2
could oppose p53 function by quantifying how its expression modulated
exogenous p53 transactivation. Using a p21-luciferase reporter in the p53 null
H1299 cell line (Figure 2.4) we found, as expected, that p53 alone stimulated the
luciferase construct while AN-ASPP2 alone did not (Figure 2.4A). However, AN-
ASPP2 inhibited p53 transactivation of the p21l-luciferase reporter in a dose-
dependent manner (Figure 2.4A). We next tested whether AN-ASPP2 could
inhibit endogenous wild-type p53 transactivation function using a p21-luciferase
reporter in the isogenic paired HCT116p53+’+ and HCT116p53"‘ cell lines (Bunz
et al., 1998). As expected, transfection of a p21-luciferase reporter into
HCT116p53"* cells resulted in a >5-fold increase in activity as compared to
HCT116p53"‘ cells (Figure 2.4B, third verses first column). Expression of AN-
ASPP2 alone in HCT116p53" cells did not alter p21-luciferase reporter activity
(Figure 2.4B, second versus first column). However when AN-ASPP2 was
expressed in HCT116p53*"* cells, inhibition was also dose-dependent and there
was a 50% reduction in p53 stimulation of the p21 reporter (Figure 2.4B, fourth

and fifth columns versus third).
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To provide mechanistic insight into how AN-ASPP2 attenuates p53
transactivation, we performed quantitative chromatin immunoprecipitation
(gChIP) of endogenous wild-type p53 using a U20S osteosarcoma cell line with
tetracycline-inducible FLAG-ASPP2 or FLAG-AN-ASPP2 (Figure 2.4C, boxed
inset). As expected (Samuels-Lev et al., 2001), cisplatin-induced cell damage
combined with expression of full-length ASPP2 increased endogenous wild-type
p53 protein >4-fold at the Bax promoter as compared to control (Figure 2.4C top
panel). In contrast, expression of AN-ASPP2 did not increase endogenous wild-
type p53 at the Bax promoter (Figure 2.4C, top panel). However, AN-ASPP2
expression reduced endogenous p53 occupancy at the p2l1 promoter after
cisplatin treatment (Figure 2C bottom panel) as compared to cells expressing full-
length ASPP2 (Figure 2.4C bottom panel). Consistent with these results, we
found that AN-ASPP2 expression inhibited doxorubicin-induced expression of
endogenous p21 mMRNA by gRT-PCR in HCT116p53*"* cells (Figure 2.4D).
Together, these results demonstrate that AN-ASPP2 and ASPP2 have opposing

effects on p53 target gene activation and promoter occupancy.
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Figure 2.4. p53 transcriptional activation is inhibited by AN-ASPP2. (A)
Luciferase activity on a p21-reporter in H1299 cells transfected with equivalent
amounts of p53, AN-ASPP2, and/or empty vector along with (-galactosidase.
Values were normalized to B-galactosidase activity and fold change is compared
to p21l-reporter alone. Error bars represent the standard error of the mean of 3
biological replicates. (B) Luciferase activity on a p21-reporter in the p53 wild type
and null isogenic HCT116 cell lines transfected with increasing amounts of V5-
AN-ASPP2. Values were normalized to B-galactosidase activity and fold change
is compared to p21-reporter alone. Error bars represent the standard error of the
mean of 3 biologic replicates.
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Figure 2.4. p53 transcriptional activation is inhibited by AN-ASPP2. (C)
Chromatin immunoprecipitation for endogenous wild type p53 using lysates
prepared from doxycycline induced or uninduced U20S-tr-FLAG-AN-ASPP2 or
tr-FLAG-ASPP2 following exposure to 20 pM cisplatin for 4 hours. Quantitative
PCR showing Bax promoter binding (upper) and p21 promoter binding (lower).
Samples were normalized to % input and equivalently processed mouse
immunoglobulin control IP. Error bars represent the standard error of the mean of
2 biologic replicates. (Inset) Immunoblot using equivalent amounts of lysate
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prepared from U20S tetracycline-responsive FLAG-AN-ASPP2 or FLAG-ASPP2
cell lines. (D) Quantification of p21 mMRNA in HCT116 p53 wild type cells after
transfection with increasing amounts of FLAG-AN-ASPP2 and following damage
with 0.75 yM doxorubicin for 4 hours. Values normalized to GAPDH and fold
change relative to mock transfected samples with no damage.
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AN-ASPP2 enhances cell proliferation and survival. To further explore our
findings that AN-ASPP2 inhibits the p53 pathway and opposes ASPP2 function
(Figure 2.4), we quantified cell proliferation in the conditionally expressing AN-
ASPP2 and ASPP2 U20S cell lines. Using a live cell imaging system
(IncuCyte™) that measures cell confluence, we found an increase in cell
confluence following induction of AN-ASPP2 as compared to un-induced cells
when measured at 18 hours (Figure 2.5A, 29.0% verses 16.3% confluence).
However, cells expressing full-length ASPP2 showed a reduced level of
confluence versus un-induced cells (Figure 2.5A, 20.1% confluence verses
33.6%), indicating that while ASPP2 appears to suppress proliferation, AN-
ASPP2 enhances it. Additionally, when cells conditionally expressing AN-ASPP2
were treated with cisplatin, we found they were more resistant to the growth-
inhibitory effects of cisplatin than un-induced cells (Figure 2.5B, top panel).
Conversely, we noted an increase in growth inhibition in cells expressing full-
length ASPP2 at these doses and time points as compared to un-induced cells
(Figure 2.5B, bottom panel), again suggesting that ASPP2 and AN-ASPP2 have
opposing effects on proliferation.

Since expression of ASPP2 affects cell viability, we next asked what effect
expression of AN-ASPP2 would have on cell viability. Using a colorimetric MTS
assay we found that expressing AN-ASPP2 resulted in more viable cells after 24
hours as compared to un-induced cells (Figure 2.5C left panel, first and second
columns), which is consistent with our finding that AN-ASPP2 promotes cell

survival (Figure 2.5B). Additionally, when cells expressing AN-ASPP2 were
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exposed to cisplatin for 24 hours, cell viability was not decreased at 5uM, and
only a modest decrease was seen at 25 uM (Figure 2.5C, left panel, third versus
second columns and fourth versus second columns). In stark contrast and as
expected, expression of full-length ASPP2 showed a marked inhibition of cell
viability alone and in combination with cisplatin (Figure 2.5C, right panel).
Together these data demonstrate a novel biological function of AN-ASPP2 to
promote cell proliferation and viability, which is in contrast to ASPP2 function

(Lopez, 2000; Samuels-Lev et al., 2001).
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Figure 2.5. AN-ASPP2 enhances cell proliferation and survival. (A) Left:
Representative pictures showing U20S cell confluence with and without FLAG-
AN-ASPP2 expression for 18 hours. Right: Histogram representing the percent
confluence, as determined by Incucyte confluence algorithm, for U20S cells with
and without FLAG-AN-ASPP2 (top) or FLAG-ASPP2 expression (bottom) for 18
hours. Error bars represent the standard error of the mean of 3 biological

replicates.
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Figure 2.5. AN-ASPP2 enhances cell proliferation and survival. (B) Scatter
plot showing the relative differences in the rate of confluence change for U20S
cells with or without FLAG-AN-ASPP2 expression (top) and with or without
FLAG-ASPP2 expression (bottom) following exposure to 10 uM cisplatin for the
indicated time points. (C) MTS viability assay for U20S cells with or without
FLAG-AN-ASPP2 expression (left) and with or without FLAG-ASPP2 expression
(right) following exposure to cisplatin for 24 hours. Error bars represent the
standard error of the mean of 3 biological replicates.
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AN-ASPP2 inhibits damage-induced apoptosis. Since the ASPP2 N-terminus
is important for full growth suppressive and pro-apoptotic functions including UV-
induced apoptosis (Kampa et al., 2009a; Samuels-Lev et al., 2001), we reasoned
that AN-ASPP2 would inhibit apoptosis and promote survival pathways after cell
damage. To explore this, U20S cells were transfected with either a FLAG-AN-
ASPP2 expression vector or a control vector and irradiated with 40 J/m? UVC.
Apoptotic cells were then quantified 18 hours later by Annexin-V staining and
flow cytometry. We found that AN-ASPP2 significantly inhibited UV-induced
apoptosis compared to control transfected cells (Figure 2.6A). These findings are
in contrast to our prior findings that full length ASPP2 promotes UV-induced
apoptosis (Lopez, 2000; Samuels-Lev et al., 2001). Since AN-ASPP2 inhibited
p53 transactivation of target genes (Figure 2.4), we determined whether AN-
ASPP2 altered the induction of endogenous p53 after UV-irradiation. However,
we observed equivalent induction of p53 with or without AN-ASPP2 after UV-
irradiation (Figure 2.6B). Together, these results demonstrate that AN-ASPP2
inhibits damage-induced apoptosis without altering damaged-induced

endogenous p53 levels.
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Figure 2.6. AN-ASPP2 inhibits UV damage-induced apoptosis. (A) Percent
Annexin V positive cells (represented as % apoptosis) in U20S cells transfected
with equivalent amounts of empty vector or FLAG-AN-ASPP2 and following
exposure (or not) to 40 J/m? UV for 24 hours. Cells were harvested and stained
as described in Methods and analyzed by flow cytometry for Annexin V positivity.
Error bars represent the standard error of the mean of 3 biological replicates. (B)
Immunoblot using equivalent amounts of lysate prepared from U20S cells
showing FLAG-AN-ASPP2 and p53 expression before and after UV exposure

described in (A).
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ASPP2 is suppressed and AN-ASPP2 is overexpressed in breast tumors.
Mouse models targeting Aspp2 reveal it can function as a tumor suppressor
(Kampa et al., 2009a; Vives, 2006) and numerous studies show that ASPP2
MRNA levels are suppressed in human breast cancer and other tumor types
(Lossos et al., 2004; Meng, 2013; Samuels-Lev et al., 2001; Sgroi, 1999). Since
our data demonstrates that AN-ASPP2 promotes cell growth and cell survival
(Figure 2.4 and 2.5), we asked whether AN-ASPP2 was aberrantly over-
expressed in human cancer. We measured AN-ASPP2 expression in matched
breast tumor and adjacent normal breast tissue collected during mastectomies.
Using 5’'UTR-specific forward primers to specifically detect AN-ASPP2 but not
ASPP2 we found that AN-ASPP2 expression was elevated as compared to
adjacent normal tissue (Figure 2.7A). Conversely, full-length ASPP2 mRNA
expression determined by an ASPP2-specific exon 1-2 junction probe, was
suppressed in many of these breast cancer specimens when compared to
matched normal tissue (Figure 2.7B), which is consistent with previous reports
(Bergamaschi, 2003; Cobleigh et al., 2005; Lossos et al., 2002; Samuels-Lev et
al., 2001; Sgroi, 1999). Relative ASPP2 and AN-ASPP2 expression across
normal tissues did not exhibit wide variation and so does not account for
differences across tumors (AN-ASPP2/GAPDH mean=0.034 (0.019-0.054), std.
dev.=0.011; ASPP2/GAPDH mean=0.812 (0.61-0.9), std. dev.=0.069). Coupled
with our findings that AN-ASPP2 inhibits cell death and promotes cell

proliferation (Figures 2.4-2.6), our finding that AN-ASPP2 is overexpressed in
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human breast cancers suggests that AN-ASPP2 may play an important role in

human tumorigenesis.
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Figure 2.7. ASPP2 is suppressed and AN-ASPP2 is overexpressed in breast
tumors. (A) Semi-quantitative RT-PCR of AN-ASPP2 expression in breast tumor
(T) and adjacent normal tissue (N) collected during mastectomies. (B)
Quantitative RT-PCR of full-length ASPP2 in breast tumor (T) and adjacent
normal (N). AN-ASPP2 and ASPP2 expression in tumors is relative to matched
normal tissue and normalized to GAPDH. Dotted line (ASPP2 data) set as
reference to show fold change.
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Discussion

Despite mouse models demonstrating that Aspp2 can function as a tumor
suppressor (Kampa et al., 2009a; Vives, 2006), the precise mechanisms of this
important function remain unclear. Moreover, regulation of ASPP2 expression
adds yet another level of complexity that must be considered when examining
ASPP2 function(s). Our discovery of a new and potentially oncogenic ASPP2
isoform provides significant insight into understanding the complex regulation
and function of ASPP2. Using multiple methodologies, we have demonstrated
that a novel capped transcript, that we have named AN-ASPP2, is generated
from the TP53BP2 locus from an alternative transcription start site (Figure 2.1A)
and that it is not a splice isoform of previously described transcripts (Figure 2.2;
Takahashi et al., 2004. Moreover, AN-ASPP2 mRNA and protein expression can
be detected in both human and mouse tissues (Figure 2.3B, C and E), although
the precise tissue types and/or differences in developmental expression remain
to be explored.

Our data suggest that AN-ASPP2 antagonizes the growth-inhibitory
functions of ASPP2 and promotes cell survival (Figures 2.5 and 2.6). This is
consistent with prior reports demonstrating that N-terminally truncated isoforms
of ASPP2 have reduced growth-inhibitory and pro-apoptotic functions (Samuels-
Lev et al., 2001). Indeed, our results also lead us to speculate that AN-ASPP2
might harbor dominant-negative function against the ASPP2-p53 pathway as has
been demonstrated by the partial clone 53BP2 encoding an N-terminally

truncated protein (Samuels-Lev et al., 2001). The existence of the AN-ASPP2
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isoform might contribute to observed differences reported between Aspp2
targeted mouse models (Kampa et al., 2009a; Vives, 2006). Both targeting
strategies demonstrate that Aspp2 is a haplo-insufficient tumor suppressor
(Kampa et al, 2009a; Vives, 2006). However exon 3-targeted mice

2Aexon3/Aexon3

(Aspp ) die shortly after birth, while exon 10-17 targeted mice

(Aspp2iexon0-7ihexont0-17y are not detected even as early as embryonic day 6.5.
This developmental variation suggests that there are distinct differences created
by the different targeting strategies. Our results demonstrating that AN-Aspp2 is
generated from a downstream TSS (Figure 2.1C) suggest that the Aspp2*Aexn10-
7 targeting strategy disrupts the coding sequence for both full-length Aspp2 and
AN-Aspp2. The Aspp2*2¢*™ targeting strategy (Vives, 2006) however would be
predicted to not disrupt the coding sequence for AN-Aspp2. Consistent with this
notion, Aspp22end/hexnd \MEEs continue to express the Bbp/53BP2S splice
isoform (Wang Y., 2013) generated by exon 3 splicing (Takahashi et al., 2004) or
exon 2/3 splicing (Figure 2.2A).

+/Aexon3; p 53+/-

In addition to these developmental differences, Aspp2 mice

genetically cooperate with p53 as evidenced by accelerated tumor formation in a
p53 haplo-insufficient background (Vives, 2006). In contrast, Aspp2”Aexn0-
17.n53"" mice do not cooperate with p53 to accelerate tumors(Kampa et al.,
2009a). Our data suggesting that AN-ASPP2 antagonizes ASPP2-p53 function is
consistent with this observation. If Aspp2™2®°™ mice leave AN-Aspp2 intact, its
dominant-negative activity could further inhibit p53 to accelerate tumors in a

p53*" context. However targeting both Aspp2 and AN-Aspp2 in Aspp2*/Aexnto-t?
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mice would attenuate AN-Aspp2 dominant-negative function, and thus mask
genetic cooperation between Aspp2 and p53--resulting in no accelerated tumors
in a p53+" context. Additionally, mounting evidence suggests an important role
for Aspp2 in development and cell polarity in vivo (Cong, 2010; Kampa et al.,
2009a; Sottocornola et al., 2010; Vives, 2006). Given the severe developmental
defects of Aspp2-exent0-17/Aexon0-17 e mhryos, our findings emphasize the need for
clearer understanding of the temporal and tissue-specific regulation of ASPP2
and all of the known isoforms, including AN-ASPP2.

Characterization of the ASPP family of proteins has added to our
understanding of p53 regulation and function and here we gain interesting insight
into how AN-ASPP2 may contribute. Our findings that AN-ASPP2 can promote
cell proliferation (Figure 2.5A), inhibit the growth suppressive effects of cisplatin
(Figure 2.5B, 2.5C) and inhibit UV-induced apoptosis (Figure 2.6), are in direct
contrast to known ASPP2 functions (Lopez, 2000; Samuels-Lev et al., 2001) and
underscores the added complexities which control the ASPP2-p53 pathway.
Although the exact mechanisms of how ASPP2 and AN-ASPP2 regulate p53
remain unclear, ASPP2 promotes apoptosis in part through its ability to enhance
p53 transactivation—making it tempting to speculate that the pro-survival
functions of AN-ASPP2 might be in part due to inhibiting p53 transcription
(Samuels-Lev et al., 2001; Wang Y., 2013) Indeed, we found that AN-ASPP2
can inhibit endogenous p53 transactivation of a p21-luciferase reporter (Figure
2.4A) as well as inhibit damage-induced activation of the endogenous p53 target

gene p21 (Figure 2.4D). Importantly, we confirmed that AN-ASPP2 could directly
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inhibit endogenous p53 promoter occupancy on the endogenous p53 targets p21
and Bax in response to cell damage. Intriguingly, full-length ASPP2 has been
reported to promote p53 transactivation preferentially on pro-apoptotic targets
genes (Samuels-Lev et al., 2001). Our discovery that AN-ASPP2 can inhibit p53
transactivation on both pro-apoptotic and cell cycle arrest target genes, suggests
that AN-ASPP2 may be functioning as a more non-selective dominant-negative
against p53 transactivation.

It remains to be mechanistically determined how AN-ASPP2 modulates
p53 occupancy on target gene promoters. However, ASPP2 is well known for its
ability to directly bind p53 (Gorina and Pavletich, 1996; Iwabuchi et al., 1994) and
the structural identity between ASPP2 and AN-ASPP2 at the C-terminal p53
binding domain predicts that AN-ASPP2 may also bind p53. Thus, it is tempting
to speculate that AN-ASPP2 inhibits p53 function by direct interaction to prevent
it from binding to p53 target gene promoters. Alternatively, AN-ASPP2 may
compete with ASPP2 (or ASPP1) for p53 binding and thus inhibit ASPP2/1
stimulation of p53 transactivation (Samuels-Lev et al., 2001). Interestingly,
ASPP2 is hypothesized to participate in an intermolecular interaction via its
proline rich region and SH3-domains (Rotem et al., 2008; Rotem-Bamberger,
2013), both of which are conserved in AN-ASPP2. Thus it is also possible that
AN-ASPP2 may directly bind and inhibit full-length ASPP2 function. It remains
formally possible that AN-ASPP2 could bind other co-factors that may ultimately
indirectly inhibit p53 function. The extent to which different cellular contexts (e.g.

cell damage) can affect the mechanism(s) that influence AN-ASPP2 function also
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remains unclear. Nevertheless, our findings open the door for further study of
these complex regulatory networks controlled by AN-ASPP2 and ASPP2.

Prior studies show that ASPP2 expression is suppressed in breast cancer
when compared to adjacent normal tissue (Cobleigh et al., 2005; Samuels-Lev et
al., 2001; Sgroi, 1999). While informative, these studies were limited by their
inability to distinguish full-length ASPP2 expression from that of the BBP or AN-
ASPP2 transcripts. We analyzed a series of breast cancer patient samples and
matched normal tissue and similarly found decreased full-length ASPP2
expression using ASPP2-specific gPCR, enabling us to specifically show a
reduction in ASPP2 expression in tumor tissue for the first time (Figure 2.7B).
Conversely, we found that AN-ASPP2 was overexpressed in these same breast
cancer samples as compared to adjacent normal tissue (Figure 2.7A). These
findings, taken together with evidence that AN-ASPP2 negatively regulates p53
transactivation, promotes cell proliferation, inhibits damage-induced growth
suppression and apoptosis, provide an intriguing hypothesis that aberrant AN-
ASPP2 expression might promote tumor development and/or resistance to
therapy. However, transgenic mouse models will be required to definitively
confirm the oncogenic potential of AN-Aspp2 in vivo.

Our discovery of a new isoform of ASPP2 is significant because it sheds
new light on both prior and ongoing ASPP2 studies. Here we have interrogated
the function of AN-ASPP2 relative to known p53 mediated pathways. However,
mounting evidence demonstrates important p53-independent ASPP2 functions

beyond cell survival and apoptosis (Cong, 2010; Wang, 2013; Wang, 2012a;
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Wang, 2012b) and, based on our data presented in this chapter, it is likely that
AN-ASPP2 will play an important role in these pathways as well. Although the
precise mechanisms and functions of AN-ASPP2 remain to be elucidated, our
findings that AN-ASPP2 is overexpressed in human cancers, promotes
resistance to cell damage and enhances cell survival, makes it a potential target

to be exploited for cancer therapy.
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Chapter Three:

TP53BP2 is a c-MYC Target Gene
that Mediates c-MYC-induced

Apoptosis
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Abstract

Apoptosis-Stimulating Protein of p53 2 (ASPP2 aka 53BP2L) is a pro-apoptotic
tumor suppressor that is downregulated in many types of cancer. Transcription of
TP53BP2 is controlled by the activating members of the E2F family of
transcription factors, but little else is known about the upstream pathways or
cellular contexts that regulate ASPP2 expression. C-MYC is a well-studied
oncogenic transcription factor with the ability to promote cellular proliferation,
while also engaging apoptotic targets to protect cells against cell cycle
deregulation. This process is known to occur through both p53-dependent and
independent mechanisms, but the exact mechanisms of how MYC induces
apoptosis remain unclear. Here we show that TP53BP2 is a direct MYC target
gene with the ability to mediate the apoptotic function of MYC. The TP53BP2
promoter was found to contain several MYC binding sites, and both ASPP2-
luciferase reporter and endogenous ASPP2 expression were enhanced upon
MYC expression. Moreover, MYC was found to bind a MYC-specific regulatory
element in the TP53BP2 promoter suggesting direct transcriptional regulation.
Interestingly, attenuation of ASPP2 expression inhibited MYC-induced apoptotic
cell death in response to low serum. These results identify TP53BP2 as a
transcriptional target of MYC and suggest a role for ASPP2 as a novel

downstream mediator of MYC function.
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Introduction

Apoptosis-stimulating protein of p53 2 (ASPP2) is a pro-apoptotic protein that
has been shown to enhance the ability of the tumor suppressor p53 to initiate
apoptosis (Samuels-Lev et al., 2001). Additionally, ASPP2 interacts with and
affects the function of several other apoptotic proteins, such as BCL-2 and NF-xB
(Naumovski and Cleary, 1996; Takahashi et al., 2005). Studies of animal models
have demonstrated that targeted deletion of the Aspp2 gene leads to an increase
in both spontaneous and irradiation-induced tumor formation as well as apoptotic
defects in response to y-irradiation, strongly suggesting that Aspp2 is a tumor
suppressor (Kampa et al., 2009a; Vives, 2006). This is further supported by
studies showing reduced levels of ASPP2 mRNA in a variety of cancer types
including breast cancer, non-Hodgkin’s lymphoma, and non-small cell lung
cancer (Li, 2012; Lossos et al., 2002; Samuels-Lev et al., 2001; Sgroi, 1999).
Although mutations in the human ASPP2 gene, TP53BP2I, are rare, it is subject
to epigenetic silencing in a variety of tumor types (Liu, 2005; Sarraf and
Stancheva, 2004); therefore highlighting the importance of a clearer
understanding of the upstream pathways responsible for its expression. We have
previously shown that TP53BP2 is transcriptionally regulated by the activating
members of the E2F family of transcription factors (Chen, 2005). This finding is
significant because it provides information on the cellular pathways used by

these known oncogenes to also sensitize cells to apoptotic stimuli. Despite these
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findings, little else is know about the upstream pathways leading to ASPP2
expression or the role it plays in promoting apoptosis.

Like E2F, MYC is a transcription factor that plays a crucial role in cellular
processes such as proliferation, differentiation, and apoptosis (Dang, 2012). As a
transcriptional activator MYC functions by binding E-box regulatory elements
(CACGTG) within target gene promoters to promote transcription (Blackwell,
1990). While MYC is known to also transcriptionally suppress certain genes this
process is not believed to require E-box regulatory elements (Cowling, 2006).
Tight regulation normally keeps MYC levels low in quiescent cells, but
approximately 70% of human tumors have elevated levels of MYC, suggesting
that deregulation of MYC expression is an important step in cellular
transformation (Dang, 2012). Interestingly, overexpression of MYC is also known
to activate several apoptotic pathways as a means of protection against the
proliferative advantage afforded these cells (Evan, 1992; Juin, 2002; Zindy et al.,
1998). It is not surprising then that mutations that deactivate these protective
pathways are the most common cooperating mutations in tumors with
deregulated MYC (Nilsson, 2003). Understanding how cells with oncogenic
potential, such as those that overexpress MYC, circumvent this apoptotic
pathway, and specifically the downstream pathways involved in this process, will
have valuable therapeutic consequences.

Here we describe a role for ASPP2 in MYC-mediated apoptosis by placing
it downstream of MYC transactivation. We demonstrate that MYC can stimulate

an ASPP2-luciferase reporter construct and upregulate both ASPP2 protein and
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MRNA. Moreover, we show that MYC regulation of ASPP2 expression is likely
direct by demonstrating an enrichment of MYC at E-box regulatory elements
within the TP53BP2 promoter using chromatin immunoprecipitation. We further
functionally validate these findings by demonstrating that attenuation of ASPP2
expression inhibits MYC-mediated apoptosis. Intriguingly, we show that
attenuated Aspp2 expression does not accelerate lymphomagenesis in a MYC-
driven tumor model, suggesting complex regulation of MYC-induced apoptosis in
vivo. Together these results define TP53BP2 as a MYC target gene and ASPP2

as a downstream mediator of MYC-induced apoptosis.
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Results

The TP53BP2 promoter has features of a MYC target gene and is
responsive to MYC transactivation. We have previously demonstrated that the
ASPP2 gene, TP53BP2, is controlled by the activating E2F proteins (E2F1-3),
thus implicating ASPP2 in oncogene-mediated sensitization to apoptosis (Chen,
2005; Dynlacht, 2005; Fogal et al., 2005; Hershko et al., 2005). We noted,
however, that while mutation of single E2F binding sites can cause de-repression
of an TP53BP2 promoter-luciferase construct, mutation of all four known E2F
binding sites in this reporter does not fully abolish promoter transactivation in
response to serum. These results indicate that non-E2F-mediated pathways are
also likely regulating ASPP2 expression. Like E2F, the oncogenic transcription
factor MYC has been shown to promote proliferation together with apoptosis,
leading us to hypothesize that it may control TP53BP2 as well. Examination of
the previously defined promoter region of TP53BP2 (Chen, 2005) reveals one
canonical and three non-canonical MYC binding sites (E-boxes), lending support
to our prediction that TP53BP2 is directly regulated by MYC (Figure 3.1A and B).

In order to address the extent to which MYC can promote transactivation
of TP53BP2 we transfected increasing amounts of V5-tagged MYC (V5-MYC)
into U20S osteosarcoma cells in combination with either an E2F2-luciferase
reporter (as a positive control) or an ASPP2-luciferase reporter containing all four
putative MYC binding sites (-1530->+276; Figure 3.1B). Twelve hours after

transfection, cells were starved in medium containing 0.2% serum for 30 hours,
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to decrease influence from other serum-stimulated transcription factors, before
assaying for luciferase activity. As expected, MYC enhanced luciferase activation
of its known target, E2F2. Additionally, MYC expression also enhanced
expression of the ASPP2-luciferase reporter in a dose dependent manner (Figure
3.1C). To further narrow the focus of luciferase activation of TP53BP2 to MYC
activity, we used a human embryonic kidney cell line, 293T, that was engineered
to stably express tetracycline-inducible HA-tagged MYC (293T-tr-HA-MYC,;
Figure 3.1D). Cells were transfected with either an ASPP2-luciferase reporter
containing the four putative E-boxes (-1530>+276) or a reporter with a gross
deletion that removes three of the four predicted MYC binding motifs (-
1080—>+276). Again, induction of HA-MYC expression promoted enhanced
luciferase activity as compared to uninduced samples on the full ASPP2 reporter
(Figure 3.1E). Conversely, the E-box-deficient ASPP2-luciferase reporter was not
stimulated to the same magnitude under these same conditions (Figure 3.1E).
Moreover, the higher baseline luciferase activity seen with the deletion reporter is
likely a result of the de-repression seen after the removal of other repressive
elements in the gross deletion (Li, 1994). Taken together these data suggest that

the TP53BP2 promoter is regulated by MYC through E-box regulatory elements.
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1560 AATTCTTTT T T T T TTTTTCAGAT GLAGTTTCACTCTCGTTGLCCAGGCTGAAGTGCAGTG
1500 GGGTGATCTCTGCTCAT TGCAACCTCCGCTTCCCAGG TTCAAGAGATTCTCCTGCCTCAG
1440 CCTCCOGAGTAGCTGGCATTACAGL CATCCCLCACCATGCCCGGCTAATTTTTATATTTT
-1380 TAGTAGAGACAAGGGTTTCACCACGTLGOCAGGLTGGTCTCGAACTCCTGACCT CALLT L
1320 ATCTGLCCGCCTOGGCCTCCCAAAGTGCTGGGATTACAGGCGTGAGCCACTGCGCCCGGG
1260 CGAGAACGTTAAATTCTAGTTGAATTAACCGTAATTTAGTATTTCCAGATACAGTATCTG
1200 GGATGGETGCAATAGGGAGTTCGATGGAGATTCTGGTAAGGGATATGGETGGGCTAAGAAAG
1140 AATTGTCTGTTCTTGATACTAGATAAA CCCAGGGGATTTACCCCACTTCAGGTTCTAGAA
1080 TCATGTATAAAGGCAGAGAAAAGTGATTCTGAGTGAACTTGCACTGACAACTTACTAGAA
1020 CAAAGCTTCCTGGAGT TAGGGTTCCCGCAGTATETGTCTCTCTOGGAAGG TGGAATAAAAG
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CCTGAACCCGLTCTGETACTCTTTGGAAGGCAGCCCTGCCATTTCOCTAGGCCTTGGCCT
COCTCCCTGGAAAAGGAT GG TATCCACCGGCTCCCCLGTATCGLAGGCTGTTTGCAGGGTG
TTCCCAGCACCCCOCAGGGAAGCTCCTCAGAATGCTGCCTGACACATTTTTACAAAATTT
ATTTTTATTGTGGTAAAACATACACAACATAAAAGTTATCCCTTTATCCAGTTTGCGG TG
TACGTTTGTTAACCTTACAGCAAGTAACACATCAGTTTTAAATTAGAATTTGGACAACGG
CAAATGAGATGAAAGGCGAACAATCCGAAAGCCGGATCACTGAGGAGCETCTGGGAACGCG
COGCGAGCTGAAGCCACACGGGLGAACTCCATTITTGTCG L GACAGGGTCGGTCCTGGLCGT
CTCCAGGGAGTCLGGGTAGTTTCCGCGGOGTGGCCCGLGLCTCCCCTGAAGTCCGTCCGCC
TCTCTCOGCCTGGECCAGCOGOGCGGOCGCCGEAGGACTCTOGTCCACGCGCOCAACGT CG
GLOGCCCTETTCTGAAGGCAAAGGG TOCCCTGCCTOGCACGACTCGGAGCOGCCGAGGAG
GTGACGGCGGECAGCCCTGOOGCGGCTCGG TGCCAT TCACTACCATCCTGTTTTCCT GAGE
CGCGLGCCTTCCAAT TGO CCGGCTCOGCTAGGAGG CLCGCGLTCCAGLCGCTCCGCCGCG
CGGCCCCCACCGCACTTCAGTCCGGGGCGAAGAAAGAAAAGGCLGGCECGLCTCCCGCOGET
CCCCGTCTACCCAGCCOGGOCCGOGCAG G CG GG CAGCTCCCLETTCCC G CGGOCGCCCC
TCCCCCAGGOCECOGGGCGCGCCGOGGGCGGELT CGG G CH GG GGGECLGAGCCGGCACGG
GCETCGGCT GGG LCCCGACCOGGGATTAGTTGGTTTCGGAGLGGAGGAGGLAGLCCOGACC
GTCACGAGCGETOGAAGAGACAAAGCCGCGT CAGGGEGGCCCGGECOGLGHECLGGGGAGCCCG
GLGCTTGT TGO TGCCCCAGCCCGCGCGGAG GG CCCT TCGGACCCGCGCGCCGCCGCTGCC
GCCGLCGLCGCCTOGCAACAGGTCCGGGCGGCCT CGCTCTCCGLTCCCCTCCCCCGCATC
CGCGACCCTCCLGLGGGCACCTCAGCTCGGCCG GGGCCGCAGTCTGLGLCACCCGETTCCATG
LLGTTOGGETCCAAGATCATGCCGGTAAGTGGHCGAGCGELCAGGLGOGTCGGGCCOGGAA
GTETGCGGGETCGLGTERCCGGEGGGCTGETCCGOGCCCTCGLGLGCLGTOGLGGAAGGAGCC
TGEEGGECCECALGCCCOEO CECAGGGGCCHGGGEETTTCCGAGCTTCGAGCLGGGTTTCAGGA
AGGGGAGGCTCCATCCTCTGGGCTCTGCGCCCACAGCCGTCGT GGG GGLGLGGCOGAGACT
CTAACCTCGAGGCGGGTTCCTCCAGCTGCTCCGGAGTCAGGCLAGCCGOCCGOGAGCCCA
GCAGCCACTCAAACTTTTCGTCTTTCACTGGGTCTTCGACTTTTTTGCAGT TCTTGAAGGT

Figure 3.1. TP53BP2 has features of a MYC target gene and MYC enhances
transactivation of an ASPP2-luciferase reporter. (A) Genomic sequence
directly upstream of the TP53BP2 gene. Canonical MYC binding site is shown in
red, non-canonical MYC binding sites are shown in pink, and E2F binding sites
are shown in blue. Exon 1 is shown in green.
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Figure 3.1. TP53BP2 has features of a MYC target gene and MYC enhances
transactivation of an ASPP2-luciferase reporter. (B) Diagram of the ASPP2-
luciferase construct used and the locations of putative MYC binding sites. (C)
Luciferase activity of the E2F2 and ASPP2-reporter constructs in U20S cells
following transfection with V5-MYC and normalization to p-galactosidase activity.
Cells were transfected with reporter constructs, V5-MYC, equivalent amounts of
empty vector, and B-galactosidase. ~12 hours later medium was changed to
0.2% serum for 30 hours. Cells were then harvested and assayed for luciferase
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and B-galactosidase activity as described in Methods. (D) Immunoblot showing
expression of HA-MYC in 293T-tr-HA-MYC cells after induction with doxycycline
for 4 hours. Y69 MYC antibody was used at a dilution of 1:1000. (E) Luciferase
activity from 293T-tr-HA-MYC cells starved in 0.2% serum medium for 30 hours
with and without induction of Myc for 12 hours by doxycycline (1 pg/mL) on the
ASPP2-reporter construct (-1530->+276) and an E-box deletion mutant ASPP2-
reporter (-1080>+276).

72



TP53BP2is a c-MYC Target Gene that Mediates c-MYC-induced Apoptosis

MYC promotes expression of endogenous ASPP2. Given that MYC
stimulates an ASPP2-luciferase reporter, we asked whether MYC would
stimulate endogenous ASPP2 expression. To test this we again utilized the
293T-tr-HA-MYC cell line. Because both ASPP2 and MYC are serum responsive
proteins (Blanchard, 1985; Chen, 2005), cells were starved for 24 hours prior to
MYC induction and maintained in starvation media throughout the experiment to
decrease endogenous background levels of both ASPP2 and MYC. Induction of
MYC led to an increase in both ASPP2 protein (Figure 3.2A) and mRNA (Figure

3.2B), suggesting that the endogenous TP53BP2 promoter is MYC responsive.
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Figure 3.2. MYC induces expression of endogenous ASPP2. (A) Immunoblot
from 293T-tr-HA-MYC cells showing changes in ASPP2 protein levels following
24 hours of starvation in 0.2% serum and after induction of MYC for the indicated
periods of time. ASPP2a antibody was used at a concentration of 1:1000. (B)
Quantitative RT-PCR showing changes in ASPP2 mRNA under the same
conditions as in (A). Error bars represent the standard error of the mean of 2

biological replicates.
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MYC directly binds an E-box-containing TP53BP2 promoter region. We
have shown that TP53BP2 is an E2F(1-3) target (Chen, 2005) and it has been
previously shown that the activating E2Fs are direct targets of MYC transcription
(Fernandez et al., 2003; Leone et al., 2001; Sears et al., 1997) making it possible
that ASPP2 response to MYC expression is indirect. However, given that the
TP53BP2 promoter contains putative MYC binding sites (Figure 3.1A) and is
responsive to MYC in a luciferase reporter assay (Figure 3.2) we wanted to test
the ability of MYC to bind directly to the TP53BP2 promoter in its native
chromatin state. To do this we transfected H1299 cells with V5-MYC and
assessed the amount of E-box-containing TP53BP2 promoter bound to MYC
following chromatin immunoprecipitation (ChlIP) with a V5-antibody. The region of
the TP53BP2 promoter containing the canonical E-box was enriched in samples
where V5-MYC is being expressed and immunoprecipitated but not in samples
that contain mouse IgG as a non-specific control antibody (Figure 3.3A). This
enrichment is specific because control primers designed 3 kb upstream of the
TP53BP2 promoter do not display the same binding pattern (Figure 3.3A). To
further illustrate the ability of MYC to bind the TP53BP2 promoter we performed
a ChIP with 293T-tr-HA-MYC cells and assessed the binding quantitatively. We
found a greater than 15-fold enrichment of MYC binding to the TP53BP2
promoter as compared to uninduced samples (Figure 3.3B). Importantly, the
known MYC target rDNA (Gomez-Roman, 2003) showed enrichment upon MYC
induction as well, while again the control region did not (Figure 3.3B). We further

demonstrated that endogenous MYC bound to the TP53BP2 promoter after
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performing ChIP with a MYC antibody in H1299 cells (Figure 3.3C). Together

these data provide evidence that MYC binds directly to the TP53BP2 promoter

through predicted E-box regulatory elements.
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Figure 3.3. TP53BP2 is a direct MYC target. (A) Chromatin
immunoprecipitation showing enrichment of an E-box-containing region of the
TP53BP2 promoter bound to MYC following immunoprecipitation with an a-V5 or
an equivalent amount of a-mouse IgG antibody in H1299 cells transfected with
V5-MYC. Control primers in a non-specific upstream location do not show
enrichment. Water lane is a PCR control (B) Quantitative ChIP from 293T-tr-HA-
MYC cells showing changes in MYC binding to both the TP53BP2 and rRNA
promoters following MYC induction for 8 hours and IP. Enrichment of the control
promoter region is not seen. Values are normalized to % input and non-specific
a-mouse IgG IP. Error bars represent technical replicates. (C) Quantitative ChIP
from H1299 cells demonstrating binding of endogenous MYC to the rDNA and
TP53BP2 promoter but not an upstream control region. Values are normalized to
% input and non-specific mouse IgG IP. Error bars represent technical replicates.
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Loss of ASPP2 inhibits MYC-induced apoptosis. Since ASPP2 inhibits cell
growth and promotes apoptosis (Lopez, 2000; Samuels-Lev et al., 2001) and
MYC binds directly to the TP53BP2 promoter (Figure 3.3) and induces its
expression (Figure 3.2), we reasoned that ASPP2 may play a role downstream of
MYC to help promote apoptosis. To test whether attenuation of ASPP2
expression can limit MYC-induced apoptosis, 293T-tr-HA-MYC inducible cells
were first transfected with either scrambled siRNA or ASPP2-specific SiRNA.
Since studies have shown that MYC expression in low serum conditions can
trigger cell death (Evan, 1992), media was changed twenty-four hours after
transfection to 0.1% serum. Cells were harvested and assessed for apoptosis by
staining with fluorescently labeled annexin V and propidium iodide and analyzed
by flow cytometry. As expected, enforced expression of MYC under low serum
conditions greatly increased apoptosis (Figure 3.4). Note also that inducing MYC
produced a concomitant increase in ASPP2 protein level. Notably, attenuation of
ASPP2 expression reduced the amount of apoptosis seen in response to MYC
induction (Figure 3.4). These findings, coupled with the ability of MYC to bind
directly to the TP53BP2 promoter (Figure 3.3) provide support that TP53BP2 is a

MYC target gene that may have a functional role in promoting apoptosis.
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Figure 3.4. Attenuation of ASPP2 expression limits MYC-induced
apoptosis. Top panel: Percent Annexin V positive cells (represented as %
apoptosis) in 292T-tr-HA-MYC cells following transfection with either control or
ASPP2 siRNA as indicated and induction of MYC with doxycycline (1 pg/mL) in
0.1% serum containing medium for 24 hours. Cells were harvested and stained
as described in Methods and analyzed by flow cytometry for Annexin V positivity.
Bottom panel: Immunoblot of lysates collected from cells processed as described
in top panel. ASPP2a antibody was used at a concentration of 1:1000.
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Aspp?2 haploinsufficiency does not accelerate lymphomagenesis in a Myc-
driven tumor model. To take the functional observations of our newly described
MYC-ASPP2 axis a step further and add physiological relevance to our findings,
we tested whether Aspp2 haploinsufficiency could affect the pathogenesis of
Myc-induced lymphoma in vivo. To do this we utilized a unigue mouse model
[denoted RFS-c-Myc, (Wang, 2011)] in which a gene for HA-tagged Myc has
been knocked into the ROSA26 locus, resulting in a low and ubiquitous level of
Myc expression. However, the Myc gene is preceded by a stop codon flanked by
two loxP sites, which prevents expression of HA-tagged Myc in the absence of
Cre recombinase. Tissue-specific expression of Cre then results in excision of
loxP sites and the stop codon, and ultimately expression of Myc in the tissue of
interest. To induce Myc expression in T cells, we crossed RFS-c-Myc mice with
mice carrying the transgene Lck-Cre, in which Cre expression is driven by the T
cell-specific Lck promoter (Link, 2012). Given that these animals express a
temporally deregulated but low level of Myc in T cells and are found to be no
more susceptible to spontaneous tumor formation than control animals (Sarah
Byers; data not shown, we hypothesized that the cells’ protective ability to
promote apoptosis may still be intact. Given that Aspp2”" thymocytes exhibit
apoptotic defects following A-irradiation (Kampa et al., 2009a) we further
reasoned that crossing RFS-c-Myc/Lck-Cre mice into an Aspp2 haploinsufficient
background would generate an apoptotic defect that would promote
lymphomagenesis. We successfully generated these animals (RFS-c-Myc/Lck-

Cre/Aspp2*"; Figure 3.5B), and monitored them, along with littermate controls, for
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spontaneous tumor formation. Interestingly, we found that an Aspp2"
background does not accelerate lymphoma formation in deregulated Myc-
expressing animals as compared to RFS-c-Myc/Lck-Cre/Aspp2*™* or RFS-c-
Myc/Aspp2™* and RFS-c-Myc/Aspp2™* controls lacking Lck-Cre expression
(Figure 3.5C). Though negative, these data are consistent with our previous
finding that Aspp2 haploinsufficiency does not accelerate lymphomagenesis in
the EuSR-tTA/tet-o-MYC mouse model, in which a much higher level of Myc
drives the development of T cell ymphoma (Felsher and Bishop, 1999; Kampa et
al., 2009a). Taken together these data suggest that the subtle apoptotic
deficiencies seen with Aspp2 haploinsufficiency are not sufficient to impact Myc-
driven tumors in these models. Furthermore, they underscore the limitations of
what we currently know about the oncogenic context under which apoptosis is

activated and the specific mediators needed to execute these programs.
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Figure 3.5. Aspp2 does not accelerate lymphomagenesis in a Myc-driven
tumor model. (A) Schematic of the knock-in strategy and primer locations for the
RFS-c-Myc transgenic mice (Wang, 2011). Black arrows indicate the location of
the RFS genotyping primers. Black triangles=loxP sites; tpA=transcription stop
site. Crossing RFS-c-Myc mice with Lck-Cre mice generates T cell-specific Myc-
expressing animals. (B) Representative genotyping of RFS-c-Myc/Lck-
Cre/ASPP2 mice. Recombination at the ROSA26 locus was assessed with a
published 3-primer system illustrated by black arrows in panel A (Wang, 2011).
Lck-Cre status was assessed with primer in Methods. Aspp2 status was
assessed using primers located within the neomycin gene of the previously
described targeting construct (Kampa et al., 2009a).
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Figure 3.5. Aspp2 does not accelerate lymphomagenesis in a Myc-driven
tumor model. (C) Kaplan-Meier lymphoma-free survival curve of RFS-c-
Myc/Lck-Cre/Aspp2*™* (WT; n=28), RFS-c-Myc/Lck-Cre/Aspp2*~ (HT; n=23), and
RFS-c-Myc/Aspp2™* and RFS-c-Myc/Aspp2”~ control mice (CTL; n=13)
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Discussion

The details about the cellular context required to induce apoptosis in cancer cells
is incompletely understood and remains a barrier to therapeutic intervention.
Overcoming this limitation requires a better understanding of the upstream
signaling and cellular contexts that induce expression of apoptotic regulators, like
ASPP2. Using a variety of molecular techniques we have shown that ASPP2
expression is controlled by the oncogenic transcription factor MYC and have
provided evidence that increasing ASPP2 expression is one mechanism through
which MYC induces apoptosis. These results are significant because they
establish a new connection between MYC and the diverse signaling pathways
that ASPP2 is involved in regulating, including apoptosis, senescence, and
autophagy (Samuels-Lev et al., 2001; Wang, 2012a; Wang, 2012b).

Here we report that TP53BP2 is a direct MYC target gene. First, we have
found that the TP53BP2 promoter contains three non-canonical and one
canonical E-box binding motif (Figure 3.1A and B), sites that are known to be
bound by MYC for the purpose of positively regulating transcription (Blackwell,
1990). Second, an ASPP2-luciferase reporter containing these E-box motifs is
stimulated by expression of MYC (Figure 3.1C and E). Importantly, when three of
the MYC binding sites are deleted, the ability of MYC to stimulate the luciferase
reporter is reduced (Figure 3.1E), suggesting that specific MYC-responsive
binding or regulatory elements are located within the TP53BP2 proximal

promoter. A higher level of baseline luciferase activity is observed in the E-box
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deleted TP53BP2 construct, suggesting repressive elements located in this
region. While we cannot rule out the possibility of repression by other
transcription factors (e.g. E2F family members) it remains possible that
repression of TP53BP2 may occur at E-boxes through MAX:MNT or MAX:MAD
heterodimers (Patel, 2004). Next, we demonstrate that this transactivation
translates to endogenous expression by showing that induction of MYC
increases endogenous ASPP2 expression at both the protein and transcript level
(Figure 3.2). Finally, we show that both overexpressed and endogenous MYC
bind directly and specifically to an E-box-containing region of the TP53BP2
promoter in its native chromatin state. Taken together these data strongly
suggest that ASPP2 expression can be directly controlled by MYC through
regulatory elements in its promoter.

While exciting, these data do not fully explore the extent to which cellular
context or interplay with other transcription factors contributes to controlling
ASPP2 expression. We have previously shown that ASPP2 is similarly regulated
by the activating members of the E2F family of transcription factors (Chen, 2005).
E2F1, E2F2, and E2F3 are also MYC target genes (Fernandez et al., 2003;
Leone et al.,, 2001; Sears et al.,, 1997), making it possible that transcription at
TP53BP2 is being controlled by an indirect circuit involving MYC and the E2F
family. E2F transcription factors have distinct functions and expression of E2F1 is
of particular importance for MYC-induced apoptosis (Leone et al., 2001). Though

a precise role for E2F1 in MYC-induced apoptosis remains untested, our work
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showing regulation of TP53BP2 by E2F1 provides a novel link between MYC,
ASPP2, and the induction of apoptosis.

An interesting possibility might be that these transcription factors do not
compete for binding but rather cooperate to facilitate ASPP2 expression. Indeed,
MYC is required for full binding of E2F1 to E2F promoters (Leung et al., 2008).
These data suggest that MYC binding to E-box regulatory elements in E2F
promoters aids in opening up chromatin by promoting histone 4 acetylation prior
to E2F1 binding (Leung et al., 2008). In this way, E2F1 transcription can only
proceed once MYC activity has accumulated, thus implicating MYC as a
‘permissive’ factor that primes target promoters for activation by other
transcription factors (Frank, 2001; Leung et al., 2008). This type of regulation has
not been shown for apoptotic targets, but our findings that both E2F(1-3) and
MYC bind TP53BP2 open up the intriguing possibility that MYC activity may
control E2F1 transcription of TP53BP2 in a similar manner in order to restrict
apoptosis to the appropriate cellular context.

In addition to establishing TP53BP2 as a MYC target gene we have
evidence to suggest that ASPP2 can promote MYC-induced apoptosis (Figure
3.4). While modest, these results open the door to many new and exciting
guestions about how MYC promotes apoptosis and the mechanisms used by
evolving tumor cells to evade this level of tumor suppression. Our results do not,
however, directly address whether ASPP2 is facilitating MYC-induced apoptosis
in a p53-dependent or independent manner. Interestingly however, our results

showing that ASPP2 knockdown inhibits MYC-induced apoptosis (Figure 3.4)
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were performed in the 293T cell line, in which p53 is inactivated by the
transforming viral large T antigen. ASPP2 has been implicated in both p53-
dependent and independent apoptotic pathways and these results open up the
possibility that ASPP2 may cooperate with p63 or p73 to promote apoptosis in
this system (Bergamaschi et al., 2004).

We have previously established that Aspp2 haploinsufficiency does not
accelerate lymphomagenesis in the EuSR-tTA/tet-o-MYC mouse model where
MYC expression is driven to very high levels by the tetracycline-activating protein
under the control of the immunoglobulin heavy chain enhancer (Felsher and
Bishop, 1999; Kampa et al., 2009a). Here we extend these studies by examining
the effect of Aspp2 haploinsufficiency in the RFS-c-Myc mouse model where Myc
expression is deregulated, but protein levels are more physiologic (Wang, 2011).
RFS-c-Myc/Lck-Cre mice are not prone to tumor formation (Sarah Byers; data
not shown), making this an ideal model to study the possibly subtle effects of
Aspp2 haploinsufficiency. Here we provide evidence that RFS-c-Myc/Lck-
Cre/Aspp2*" animals are not more prone to lymphomagenesis as compared to

+/+

their Aspp2™" littermates, suggesting that loss of only one copy of Aspp2 is too
slight a defect to spur Myc-driven tumor formation in this model. The apoptotic-
deficiency provided by Aspp2 heterozygosity in this model could be
underpowered suggesting that loss of both Aspp2 alleles may be more efficient
at promoting accelerated lymphomagenesis. It remains possible also that Myc

can induce apoptosis through other Aspp2-independent mechanisms in this

system, thus compensating for Aspp2 knockdown. Either way, our results
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highlight the need for a better understanding of the contexts required to stimulate
apoptosis in a pathogenic state, such as deregulated Myc.

Like the E2F transcription factors, MYC transactivates many genes that
are important for both cell cycle progression and apoptosis thereby coupling
entry into the cell cycle with sensitization to apoptotic stimuli. By engaging
apoptotic targets, such as TP53BP2, MYC effectively lowers the apoptotic
threshold ensuring that proliferation is controlled (Figure 3.6). In tumors where
apoptotic pathways have been functionally inactivated, however, there is no
longer a protective feedback mechanism to guard against the proliferative
advantage of overexpressed or deregulated MYC. Interestingly, expression of
ASPP2 is lost in a variety of human tumors including Burkitt's lymphoma, a
malignancy driven by elevated levels of MYC due to translocation (Lossos et al.,
2002). Additionally, loss of ASPP2 is due, at least in part, to epigenetic silencing
of its promoter (Liu, 2005; Sarraf and Stancheva, 2004) leading us to speculate
that this silencing may block MYC transactivation of TP53BP2, thus limiting the
apoptotic potential of the cell and leaving proliferation unchecked (Figure 3.6).
Studies, like those shown in this chapter, aimed at understanding the uncoupling
of proliferation and apoptosis in tumor cells are significant because being able to
restore and/or exploit the machinery needed to initiate cell death in cancer cells

has far reaching therapeutic consequences.
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Figure 3.6. Diagram representing the proposed MYC-ASPP2 axis. (A)
Diagram of our working hypothesis that TP53BP2 is a direct target of MYC
transcription and is a downstream mediator of MYC-induced apoptosis. In normal
proliferating cells (top panel) MYC can concurrently drive proliferation while
remaining sensitized to apoptotic stimuli, thus allowing for controlled proliferation.
In a cancer cell where ASPP2 expression is limited, possibly through repressive
chromatin markings (bottom panel), MYC-driven proliferation is uncoupled from
apoptosis leading to unchecked proliferation and tumor progression.
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Summary and Discussion

The central goal of this dissertation was to gain insight into the complex
pathways that regulate ASPP2 expression and to explore the structure and
function of a previously unidentified ASPP2 isoform. In Chapter 2 we presented
our discovery of a new member of the ASPP family, AN-ASPP2, that has clear
functions that are distinct from ASPP2. In doing so we have changed the
landscape of the ASPP family and how it is interpreted. In Chapter 3 we
described a new level of transcriptional regulation for the ASPP2 gene,
TP53BP2, by characterizing it as a target gene for the proto-oncogene MYC and
laid the foundation for exploring its role in the context of MYC-induced apoptosis.

Here we discuss the possible implications of both findings.

AN-ASPP2: New implications for the ASPP2 family

Our contribution to the ASPP family, AN-ASPP2, is an N-terminally truncated
isoform of ASPP2 that is generated from an internal alternative transcription start
site and is missing the first 256 amino acids as compared to full-length ASPP2
(also referred to also 53BP2L; Figure 4.1). Like the previously described ASPP2
isoform BBP (also referred to as 53BP2S; Naumovski and Cleary, 1996) , this N-
terminal truncation profoundly affects its function, and here we report that AN-
ASPP2 promotes cell proliferation, enhances cell survival following damage, and

inhibits apoptosis (Chapter 2). This discovery has added to and consequently
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changed what we know and how we think about both ASPP2 and the other
ASPP family members and requires that we reevaluate previously published
reports on ASPP2. It is becoming increasingly obvious that ASPP2 cannot be
studied in isolation and that understanding the regulation and cell context behind
expression of each isoform will be needed to appreciate their contributions to

cellular function and pathogenesis both together and separately.

ASPPZ (1134 a.a.) [ RN =55 i EiER |
Bbp (1005 a.a.) [ ~5Rellcal | |~ 5p [N
AN-ASPP2 (B8O a.a.) [ =5 | T N |

Figure 4.1. Schematic of TP53BP2 gene products. Diagram showing the
various protein products originating from TP53BP2. ASPP2 is the longest and
most apoptotically active member. BBP is 126 amino acids shorter than ASPP2
and is functionally distinct with regards to stimulation of both apoptosis and
senescence. AN-ASPP2 is 256 amino acids shorter than ASPP2 and promotes
cell survival and proliferation. RA=RAS-association domain; PP=poly-proline
domain; AR=ankyrin repeat domain.
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Expression of AN-ASPP2 is important for normal development

As discussed in Chapter 2, the existence of AN-ASPP2 may help to explain
some of the differences that have been observed between the two existing
Aspp2 knock-out mouse models (Kampa et al., 2009a; Vives, 2006). While both
models clearly demonstrate that Aspp2 is a haploinsufficient tumor suppressor,
the developmental differences also provide a basis for speculation on how AN-
Aspp2 functions. The exon 3 knockout (Aspp24®*°n¥4exond) “ganerated by Vives et
al., presented with cranial and heart defects and died before weaning (Vives,
2006). Based on our understanding of Aspp2 gene structure (Figure 2.1C) these
animals are predicted to have lost Aspp2 but retain expression of Bbp (Wang,
2013) and AN-Aspp2. We generated an Aspp2 exon 10-17 targeted mouse
(Aspp24exont0-17/aexoni0-1Ty - qapleted of Aspp2, Bbp, and AN-Aspp2 (Kampa et al.,
2009a). Homozygote animals were never recovered in this model, presumably
due to a catastrophic developmental defect, as we were not able to identify
homozygote embryos (Kampa et al., 2009a). These results are consistent with

+/+

whole mount in situ hybridization results from Aspp2™" mice using both 5" and 3’
probes (to detect all known transcripts), which shows expression beginning at

embryonic day 9.5 (Sottocornola et al., 2010).

So how is continued expression of AN-ASPP2 affecting development in
these mice? While that has yet to be rigorously tested, we do know that
Aspperxon3/Aexon3

embryos have an expanded pool of neural progenitor cells, due

in part to a shortening of the cell cycle (Sottocornola et al., 2010). This may be
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explained by our data showing that AN-ASPP2 promotes proliferation (Figure
2.5). Depletion of ASPP2 without a concomitant depletion of AN-ASPP2 may
shift the isoform ratio out of balance, making it easier for AN-ASPP2 to exert
dominant negative effects against p53 and its ability to promote cell cycle arrest.
The fact that Aspp24®*°"¥4ex°n3 animals survive through gestation, as compared to
Aspp24exoni0-17/aexonl0-l7 e mhryos, may suggest a level of functional redundancy
between Aspp2 and AN-Aspp2 that has yet to be explored. Given that Aspp2
plays a vital role in the establishment and maintenance of cellular contacts that
are needed for normal development (Cong, 2010; Sottocornola et al., 2010) it will

be interesting to study the extent to which AN-Aspp2 is necessary in the same

systems.

Perhaps an important role for AN-ASPP2 during development can help
to explain the variability in detecting it in different, possibly more differentiated,
cell types. Indeed, detection of AN-ASPP2 can be difficult and possibly restricted
to a specific cell type and/or context. One hypothesis could be that expression of
AN-ASPP2 is important during development to promote cell proliferation, cell
survival, and tissue growth but that its importance decreases (and oncogenic
potential increases) as cells differentiate. In this way, it would be advantageous
for cells to limit AN-ASPP2 expression to specific developmental stages and turn
down/off expression, perhaps indefinitely, once cells have differentiated. It will be
interesting to determine the protein half-life of AN-ASPP2 and compare it to full-
length ASPP2 (~60-80 min; Zhu, 2005) as it remains possible that the ASPP2 N-

terminus harbors a stabilizing or de-stabilizing regulatory element that AN-
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ASPP2 lacks. The regulation of AN-ASPP2 expression may not be limited to
protein stability however. A complete examination of AN-ASPP2 expression will
involve interrogating the transcriptional regulation of AN-ASPP2 (see pg 81), the
stability of the AN-ASPP2 transcript, differences in the efficiency of protein
synthesis between AN-ASPP2 and ASPP2, and any post-translational
modifications that may affect AN-ASPP2 stability. No matter the outcomes, the
results of these experiments will be helpful and add to our understanding of AN-

ASPP2 function.

Complex binding dynamics likely mediate ASPP2 and AN-ASPP2 function

In Chapter 2 we presented data demonstrating that AN-ASPP2 promotes
proliferation, increases survival in response to genotoxic stress (Figure 2.5),
inhibits apoptosis (Figure 2.6), and is overexpressed in primary breast cancer as
compared to adjacent normal tissue (Figure 2.7), leading us to speculate that it
may promote tumor growth or initiation. We anticipate, as with ASPP2, that some
of these effects are due, at least in part, through an ability to regulate p53. AN-
ASPP2 can inhibit promoter occupancy of p53 at both the Bax and p21
promoters (Figure 2.4C) but our mechanistic understanding of how this occurs
remains incomplete. We do know that ASPP2 binds to p53 in its core domain
(Gorina and Pavletich, 1996; Iwabuchi et al., 1994) and that the domains
necessary for this interaction are presumably preserved in AN-ASPP2, making it

possible that AN-ASPP2 may directly bind and inhibit p53 transactivation.
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Interestingly, however, AN-ASPP2 does not appear to bind p53 under standard
cell culture conditions (Figure 4.2A). These results, while surprising, suggest a
level of regulation or a cell context that we have not yet uncovered. While not
apparent in unstressed cells, perhaps certain types of cellular stress can promote
the association of AN-ASPP2 and p53. Indeed, the ability of ASPP2 to enhance
p53 binding to its targets is stimulated by cisplatin, indicating the opposite might

be true for AN-ASPP2 (Figure 2.4C).

It is also important to consider that AN-ASPP2 may also be regulated by
predicted intramolecular associations with itself or intermolecular associations
with ASPP2 and/or BBP. Structural studies using ASPP2-derived peptides
predict an intramolecular interaction between the intrinsically unstructured poly
proline domain and SH3 domain (Rotem et al., 2007; Rotem-Bamberger, 2013).
Again, since both of these domains are predicted to be preserved in AN-ASPP2,
we expected that ASPP2 and AN-ASPP2 may interact and regulate one another.
We tested this interaction through co-immunoprecipitation using differentially
tagged ASPP2 and AN-ASPP2 expression vectors (Figure 4.2B and C).
Reciprocal pull-downs of either FLAG-ASPP2 or FLAG-AN-ASPP2 verify that
intermolecular binding and regulation are a possibility. Interestingly,
binding/regulation of ASPP2 to itself (or AN-ASPP2) may also affect the
interaction with, and thus the function of, p53 (Rotem-Bamberger, 2013). While
we do not yet know the physiological relevance of these interactions or whether

they are direct, mediated through a complex of proteins, or whether they are
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context dependent, they open up the interesting possibility of a direct regulatory

network between ASPP2, AN-ASPP2, and p53.

Adding another level of complexity to the ASPP2 family is an
observation made by our colleagues at the University of Tubingen, Germany who
have recently identified several tumor-derived C-terminally truncated isoforms of
ASPP2 that arise as a result of alternative splicing. The isoforms, dubbed
ASPP2k and ASPP2yu, are transcribed from an mRNA missing exon 17 which
results in a frameshift and encodes a unique C-terminal peptide and a premature
stop codon as compared to full-length ASPP2 (Kampa-Schittenhelm, 2013). The
resulting protein is endogenously expressed in acute myeloid leukemia and
appears to have lost a portion of its p53-DNA binding domain, making it tempting
to speculate about its capacity to bind p53, ASPP2, AN-ASPP2, or other C-
terminal binding partners (Table 1.1) and about what that may mean for disease
pathogenesis. Though further studies are needed to understand how this
isoform functions in a disease state, these findings underscore the inherent
complexity of this gene family and the need for a clearer insight into how they

cooperate to promote/prevent disease progression.
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Figure 4.2 AN-ASPP2 binds ASPP2 but not p53. (A) H1299 cells were
transfected with the indicated plasmids and lysates were immunoprecipitated (IP)
with a-FLAG. 10% of lysate was run for inputs and samples were immunoblotted
(IB) with the indicated antibodies. (B and C) 293T cells were transfected with the
indicated plasmids and lysates were immunoprecipitated with a-FLAG. Total
samples were immunoblotted with the indicated

input was run in parallel and
antibodies.
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AN-ASPP2 affects the localization of p53 in response to damage

In discussing the binding capacity of ASPP2, AN-ASPP2, and p53 it is also
important to consider their cellular locations. ASPP2 is known to be primarily
cytoplasmic and very often localized to the plasma membrane due to its
association with both RAS and PAR-3 (Cong, 2010; Wang, 2013; Wang, 2012b).
To assess the location of AN-ASPP2, HCT116 p53** cells were transfected with
FLAG-AN-ASPP2 and stained and analyzed by immunofluorescence. As seen in
Figure 4.3 (top) AN-ASPP2 appears to localize primarily to the cytoplasm with
some possible punctate staining within the nucleus. Endogenous p53, as
expected, is concentrated within the nucleus. Interestingly, after exposure to
cisplatin for 4 hours, FLAG-AN-ASPP2 remains cytoplasmic but the staining for
p53 shifts dramatically from nuclear to cytoplasmic (Figure 4.3 bottom). This shift
is made even more compelling when it is compared to an untransfected cell in
the same field that shows, as predicted, an increase in p53 staining within the
nucleus. This suggests that AN-ASPP2 can alter the location of p53 even in the
presence of cell damage. There are many possible explanations for this shift.
Perhaps AN-ASPP2 has sequestered p53 in the cytoplasm in a complex made
possible by the cellular stress conditions. It is also possible that AN-ASPP2 may
inhibit nuclear import of p53 or promote nuclear export through yet undiscovered
mechanisms. Regardless of the mechanism, these results hint at how AN-ASPP2
may inhibit p53 transactivation (Figure 2.4) and, by extension, apoptosis and/or

cell cycle arrest (Figure 2.5 and 2.6).
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Figure 4.3 Changes in subcellular location of endogenous wild type p53
may be mediated by AN-ASPP2. (A) FLAG-AN-ASPP2 was transfected into
HCT116 cells and exposed to 20 uM cisplatin for 4 hours. Cells were fixed,
blocked, and incubated with a-FLAG and a-p53 as described in Methods. White
arrows indicate FLAG-AN-ASPP2-transfected cells with cytoplasmic p53 staining.
White triangle indicates untransfected cell with nuclear p53 staining.
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AN-ASPP2 adds complexity to the our understanding of the ASPP2 family

The literature is replete with examples of protein isoforms that exert dominant
negative effects on other splice variants from the same gene. The p53/p63/p73
gene families all contain a dizzying array of both C-terminally and N-terminally
distinct isoforms that appear to have widely varying functions. p73, for example,
has seven C-terminal isoforms and 5 N-terminal isoforms, making for a possible
35 different combinations from the same gene. While studies have yet to fully
elucidate the differences of the p53/p63/p73 isoforms, truncations at the N-
terminus in each gene family are generally noted as having dominant negative
effects against longer gene products (Allocati, 2012; Khoury and Bourdon, 2010).
MYC also has been described as having several N-terminally distinct isoforms
that arise from alternative translation initiation sites. One isoform, MycS (a
protein lacking the first 100 N-terminal amino acids as compared to full-length
MYC) can promote proliferation but not apoptosis in Drosophila melanogaster,
illustrating a distinct and important functional difference (Benasayag, 2005).
These findings, while incompletely understood, again emphasize the importance
of protein isoform dynamics and the functional consequences of changes in

protein structure.

Given the inherent complexity within the ASPP2 family as a result of the
various isoforms (Figure 4.1), the intricate differences between how the different
variants are regulated are bound to have profound biological outcomes. Previous

studies have shown us that TP53BP2 is an E2F(1-3) target gene (Chen, 2005;
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Fogal et al., 2005) and in Chapter 3 we interrogated the ability of MYC to control
ASPP2 expression. We predict that AN-ASPP2 expression is regulated by a
separate internal promoter so by extension it would be interesting to explore the
regulation of the AN-ASPP2 transcript by these same transcription factors. As a
preliminary step, we examined the regions proximal to the predicted TSS of AN-
ASPP2 in intron 6 for E-box regulatory elements. Interestingly, there are several
non-canonical MYC-binding sites upstream of our predicted AN-ASPP2
translation start site (intron 5), one downstream (exon 8), and a canonical E-box
in exon 7. While the functionality and importance of these potential binding sites
is still untested, based on the multifaceted nature of the TP53BP2 locus and the
different functions of each isoform we anticipate complex and context-dependent

regulation of AN-ASPP2 expression.

The N-terminus of ASPP2 mediates tumor suppressive functions

Our discovery of an N-terminally truncated isoform of ASPP2 comes at a very
exciting time in the ASPP2 field. Until recently studies have focused on the C-
terminus of ASPP2 and the functional ramifications of its interaction with p53;
however the focus has gradually shifted to one that encompasses the important
interactions and functions mediated by its N-terminus as well. Through
examination of these recent studies we can gain insight into how AN-ASPP2 may

be functioning and generate hypotheses on which future studies will be built.
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Full-length ASPP2 is necessary to promote senescence

It has become increasingly clear that ASPP2 has far reaching functions within the
cell and that its role as a tumor suppressor extends beyond its ability to induce
apoptosis. One of the most interesting new avenues of study involves ASPP2’s
ability to promote RAS-induced senescence. RAS is a small GTPase that,
through its binding of GTP, can quickly translate mitogenic (or anti-mitogenic)
signaling into cellular function. It is an upstream regulator for the powerful
MEK/ERK and AKT/PI3K signaling cascades that have broad reaching effects
within the cell. For example, depending on the cell context, RAS signaling can
drive proliferation, suppress apoptosis, and/or promote angiogenesis and
invasion, making deregulation of RAS activity an attractive pathway for
transformation (Campisi, 2007). Like E2F and MYC, however, the transformative
properties of RAS are kept in check through its ability to initiate tumor
suppressive pathways, like senescence. RAS activation levels appear to be
important for its ability to induce senescence and understanding the mediators of
this regulation remains a barrier to therapeutic intervention (Pylayeva-Gupta,
2011). Our data and others implicates ASPP2, and more specifically the N-
terminus of ASPP2, as an important mediator in this process, by demonstrating
that ASPP2, but not N-terminally truncated BBP, can potentiate RAS signaling
and ultimately senescence (Wang, 2013; Wang, 2012a; Wang, 2012b).
Mechanistically, ASPP2 enhances phosphorylation and activation of C-RAF, C-
RAF/B-RAF dimerization, and a subsequent increase in flux through the

MEK/ERK signaling cascade (Wang, 2012b). These findings have interesting
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implications when taken together with our discovery of AN-ASPP2. Because the
N-terminally truncated BBP does not stimulate RAS activity to the same extent as
full-length ASPP2 (Wang, 2013; Wang, 2012a; Wang, 2012b), we anticipate a
similar deficiency when testing AN-ASPP2 in the same system. Additionally,
ASPP2 activation of RAS signaling is independent of p53 binding (Wang, 2012b)
which compels us to look more broadly at how AN-ASPP2 may function in this
network. Perhaps AN-ASPP2 regulation is needed to slow or turn off ASPP2-
mediated RAS signaling, in which case AN-ASPP2 could act by directly binding

and inhibiting ASPP2 or another component of the pathway.

The N-terminus of ASPP2 is vital for inhibition of autophagy

In addition to promoting senescence, ASPP2 is also being studied for its ability to
inhibit autophagy. Autophagy is a catabolic process, often the result of nutrient
starvation, through which cellular components are metabolized for re-purposing
in other pathways. Like many cellular processes, our understanding of autophagy
is incomplete and complex, as it appears to promote survival in some contexts
and cell types but cell death in others (Kundu, 2008). ASPP2 was recently shown
to inhibit autophagy by competing with the structurally similar ATG16 protein for
binding of the integral autophagic complex ATG5/ATG12 and through this
inhibition it relieves suppression of RAS-induced senescence (Wang, 2012a).
Inhibition was mediated by the N-terminus of ASPP2 (specifically the first 130
amino acids), suggesting that AN-ASPP2 may not regulate autophagy in the

same way. Interestingly, a similar process of autophagy masking the ability of an
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oncogene to initiate tumor suppressive pathways has also been shown in a
MYC-driven tumor model. Hart et al. demonstrated that pharmacological or
genetic inhibition of autophagy in MYC-inducible or MYC-transformed MEFs
promotes apoptosis and inhibits tumor growth in vivo (Hart, 2012). Given that
ASPP2 can inhibit autophagy and that there appears to be an emerging role for
autophagy levels dictating the cellular response to RAS and MYC signaling,
exploring the extent to which ASPP2 can influence this paradigm becomes an
exciting possibility. This is particularly true when taking into consideration the
results presented here illustrating that ASPP2 loss has an impact on cell survival

in response to MYC signaling (Figure 3.4).

Possible therapeutic ramifications

Both inhibition of autophagy and stimulation of senescence appear to depend on
interactions with the N-terminus of ASPP2 (Wang, 2012a; Wang, 2012b). In light
of our discovery of an ASPP2 isoform that lacks this N-terminus, along with its
pro-survival functions (Chapter 2), future studies will explore the effects of AN-
ASPP2 on senescence and apoptosis. Indeed, the N-terminally truncated isoform
BBP cannot stimulate RAS signaling and senescence (Wang, 2013; Wang,
2012b) and the ASPP family member iIASPP (which lacks N-terminal homology
with ASPP2) cannot inhibit autophagy (Wang, 2012a)--making it reasonable to
anticipate that without the important N-terminus, AN-ASPP2 will likewise not be
capable of promoting senescence or inhibiting autophagy. Additionally, since the

ability of ASPP2 to inhibit autophagy and promote senescence is based on the
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structure of its N-terminus and since a peptide derived from the C-terminus of
ASPP2 has previously been shown to restore the DNA binding function of the
unstable 1195T p53 mutant (Friedler, 2002), testing whether an N-terminally-
derived peptide can restore the tumor suppressive functions of oncogenes like
MYC and RAS becomes an intriguing prospect with therapeutic value. One may
predict, however, that an N-terminal ASPP2 peptide therapeutic may have the
unintended consequence of potentiating RAS-driven proliferation in addition to,
or preferential to, RAS-induced senescence and thus drive tumor progression.
The therapeutic benefit of such a peptide remains speculative and would need to

be tested in the appropriate tumor contexts.

TP53BP2 is a MYC target gene with relevance in various tumor suppressive

pathways

Recent ChIP-seq binding studies estimate that MYC binds ~22% of promoters
following serum-stimulation in fibroblasts but that detectable regulation by MYC is
only seen in a fraction of promoters bound, suggesting that though MYC may
bind a large fraction of genes, it is only essential in regulating/amplifying the
expression of a subset (Lin, 2012; Perna, 2012). Therefore it is crucial when
identifying MYC target genes to verify and determine the functional importance of
this regulation. In this dissertation we have presented evidence that TP53BP2
has features of a MYC target gene and that MYC can promote transactivation of

an E-box-containing luciferase reporter but not an E-box-deficient reporter
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(Figure 3.1). We reason that this regulation is direct by demonstrating that MYC
binds to E-box motifs in the TP53BP2 promoter (Figure 3.3). Lastly, and
importantly, we have shown that MYC regulation of TP53BP2 has functional
importance in regulating MYC-induced apoptosis (Figure 3.4). Examination of
what is known about the pathways that both ASPP2 and MYC utilize to promote
apoptosis reveals interesting overlap and provides a foundation for future

studies.

The exact pathways through which ASPP2 mediates MYC-induced
apoptosis remain unclear but we can speculate that ASPP2 may function directly
with p53 to enhance transcription of its pro-apoptotic targets (Samuels-Lev et al.,
2001). Additionally, our discovery of the pro-survival isoform AN-ASPP2 (Figure
2.5 and 2.6) makes it possible that ASPP2 can promote cell death by inhibiting
(directly or indirectly) the function of AN-ASPP2. Past studies also show that
ASPP2 can stimulate the apoptotic abilities of both p63 and p73 (Bergamaschi et
al., 2004) and that BBP can induce apoptosis through the mitochondrial cell
death pathway independent of p53 (Kobayashi, 2005). We can also speculate
that the anti-apoptotic protein BCL-2 may provide a common link between
ASPP2 and MYC. Repression of BCL-2 by MYC through the MIZ-1 pathway is
essential for MYC-induced apoptosis in human fibroblasts (Patel, 2007).
Expression of BCL-2 can block BBP-induced apoptosis, though the exact
pathways involved remain unclear (Takahashi et al., 2005). Interestingly both
ASPP2 and BBP are known to bind BCL-2 through their C-terminal domains

(Naumovski and Cleary, 1996; Rotem-Bamberger, 2013). It will be interesting to

107



Summary and Discussion

explore the extent to which BCL-2 can inhibit ASPP2 and/or BBP and the extent
to which repression of BCL-2 by MYC can free these proteins for other functions,

such as promoting apoptosis.

ASPP2 has a multifaceted role in tumor prevention

Our results linking ASPP2 to MYC regulation and apoptosis, taken in
combination with current knowledge about RAS and MYC activity, place ASPP2
at the heart of a novel tumor suppressive network whereby ASPP2 functions to
inhibit tumorigenesis through multiple mechanisms (Figure 4.4). Activation of
RAS promotes phosphorylation of the oncogene RB, which subsequently
releases E2F from inhibition, and allows transcription of E2F targets necessary
for cell cycle progression and apoptosis. E2F is then free to stimulate
transcription of TP53BP2, where it can contribute to the lowering of the apoptotic
threshold that accompanies proliferation. At the same time, activation of RAS
leads to stabilization of MYC by promoting phosphorylation at S62 through ERK
and other cyclin-dependent kinases. This stable MYC, whether in combination
with E2F or not, can then engage the TP53BP2 promoter and further sensitize
the cell to apoptotic stimuli. In response to apoptotic stimuli, such as activated
RAS or deregulated MYC, ASPP2 may directly stimulate apoptosis through p53-
dependent or independent mechanisms. It may also prevent malignant
transformation of normal cells by potentiating RAS-induced senescence through

their direct interaction at the plasma membrane. Lastly, depending on the cell
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type or context, ASPP2 may activate these tumor suppressive pathways
indirectly by inhibiting a survival pathway like autophagy, thus exposing the tumor
suppressive pathways mediated by RAS or MYC. Through inactivation of
ASPP2, whether by promoter hypermethylation or another mechanism, an
evolving tumor cell may be able to relieve tumor suppression in a variety of ways,
making ASPP2 loss advantageous. It remains a possibility also that aberrant
upregulation of AN-ASPP2 could function in an opposing way and antagonize
these pathways by directly or indirectly functioning as a dominant negative

against ASPP2 or p53.

After almost twenty years of study, our knowledge about ASPP2 has
evolved from thinking of it primarily as a pro-apoptotic regulator of p53 to
understanding that its contribution to the cell is much broader and includes roles
in senescence, autophagy, development, and cell polarity. Upon reflection, it
becomes clear that the findings outlined in this dissertation not only change the
way we interpret prior findings about ASPP2 regulation and function but also how

future studies should be designed and interpreted.
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Figure 4.4. ASPP2 and AN-ASPP2 have a multifaceted role in tumor
suppression. ASPP2 expression is regulated downstream of several signaling
pathways. Activation of RAS leads to stabilization of MYC and activation of E2F
leaving them free to regulate various target genes, like TP53BP2. Expression of
ASPP2 can promote apoptosis or senescence directly or through inhibition of
autophagy.
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Materials and Methods

Plasmids

Construction of the pD40-His/V5-c-MYC, CMV-empty, CMV-ASPP2, and pRSV-
B-galactosidase plasmids and reporter constructs E2F2-luciferase, ASPP2-
luciferase (-1530>+276), and ASPP2-luciferase (-1080->+276) has been
previously described (Chen, 2005; Sears et al., 1997; Yeh et al.,, 2004; Zhu,
2005). The p53 expression plasmid and the p21-luciferase reporter construct
were generous gifts from Hua Lu, Tulane University. The V5-AN-ASPP2, FLAG-
AN-ASPP2, FLAG-ASPP2, CMV-AN-ASPP2 and 5'UTR-AN-ASPP2 expression
vectors were constructed by Zhiping Wang. The V5-AN-ASPP2 plasmid was
generated by PCR amplifying AN-ASPP2 cDNA with restriction enzyme linking
primers (BamHI 5’ end and Xbal 3’ end). The restriction digested PCR products
were then cloned into V5pcDNA3.1. FLAG-AN-ASPP2 and FLAG-ASPP2 were
generated by PCR amplifying either AN-ASPP2 or ASPP2 cDNA with restriction
enzyme linking primers (FLAG-AN-ASPP2: BamHI 5 end and Xbal 3’ end;
FLAG-ASPP2: Xhol 5 end and Xbal 3’ end). PCR products were cloned into
2XFLAGpcDNA3.1. CMV-AN-ASPP2 was generated by amplifying AN-ASPP2
cDNA with restriction enzyme linking primers (BamHI 5 end and Xbal 3’ end).
5'UTR-AN-ASPP2 was generated by PCR amplifying the 5’UTR-containing AN-
ASPP2 cDNA cloned from MCF7 cells with restriction enzyme linking primers

(BamHI 5’ end and Xbal 3’ end). Both CMV-AN-ASPP2 and 5’'UTR-AN-ASPP2

112



Materials and Methods

were cloned into pRcCMV. ASPP2, AN-ASPP2, and control siRNAs were
designed as described in Appendix 1 and duplexes were purchased from Sigma-

Aldrich (St. Louis, MO).

AN-ASPP2 Cloning

Full-length AN-ASPP2 was PCR amplified from a cDNA library created from the
human breast cancer cell line MCF7. Total RNA was isolated as described in the
RNA preparation and RT-PCR section (pg. 120). cDNA was generated using M-
MLV Reverse Transcriptase (Invitrogen) according to manufacturers instructions
using oligo-dT primers. Undiluted cDNA was PCR amplified with Platinum Taq
polymerase (Invitrogen) according to manufacturers instructions. In accordance
with Invitrogen suggested optimizing methods BSA and DMSO were added to
reduce secondary structures, the annealing temperature was optimized to 72°C,
and 35 cycles were run to achieve the desired product. Cycling conditions were
as follows (98°C for 30 seconds, 98°C for 30 seconds, and 63°C for 30 seconds,
72°C for 1 minute with extension of the last cycle for 10 minutes at 72°C).
Resulting PCR products were run on a 1% agarose gel. Products of the correct
size were cut from the gel and purified using a Qiagen QIAquick Gel Extraction
Kit according to manufacturer’s instructions. Purified products were ligated into a
TOPO TA Cloning Kit® from Invitrogen according to the provided instructions.
Plasmids were transformed into the chemically competent One Shot® cells

(Invitrogen) and resulting colonies were mini-prepped using a QlAprep Spin
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Miniprep Kit (Qiagen) per included instructions. Purified products were

sequenced with the following primers:

Primer name Sequence

ForATG ATGAATAATTTGTTCCAGCAA

T3 ATTAACCCTCACTAAAGGGA

T7 TAATACGACTCACTATAGGG

16S1 GTGTTGCAGTTAGGCTATTTTGAGC
2735Rev AGACAAAGGAGCTTGGCCTGA
2520Rev GTTCAGGAGAAGATGGGCATA
2021Rev GAGAAGACTCGGTGAGCATGCG
1521Rev CTAGAAGCCTTACGAAAG
1020Rev CAGCCGAGAGTGCTGCTATCT
517Rev GGCCGATGAAAATACAGACACTG

Table 5.1. AN-ASPP2 sequencing primers

114




Materials and Methods

Cell lines, Primary Cells, and Transfections

Cell lines and primary cells

U20S, H1299, 293T, HCTT116 and MCF7 cells were maintained in DMEM
(Gibco®) supplemented with 10% fetal bovine serum (Hyclone) and 1% pen-
strep (Gibco®). Tetracycline-regulatable FLAG-ASPP2 and FLAG-AN-ASPP2
cell lines were generated by transfection of cells with FLAG-AN-ASPP2 or FLAG-
ASPP2 followed by Zeocin™ (Invitrogen) selection for two weeks at a
concentration of 100 pg/mL. Resulting colonies were expanded, tested for
expression by induction with 1 ug/mL doxycycline, and selected for use based on
similar expression. The 293T-tr-HA-MYC cell line was a generous gift from
Rosalie Sears. Both tetracycline-regulatable cell lines were maintained in media
supplemented with 10% tetracycline-free serum (Hyclone) at all times. Mouse
embryonic fibroblasts were maintained in DMEM (Gibco®) supplemented with
20% fetal bovine serum (Hyclone) and 1% pen-strep (Gibco®). All cells were

maintained at 37°C with 5% CO.,.

HCC202 and DU4475 lysates were a generous gift from Trevor Levin and Joe

Gray.
Transfections

H1299 cells were transfected with TransFectin™ Lipid Reagent (Bio-Rad) and
U20S cells were transfected with FUGENE® 6 (Roche) according to

manufacturers’ instructions. DNA:transfection reagent complexes were incubated
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in Opti-MEM (Gibco®) or serum-free media before adding to cells. HCT116 cells
were transfected with Lipofectamine™ 2000 (Invitrogen) in Opti-MEM (Gibco®)
plus serum free media for 5 hours at which point serum was added to a final
concentration of 10%. siRNAs were transfected using Mirus TransIT-TKO®
Transfection reagent from Mirus (Madison, WI) according to manufacturers’

instructions.

Mice

+/+

Aspp2*"* and Aspp2"" mice (C57BL/6) were generated at the Oregon Health and
Science University Transgenic Core. Detail methods appear in (Kampa et al.,
2009a). RFS-c-Myc/Lck-Cre mice (C57BL/6) were a generous gift from Rosalie
Sears, Oregon Health and Science University. The RFS-c-Myc mice are
described in detail in (Wang, 2011) and the Lck-Cre mice in (Link, 2012). All
animals were housed in the non-barrier facility at Oregon Health and Science
University and maintained by breeding with C57BL/6 mice. To generate the RFS-
c-Myc/Lck-Cre/Aspp2*™* and RFS-c-Myc/Lck-Cre/Aspp2* cohort RFS-c-Myc/Lck-
Cre males were mated to Aspp2” females and resulting offspring (F1
generation) were genotyped using the primers described in Table 5.1. The F1
generations were all RFS-c-Myc*” with a relatively Mendelian breakdown of Lck-
Cre+ (~42%) and Lck-Cre- animals (~58%). Aspp2** (~30%) and Aspp2*"
(~70%) ratios were as expected given that Aspp2” are not viable. RFS-c-Myc*"

ILck-Cre+/Aspp2™™ and RFS-c-Myc™/Lck-Cre-/Aspp2™ (for controls) were

subsequently crossed again and resulting RFS-c-Myc*™*/Lck-Cre+/Aspp2™”*, RFS-
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c-Myc™*/Lck-Cre+/Aspp2*”,  RFS-c-Myc**/Lck-Cre-/Aspp2™*, and RFS-c-

Myc*"*/Lck-Cre-/Aspp2*" were monitored for tumor formation for 2 years.

Animals with visible tumors were sacrificed before they exceeded the maximum
size allowed by the Oregon Health and Science University Department of
Comparative Medicine. Animals without visible tumors were sacrificed when they
became moribund. Necropsies were performed and lymphoma was diagnosed
based on tumor burdens located in the thymus, spleen, liver, and/or surrounding

lymph nodes.

Genotyping was performed on tail biopsies collected from animals at weaning (~3
weeks of age). Tails were digested in lysis buffer (10 mM Tric-HCI ph 8..0, 25
mM EDTA, pH 8, 100 mM NacCl, 0.5% SDS) supplemented with 200 pg/mL of
proteinase K (Invitrogen) and incubated in a water bath overnight at 37°C. DNA
was isolated from tail samples by adding phenol:chloroform:isoamyl alcohol
(25:24:1), transferring the aqueous phase to a new tube and precipitating with
ethanol. Samples were genotyped using the primers in Table 5.1 and the
following cycling parameters (95°C for 30 seconds, 50°C for 30 seconds, and

72°C for 30 seconds with extension of the last cycle for 10 minutes at 72°C).

Genotyping Sequence Type
Primers

5 Lck promoter | CCTTGGTGGAGGAGGGTGGAATGAA | traditional

3’ CRE coding AATGTTGCTGGATAGTTTTTACTGC traditional

pPROSA884F AAAGTCGCTCTGAGTTGTTAT traditional

pROSA1447R GGAGCGGGAGAAATGGATATG traditional
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pBigT86R GCGAAGAGTTTGTCCTCAACC traditional
Aspp2Neo (F) AGGTGAGATGACAGGAGATC traditional
Aspp2Neo (R) CTTGGGTGGAGAGGCTATTC traditional

Table 5.2: Genotyping primers

Antibodies and Chemicals

Antibodies

The N-terminal ASPP2 (ASPP2c) and MYC (Y69) antibodies were purchased
from Abcam (Cambridge, UK). One of the C-terminal ASPP2 (ASPP2a)
antibodies, a-tubulin, and FLAG (M2) antibodies were purchased from Sigma-
Aldrich (St. Louis, MO). Another C-terminal ASPP2 antibody (ASPP2b) was
purchased from BDBiosciences (San Jose, CA). Generation of another C-
terminal ASPP2 antibody (ASPP2d) has been described previously (Naumovski
and Cleary, 1996). The mouse immunoglobulin, rabbit immunoglobulin, rabbit
polyclonal MYC (N262) and rabbit polyclonal p53 antibody were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). The V5 antibody is commercially
available through Invitrogen™ (Grand Island, NY). The mouse monoclonal p53
antibody (DO-1) was purchased from Calbiochem®. Goat a-mouse and goat a-
rabbit horseradish peroxidase-conjugated secondary antibodies [AffiniPure
Rabbit a-Mouse IgG (H+L)] used for immunoblotting and the rabbit a-mouse
bridging antibody used for ChIP were purchased from Jackson ImmunoResearch
Goat a-rabbit IgG-FITC and Goat a-mouse IgG-CY3 fluorescent secondary

antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
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Chemicals

Cisplatin (cis-diamineplatinum (II) dichloride, doxorubicin hydrochloride, and
doxycycline were purchased from Sigma-Aldrich (St. Louis, MO). VectaShield
mounting media with DAPI nuclear staining reagent was purchased from Vector

Laboratories (Burlingame, CA).

Immunoblotting

Cells were lysed in RIPA buffer (150 mM sodium chloride, Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) supplemented with 1X
protease inhibitor cocktail (Roche) and 1 mM PMSF. Protein extract
concentrations were quantified in triplicate using an RC DC™ Protein Assay kit
according to manufacturers instructions (Bio-Rad). 4X SDS sample buffer was
added and protein lysates were boiled for five minutes. Samples were separated
on an SDS-PAGE gel, transferred to Westran® Clear Signal polyvinylidene
fluoride (PVDF) membrane (Sigma-Aldrich) and blocked with 1% non-fat dry millk
in PBS. Membranes were then probed with indicated selected primary antibody
in fish serum overnight (all primary antibody dilutions were 1:1000 unless
otherwise noted), washed, and probed with either a-mouse or a-rabbit IgG
horseradish peroxidase-conjugated secondary antibody in 1% non-fat dry milk
(all secondary antibody dilutions were 1:15,000). Membranes were then
developed with Western Lightning® enhanced luminol-based chemiluminescence
substrate (Perkin-Elmer) or SuperSignal West Femto Chemiluminescent

Subsrate (Thermo Scientific), exposed to Blue Ultra Autorad Film Double

119



Materials and Methods

Emulsion Blue (GeneMate) and developed using an SRX-101A X-OMAT (Konica

Minolta).

RNA preparation and RT-PCR analysis

Total cellular RNA was isolated from whole cells using TRIzol® (Invitrogen)
according to manufactuerers instructions. Samples were DNase treated for 30
minutes at 37°C to protect against genomic DNA contamination of RNA. cDNA
was synthesized using the High Capacity cDNA Reverse Transcriptase Kit (Life
Technologies) according to the provided protocol. Quantitative RT-PCR analysis
was performed using indicated primers listed in Table 5.2. Human GAPD
(GAPDH) Endogenous Control primer/probe set (Invitrogen) was used for
Tagman normalization. Samples were run using either Tagman® Universal PCR
Master Mix or SYBR® Green PCR Master Mix and run on the StepOne™ Real-

Time PCR system (Applied Biosystems) according to manufacturer’s instructions.
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Quantitative | Sequence Type

RT-PCR

primers

Tagman ATGCGGTTCGGGTCCAAG quantitative

ASPP2 (F)

Tagman CTTGGACCCGAACCGCAT quantitative

ASPP2 (R)

Tagman ATGTTTCTTACCGTGTATCTCATGATGCCG | quantitative

ASPP2

probe

AN-ASPP2 | GGCTATTTTGAGCTTAGTGGTGTACA quantitative

(F)

AN-ASPP2 | CGCTGATCTTGTTGTTTCAAAAAC quantitative

(R)

AN-ASPP2 | GTGTTGCAGTTAGGCTATTTTGAGC nested

(F) pair 1 semi-
gquantitative

AN-ASPP2 | CAATTCAGGCCTTGAGGGCATCCGAG nested

(R) pair 1 semi-
guantitative

AN-ASPP2 | GTGGTGTACATACCTAAAATGACATAC nested

(F) pair 1 semi-
guantitative

AN-ASPP2 | GCATAGTAGATGACTGGATATAGGGA nested

(R) pair 1 semi-
guantitative

GAPDH SE1 | GAGCCACATCGCTCAGACAC semi-
gquantitative

GAPDH GGTGCAGGAGGCATTGCTGA semi-

ASEG guantitative

ASPP2 AGGCATGCGGCCACCAT quantitative

Ebox1 (F) ChiP

ASPP2 GCAGTGGCTCACGCCTGTA quantitative

Ebox2 (R) ChiP

Negative GCGGTTCTTACCATCACCTTTG quantitative

control (F8) ChiP

Negative CTCCCAACATGCCTATCCTACTCT quantitative

control ChiP

(R8.1)

E2F2 TCACCCCTCTGCCATTAAAGG quantitative

positive ChipP

control (F)

E2F2 AGCAGTGTATTCCCCAGGCC quantitative

positive ChipP

control (R)

Bax (F) TAATCCCAGCGCTTTGGAAG quantitative
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ChiP

Bax (R) TTGCTAGATCCAGGTCTCTGCA quantitative
ChiP

Nucleolin (F) | TTGCGACGCGTACGAGCTGG quantitative
ChiP

Nucleolin (R) | ACTCCGACTAGGGCCGATAC quantitative
ChiP

p21 (F) GTGGCTCTGATTGGCTTTCTG quantitative
ChiP

p21 (R) CTGAAAACAGGCAGCCCAAGG quantitative
ChiP

p21 (F) CTGGACTGTTTTCTCTCGGCTC quantitative

p21 (R) TGTATATTCAGCATTGTGGGAG guantitative

GAPDH (F) | ATGACCTTGCCCACAGCCT quantitative

GAPDH (R) | CGGGGCTCTCCAGAACATC quantitative

Table 5.3: Semi-quantitative and quantitative RT-PCR
primers/probes

Chromatin Immunoprecipitations and
Immunopreciptiations

p53 ChIP

FLAG-ASPP2-r-U20S, FLAG-AN-ASPP2-tr-U20S, 293-tr-HA-MYCWT, cells
were induced (or not) with doxycycline for 18 hrs. U20S cells were then exposed
to 20 pM cisplatin or 0.9% NaCl vehicle for 4 hours at which point
paraformaldehyde was added to a final concentration of 1% and quenched 10
minutes later with glycine (0.125 final concentration). Cells were then collected,
lysed in RIPA buffer supplemented with 1X protease inhibitor cocktail (Roche)
and 1 mM PMSF. Lysates were sonicated for 5 rounds (30% duty, 3.5 output, 10
pulses) with at least one minute of rest on ice between rounds. Lysates were pre-

cleared with bovine serum albumin-blocked recombinant Protein A Sepharose
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beads (Repligen) and incubated with 2 pg a-p53 (DO-1) or a-mouse IgG
overnight. Pre-blocked beads were added to lysates and rotated for one hour and
thoroughly washed. Complexes were eluted from the beads by incubating in
elution buffer (0.1 M NaHCOg3;, 1% SDS) for 30 min. 5M NaCl was added to
eluted complexes and cross-links were reversed by incubating samples at 65°C
overnight. Bound DNA was isolated using a Qiagen QAlquick PCR kit according
to manufacturers’ instuctions and gRT-PCR was performed using indicated
primers.

MYC ChIP

H1299 and 293T-tr-HA-MYC cells were processed as described above with the
following changes: 293T-tr-HA-MYC cells were induced (or not) for 8 hours with
1 pg/mL dox. Two pg of the N262 MYC antibody or a-rabbit IgG were used for
MYC ChlPs. Cells were washed three times with PBS and not quenched with
glycine. After primary antibody incubation lysates were incubated with 1.5 times
excess of a rabbit a-mouse bridging antibody. ChIP DNA was run on a 2%
agarose gel.

Immuoprecipitations

IPs were performed as described above on lysates that had not been cross-
linked or sonicated. Washed beads were boiled in 1X SDS loading buffer and run

on a gel with 10% whole cell lysate inputs.
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Luciferase Assays

Cells were transfected with indicated plasmids making sure to account for
differences in vector concentrations. Cell were then collected and lysed in 0.1M
K,PO, buffer supplemented with 1 mM DTT in combination with 3 rounds of
freeze-thaw lysis in liquid nitrogen. Glygly solution [(50 mM Glygly, 30 mM
MgSOy, pH 75.)+20 mM ATP +H,0; 2:1:1 ratio respectively] was added to each
sample (300uL) and 100 uL of 100 pM luciferin was added automatically while
luminescence was measured using a Lumat LB9507 Luminometer (Berthold

Technologies). Remaining lysate was assessed for -galactosidase activity using

ortho-nitrophenol-B-D-galactopyranoside substrate and measured at As7o.

Immunofluorescence

HCT116 cells were grown on cover slips and transfected with equivalent
amounts of FLAG-AN-ASPP2 or empty vector and incubated with 20 uM cisplatin
or 0.9% NacCl as vehicle for 4 hours. Cells were then washed two times with PBS
and fixed while rocking for 10 min with 10% formalin neutral buffered solution and
washed again three times. Fixed cells were rocked and incubated with 1% Triton-
X100 in PBS for 20 minutes then washed three times. A 2% BSA + 1% goat
serum blocking buffer was used to block the cells for one hour. After washing two
times in PBS cells were incubated overnight at room temperature in primary
antibody (1:1000) diluted in blocking buffer. Cells were then washed three times
and incubated in either goat a-mouse-CY3 or goat a-rabbit-FITC (1:500) diluted

in blocking buffer and rocked in the dark for one hour. After washing three times
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cover slips were placed on slides dotted with DAPI/mounting solution. Images

were captured with a Nikon Eclipse 80i fluoresecence microscope.

Live Cell Imaging

Cells were plated at a density of 1,500 cells/well in a 96-well plate and treated as
indicated. Twenty-four hours later plates were placed in the IncucyteZOOM
(Essen) and phase image data was collected every 2 hours for 48 hours. Cell
confluence percent was determined using customized phase-contrast software

(Essen).

Cell Viability Assay

Cells were plated at a density of 1,500 cells/well in a 96-well plate and treated as
indicated. Twenty-four hours later they were assessed using the MTS
proliferation assay (Pierce) according to manufacturer's instructions and

measured at Asgo.

RNAseq

RNA collected from BRCA cell lines were converted into cDNA library fragments.
Sequencing adaptors were added to each cDNA fragment and paired end
sequencing was done using lllumina GAIl. The reads were then aligned to
reference genome build hgl9 using Tophat (Langmead B, 2009; Trapnell C,

2009), a splice junction aligner. Integrative Genomics Viewer (IGV) (Helga
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Thorvaldsdattir, 2012) was used to view aligned reads, which provided evidence

for isoforms of ASPP2.

5'RACE

Total RNA collected from fresh mouse or rat brain tissue, or the human cell line
HCT116 were used as template in the GeneRacer™ 5 RACE System
(Invitrogen) along with ASPP2-specific reverse primers (See Table 5.4) in

accordance with manufacturer’s instructions.

126



Materials and Methods

Primer Sequence 5'>3’ Type

hASPP2 5’RACE GTTTCTTAGCTGCAGCTCCTTATAG 5’'RACE
r'/mASPP2 5’RACE | CCGTGGCATAGTGGATGACTGGATG 5’RACE
Rat f1 GTGGAGGAAATTGAACAGATGAACAG | RT-PCR
Rat 12 CACCTGTGGTCATTCTCTTTGTTCT RT-PCR
Rat 3 GCTTGATTGTCTGGGAAGTGATTC RT-PCR
Rat f4 GGTATTTAGTGGTGTCTCGTTGATTTC | RT-PCR
Rat 5 TTGAAGTCAGGTTGGCGTAAGACGC RT-PCR
hExon 1 (F) ATGCGGTTCGGGTCCAA RT-PCR
hExon 4 (R) AATGTCCCTGCCAGGGGG RT-PCR
hExon 6 (R) GCCATTTCCTGAAGTTCAGC RT-PCR
mExon 1 (F) ATGCGGTTCGGGTCCAA RT-PCR
mExon 4 (F) GGTGAGCATCGGAGGAAGGAGAATG | RT-PCR
mExon 5 (F) ACGCTTGCTGAACTCCAGGAAATGG RT-PCR
mExon 5 (F) CAGCAACAAATCTGGCTACTAAG RT-PCR
mExon 8 (R) GTTTGGCATTCTGCTCTTGGTTCAG RT-PCR
mExon 9 (R) CAGCCACACGACTTGGGGCTG RT-PCR

Table 5.4. 5’RACE and RT-PCR Primer sequences
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Apoptosis Assay

U20S cells were transfected with FLAG-AN-ASPP2 or empty vector control
using Fuguene® 6 (Roche) according to manufacturers instructions Twenty-four
after transfection cells were UV-irradiated harvested 18 hours later. Cells were
detached with 0.25% trypsin (Gibco) and collected in 10% serum medium. Cells
were then gently washed twice with 1X PBS and resuspended in 1X Annexin V
Binding Buffer (BD Pharmingen™). APC Annexin V (BD Pharmingen™) and
propidium iodide were added to transfected cells along with controls (propidium
iodide alone, annexin alone, and unstained) and incubated for 20 minutes in the
dark. Binding buffer (1X) was then added and cells were analyzed with a BD

FACSCalibur flow cytormeter (BD Biosciences).
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Appendix 1. AN-ASPP2 Methods
Development

As discussed in Chapter 4, detection of AN-ASPP2 has proven challenging for a
variety of reasons, not the least of which is the fact that there are no unique
epitopes to distinguish it from full-length ASPP2, making targeted immunoblotting
an impossibility. There is however a unique stretch of sequence in the AN-
ASPP2 5'UTR that allows for distinction at the genetic level, specifically with
targeted siRNAs and gPCR. While working to characterize AN-ASPP2 |
developed and validated both of these tools for detection of this novel protein but
was not able to utilize them for various reasons. Here | offer a brief overview of

each.

AN-ASPP2 qRT-PCR SYBR® Green primers

Human AN-ASPP2 is generated from an alternative transcription start site in
intron 6 of TP53BP2 with a predicted translation start site in exon 8, leaving exon
7 and a portion of intron 6 untranslated. Since intron 6 is spliced out of both
ASPP2 and BBP transcripts the stretch of sequence downstream of the AN-
ASPP2 transcription start site (intron 6) and upstream of exon 7 of sequence is
unique to the AN-ASPP2 transcript. Indeed, sequence verification demonstrates
that the AN-ASPP2 transcript contains 77 unique base pairs upstream of its
coding region. Using this region as a template in Primer Express® 3.0 (Applied

Biosystems), | designed a series of SYBR® Green gRT-PCR primer pairs
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predicted to specifically detect AN-ASPP2, based on the software design
parameters.

Primer sets were chosen based on predicted compatibility (minimizing
self-dimer capacity, hairpin structures, and cross-dimer capacity) and tested on
cDNA from a panel of breast tumor cell lines, RNA template to ensure that
genomic DNA was not detected, or water as a negative control. As shown in the
representative melt curve in Figure Al.1A the set of primers chosen amplified a
specific product (represented by a sharp peak in the cDNA template samples) as
compared to no cDNA and no RT template samples. In subsequent gPCR runs
fluorescence was set to be collected at 2°C below the peak melting temperature
(73.8°C) to ensure maximal signal detection. These primers were successfully
used to detect AN-ASPP2 in a panel of breast cancer cell lines (Figure A1.1B)

and will be a useful tool for studying AN-ASPP2 in the future.
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Figure Al.1 AN-ASPP2 is specifically and quantitatively detected in cell
lines. (A) Representative melt curve from a gPCR run using AN-ASPP2-specific
primers with cDNA template, without template, and with RNA template (No RT).
(B) Quantitation of AN-ASPP2 mRNA in the non-malignant MCF10A cell line and
the SKBR3 and MDA-MB-453 breast cancer cell lines. Values are normalized to
GAPDH and error bars represent the positive and negative error of 3 technical
replicates.
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AN-ASPP2-specific SIRNA

The unique 77 base pairs located in the 5’UTR of AN-ASPP2 were also used as
a target sequence for siRNA design. This unique AN-ASPP2 sequence (along
with a sequence upstream of intron 6 chosen to specifically target ASPP2) was
analyzed by Sigma’s Rosetta design algorithm (Sigma-Aldrich) and potential
SsiRNA sequences were ranked according to theoretical knockdown efficiency.
Two AN-ASPP2-specific and two ASPP2-specific sequences were chosen for
validation.

Again, as a result of our difficulty detecting AN-ASPP2 at the protein level,
validation of these tools with immunoblotting has remained a challenge.
However, when we quantified AN-ASPP2 knockdown in SKBR3 cells 24 hours
post transfection with siRNAs using the gPCR reagents described above, we see
a significant reduction in AN-ASPP2 message as compared to a control siRNA
sample (Figure Al.2). It is of course important to monitor the off-target effects of
siRNAs, specifically in our case any effects seen on full-length ASPP2 detection.
There is a reduction of ASPP2 with our AN-ASPP2-specific sSiRNAs, a possible
consequence of a reduction in a pool of pre-spliced ASPP2, however the fold
change in AN-ASPP2 knockdown is much more dramatic, suggesting a higher
degree of specificity for this target. Nevertheless, these results will be important
to consider when analyzing the functional consequences of AN-ASPP2

knockdown in future experiments.
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Figure Al.2 Validation of AN-ASPP2 knockdown. SKBR3 cells were
transfected with equivalent amounts of control siRNA or one of two AN-ASPP2
siRNAs and harvested for total RNA 48 hours later. cDNA was prepared as
described in Methods and samples were assayed using SYBR® Green reagents
for AN-ASPP2 expression and using Tagman® reagents for ASPP2. Error bars
represent the positive and negative error of 3 technical replicates.
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Appendix 2. Figure Contributions

Figure 2.1. 5’RACE (Figure 2.1A) was performed by Dexi Chen. Gel mapping of

AN-ASPP2 transcription start site was done by Zhiyi Zhu.

Figure 2.2. RT-PCR of both human (2.2A) and mouse (2.2B) was performed by

Zhiyi Zhu.

Figure 2.3. The cloning PCR reaction (Figure 2.3A) was run by Casey Nold.
Immunoblot (Figure 2.3E left) was performed by Charles Lopez and the RT-PCR
(Figure 2.3E right) was performed by Dexi Chen.

Table 2.1. RNA-seq mining was performed by Pavana Anur

Figure 2.4. Immunoblot (Figure 2.4C inset) performed by Zhiping Wang.

Figure 2.6. Apoptosis assay (Figure 2.6A) and immunoblot (Figure 2.6B) were

performed by Hun Joo Lee.

Figure 2.7. Semi-quantitative PCR performed by Dexi Chen (Figure 2.7A) and

guantitative PCR performed by Hun Joo Lee (Figure 2.7B).

Figure 4.3. Immunopreciptiations and Immunoblots (Figure 4.3B and C)

performed by Zhiping Wang
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