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Introduction

Preface

The transcription factor MYC has been studied for decades as one of the most
potent cancer drivers. Recent advances in next generation sequencing and
molecular biology have uncovered a broad impact of MYC and its partners on the
genome under both physiological and cancerous settings. This thesis
investigates the interaction between MYC and PIN1, a previously identified
regulator of MYC, with focus on the biophysical features, subnuclear localization,
as well as the functional consequences. Such understanding potentiates more
clinical utility of MYC by providing new biomarkers of MYC activity and novel

strategies to inhibit MYC oncogenic functions.

The studies are organized in the following outline: In Chapter 1, | delve into the
background of MYC and PIN1 and their roles in cancer biology. In Chapter 2,
which was published in Structure 2015, | characterize a novel MYC motif that
PIN1 recognizes, and how it impacts MYC activity. In Chapter 3, which is close to
submission for publication, | address how PIN1 mediated nuclear distribution of
MYC is important for MYC driven transcription. Finally, in Chapter 4, | connect all

the threads and provide thoughts on future directions of this research.
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The potent transcription factor MYC

Background of MYC

MYC (or c-MYC) was discovered as a cellular homologue of the avian retroviral
proto-oncogene v-MYC that causes MYeloCytomatosis (leukemia and sarcoma)
(Vennstrom et al., 1982). Since then, intensive studies have revealed its role in
cell growth, transformation, tumor ignition and progression, covering virtually
every aspect of cancer hallmarks (Hanahan and Weinberg, 2000). MYC functions
as a transcriptional factor, with a unique ability to bind a wide range of gene
targets, resulting in both transcriptional activation and repression (Kress et al.,
2015). To target MYC for cancer therapeutics, it is critical to understand the

mechanisms regulating MYC'’s activity and target gene selection.

MYC as a transcription factor

MYC belongs to a basic helix-loop-helix transcription factor family that also
includes N-MYC, and L-MYC, which were discovered in neuroblastomas and
small cell lung carcinomas, respectively (Brodeur et al., 1984; Nau, 1985). Similar
to other transcriptional factors, the MYC proteins are modular. MYC carries a
loosely defined transcriptional activation domain (TAD) at its N-terminus, followed

by a canonical nuclear localization signal (NLS) at amino acids 300-328, and a
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carboxy-terminal basic helix-loop-helix leucine zipper (bHLH-LZ) DNA binding
domain that forms a heterodimer with MAX, another bHLH-LZ protein, to bind the
E-box consensus DNA sequence (CACGTG and other derivatives) (Figure 1)
(Blackwell et al., 1990; Kato et al., 1990; Landschulz et al., 1988; Luscher and
Eisenman, 1990). The MYC-MAX heterodimer, upon binding to DNA, can both

activate and repress gene expression, controlling a wide range of cell behaviors.

@? CDKSJ |cotactors!
P
MAPKs) | HATsJIPIMU |HDA03) Q:ofactorsg [HATs]

Tsjsfsz / / /
(MBI} TAD (MBIIJ—{mBIIT L a@ MYC
| | /]

consensus:
5-CACGTG

Figure 1.1: Structural organization of MYC (Liischer and Vervoorts, 2012).

The domain structure of MYC. MB, conserved MYC boxes; TAD, transactivation
domain; NLS, nuclear localization sequence; b, basic region; HLH, helix-loop-
helix domain; Zip, leucine zipper region. Threonine 58 and serine 62 are
indicated as two key phosphorylation sites. Interactions with cofactors and with
ES3 ubiquitin ligases are indicated with arrows. Not all the cofactors are mentioned
specifically. Copy permisson was obtained from Gene.

MYC regulation on site-specific target genes
While it is not known precisely how MYC-MAX transactivates site-specific target

genes, one proposed model is through recruitments with chromatin-modifying co-
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factors. Many of these interactions are mediated through the N-terminal TAD and
the associated Transactivation/ Transformation - Association Protein (TRRAP)
(McMahon et al., 1998, 2000). TRRAP serves as a scaffold to recruit the histone
acetyl transferases (HATs) GCN5 and Tip60 (Frank, 2003), as well as the
chromatin remodeler SWI/SNF complex (Fuchs et al., 2001). These histone
modifiers loosen the nucleosomes and maintain openness by histone acetylation
(an active histone marker) at the local chromatin, allowing the access of RNA
Polymerase Il (Pol Il) to the promoter, which stimulates transcription activation
(Ciurciu et al., 2006; Kenneth et al., 2007). As a TRRAP-independent
transactivation mechanism, MYC can directly recruit the HAT co-factors
p300/CBP to its TAD or C-terminus, though the exact interaction sites may differ
on different target promoters (Faiola et al., 2005; Vervoorts et al., 2003).
Interestingly, in addition to modifying histone residues, CBP and GCN5 have
been shown to acetylate MYC, affecting MYC’s turnover, indicating that these
enzymes not only conduct but also regulate MYC’s activity (Faiola et al., 2005;
Zhang et al., 2005). Besides histone acetylation, MYC-MAX can also recruit
lysine-specific histone demethylases (KDMs) to activate target genes. For
example, the central region (amino acids 99-300) of N-MYC interacts with
KDM4B. Upon recruitment to E-Box containing targets genes, KDM4B
specifically demethylates lysine 9 of histone 3 (H3K9), removing the repressive
chromatin marker H3K9me2/me3, thereby contributing to gene activation (Das et

al., 2014; Yang et al., 2015).
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Tracking with MYC mRNA levels, MYC protein levels are maintained at very low
levels in quiescent cells and upon mitogenic stimulation protein levels increase,
peaking by four hours post-stimulation and then declining to ~30% of peak level
(Sears 2004). Control of MYC expression at the post-translational level is
managed in large part through protein stability and turnover of MYC protein via
multi-ubiquitination and degradation by the 26S proteosome (Flinn et al. 1998;
Gross-Mesilaty et al. 1998; Salghetti et al. 1999). Many proteins that are
degraded by ubiquitination and the 26S proteosome are marked by
phosphorylation (Hoyt 1997; Krek 1998; Karin and Ben-Neriah 2000). MYC is no
exception as T58 phosphorylation of MYC signals the SCF™"” ubiquitin ligase
machinery to multi-ubiquitinate MYC marking it for degradation by the 26S
proteosome (Welcker et al. 2004; Yada et al. 2004). Interestingly, T58
phosphorylation of MYC is dependent upon a set of hierarchical reversible
phosphorylation events on T58 and S62 (Henriksson et al. 1993; Lutterbach and
Hann 1994; Pulverer et al. 1994). The hierarchical phosphorylation events on

T58 and S62 are discussed in more detail below.

MY C-mediated, site-specific gene repression is also critical for MYC-driven tumor
initiation and maintenance. The most studied mechanism underlying MYC-MAX
controlled gene repression is through the interaction with MIZ-1. There are
currently two mechanisms to explain MYC-MAX-MIZ1-driven repression. The first

is a site-specific model, whereby at the initiator element (INR) MIZ1 binding sites,
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MYC-MAX-MIZ1 represses gene transcription by disrupting recruitment of co-
activators such as CBP/p300, as well as by recruiting co-repressors such as
histone deacetylases (HDACs) (Herold, 2002; Staller, 2001; Wanzel, 2008; Wu,
2003). The second model is based on the genomic binding sites of MYC and
MIZ1, whereby at the E-box elements, the transcriptional outcome is determined
by the MYC/MIZ1 ratio: a MYC/MIZ1 ratio higher than 1 leads to activation;
MYC/MIZ1 close to or less than 1 leads to repression (Walz et al., 2014). The
repression on MYC’s canonical gene targets can also be achieved by the
dimerization of MAX with other bHLH-LZ factors, such as the MXD family and
MNT. Competing with MYC-MAX at the same E-box binding site, MAX-MXD
recruits HDAC1 and HDACS to reduce local histone acetylation levels, resulting
in more condensed chromatin and gene repression (Ayer et al., 1993, 1995;
Larsson et al., 1994). Thus, the HATs recruited by MYC-MAX and HDACs
recruited by MAX-MXD can be viewed as a switch to adjust the “opening” and
“closing” of local chromatin, leading to transcription activation and repression

respectively (Figure 1.2).
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Canonical
MYC Target Genes

Trans-Repression

Canonical

TSS
[RNA Pol ”'J_: MYC Target Genes

Canonical
MYC Target Genes

Trans-Repression

Figure 1.2: Site-specific transcriptional activation of target genes through
the MYC network (Poole and van Riggelen, 2017).

(A) MIZ-1 can be recruited to form a trimeric complex with MYC-MAX to repress
gene transcription; (B) MYC-MAX heterodimer binds E-box sequences to
transactivate canonical target genes through recruitment of chromatin modifying
co-factors. The KDM4 demethylase removes the inactive histone 3 lysine 9 tri-
methylation (H3K9me3) mark for activation. PIM1 kinase phosphorylates
nucleosomes at histone 3 serine 10 (H3S10ph) locally for activation and
phosphorylates MYC itself to enhance protein stability. TIP60 and GCN5 via
TRRAP and p300/CBP act as histone acetyltransferases (HATs) to increase
acetylation of histone H3 and H4 (H3ac and H4ac) in the vicinity of the binding
site, allowing RNA Polymerase |l (RNA Pol Il) machinery to bind the core
promoter. (C) MXD-MAX heterodimer competes with MYC-MAX for E-box binding,
and repress canonical target genes through recruitment of HDACs (HDAC1 and
HDACS) via scaffolding protein SIN3 Transcription Regulator Family Member A
(mSIN3), resulting in local deacetylation of histone H3 and H4. TSS:
Transcription start site. Copy permission was obtained from Genes.
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MYC regulation of global transcription

In addition to modulating the local chromatin features at canonical gene
promoters, MYC is also thought to facilitate global transcription elongation via
recruitment of the Positive Transcription Elongation Factor b (pTEFb). pTEFb
releases RNA Pol Il from pausing by phosphorylating Ser2 in the heptad repeat
of the Pol Il carboxyl terminal domain (Pol Il CTD). By doing so, it has been
suggested that MYC can amplify essentially all actively transcribed genes, and
consistent with this idea, MYC is found with Pol Il at active gene promoters (Lin
et al., 2012a; Rahl et al., 2010). However, considering that MYC itself and many
site-specific target genes of MYC are potent drivers of cell proliferation and
biosynthesis of macromolecules (this will be discussed in the MYC and
metabolism section), the observed global RNA amplification described in (Lin et
al., 2012a) might be a secondary effect of MYC-induced increase in cellular
biomass. In support of this notion, if the cells are already in a proliferating state
where global RNA amplification is not as prevalent as cells transitioning from
quiescence to proliferation, ectopic expression of MYC leads to both activation

and repression of certain groups of genes (Kress et al., 2015; Sabo et al., 2014).

Appealing as the general amplifier model is, how MYC regulates chromatin and
transcription will be much more complicated based on knowledge of protein-
chromatin and chromatin-chromatin interactions. At the molecular level,

assuming the general effect of MYC on transcription is through promoting Pol II
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release from pause, the extent to which MYC does so is probably heavily
dependent on the context: local chromatin organization or connection between
cis-regulatory elements, histone modifications, accessibility of co-factors, MYC
posttranslational modifications and associated conformational dynamics in
MYC'’s transactivation domain (discussed below in MYC regulation of specific
gene target section). Moreover, many of these factors may affect one another,
for example, the chromatin organization may limit MYC and its factors to bind to
DNA, and binding of MYC may initiate recruitments of chromatin modifiers to
change the chromatin structure. Lastly, the discussed scenarios are mostly
snapshots of a series of rapidly changing yet organized events to which we
currently know little of. Nonetheless, an integration of the site-specific effect of
MYC on local chromatin/genes and its broad approach to the genome helps to
explain MYC’s wide-ranging effects on cell fate determination, tumor initiation,

and tumor progression.

MYC-reqgulated cell functions

MYC and the cell cycle

One of the earliest discovered functions of MYC was to promote cell cycle
progression. MYC depletion in Rat1 cells leads to slower cell growth with an
elongated G1 phase (Mateyak et al, 1999). Consistently, antisense

oligonucleotides against MYC prevent human lymphoid and myeloid cells from S-

10
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phase entry (Heikkila et al., 1987; Wickstrom et al., 1988). The critical role of
MYC in G1 progression and G1/S transition is demonstrated through MYC'’s
coordinated regulation on CDKs and cyclins. MYC has been shown to directly
bind and activate the transcription of CDK4 and its partner cyclin D during early
G1 (Bouchard, 2001; Mateyak et al., 1999). Although it’s unclear whether CDK2
is a direct target of MYC, cyclin E is induced by MYC that upon binding to CDK2,
leads to CDK2 activation during late G1 (Qi et al., 2007; Yap et al., 2011). MYC
also activates CDKs through antagonizing the CDK inhibitor p27. As a target of
MIZ1, p27 expression is repressed by MYC through the MYC-MIZ1 interaction
(illustrated previously); alternatively, MYC induced miR-221/222 recognize p27
mRNA and promotes its degradation (Chandramohan et al., 2004; Li, 2003). In
addition to the above mechanisms, MYC can also induce the E3 ubiquitin ligase
SKP2, which promotes proteasome-mediated degradation of p27 (Bretones et al.,

2011).

MYC and metabolism

To compensate for the energy and biomass needs of the dividing cells, MYC also
plays a driving role in energy production and cell mass accumulation. MYC’s role
in cell growth control is conserved across species. In Drosophila, the cells of the
wing imaginal disc are smaller upon dMYC deletion and larger with dMYC
overexpression (Johnston et al., 1999). In mouse, inducible deletion of MYC in T

lymphocytes prevents the T-cell receptor-stimulated growth response (Wang et

11
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al.,, 2011a). Overexpression of MYC in B lymphocytes leads to cell growth that
can be uncoupled from an increase in cell number (Schuhmacher, 1999). MYC
promotes cell size increase or cell growth through manipulating key regulators in
the metabolism of glucose and glutamine, the two major ATP and carbon sources.
For most genes in the glycolytic pathway, MYC binds the consensus E boxes
(CACGTG) of the promoters to activate their transcription. For example, MYC
upregulates the expression of LDHA, which converts pyruvate generated from
glycolysis into lactate (Qing et al., 2010; Shim et al., 1997). In this manner, MYC
stimulates aerobic glycolysis, or the Warburg effect, which is a strategy taken by
rapidly growing tumors cells to generate macromolecules as byproducts of ATP
production. In addition to the ability to induce glycolytic genes, MYC also controls
glutamine metabolism. In growing cells, glutaminase (GLS) converts glutamin to
glutamate that is metabolized in the TCA cycle to provide ATP and carbon
skeleton for protein and nucleotide synthesis, and is therefore viewed as one of
the rate-limiting enzymes for glutamine metabolism. At the transcription level,
MYC can moderately induce the mRNA level of GLS (Wise et al., 2008); post-
transcriptionally, MYC can maintain the high expression level of GLS by
repressing miR23a and miR23b, microRNAs that inhibit GLS synthesis (Gao et

al., 2009).

MYC and Apoptosis

12
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Although MYC is well recognized for its predominant role in cell proliferation,
deregulated MYC can also induce programmed cell death, or apoptosis, a
process shared by certain other oncogenes such as E1A and E2F1 (Lowe et al.,
2004). Oncogene-induced apoptosis is thought to provide a built-in failsafe for the
cell to prevent uncontrolled proliferation under inappropriate conditions. The
ability of MYC to trigger apoptosis in response to growth stress has been
demonstrated in multiple studies. In the case of interleukin 3 (IL-3)-dependent
myeloid progenitor cells, withdrawal of IL-3 leads to growth arrest accompanied
by quenching of MYC expression. Enforced MYC expression drives apoptosis in
this IL-3 deprived cells, which is attenuated by re-supply of IL-3. However, IL-3
cannot protect the cells from MYC-driven apoptosis when the cells are grown in
high density, another growth-stress factor (Askew DS et al., 1991). MYC-induced
apoptosis has also been observed in Ratla cell lines or primary rat embryo
fibroblasts that are grown in serum-free media (Evan, 1992). The level of MYC
required to trigger apoptosis, however, varies between cell types: transformed
cells are either resistant or tend to require more MYC expression to induce
apoptosis, reflecting the disrupted failsafe to keep the cancer cells in check for
proliferation. Further, cancer cells, due to their metabolic addiction to MYC are

also driven to apoptosis upon acute loss of MYC expression.

MYC triggers or sensitizes cells to apoptosis through both p53-dependent and

p53-independent mechanisms. MYC induces the expression of Arf, which in turn

13
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stabilizes p53 through inhibition of MDM2 (Eischen CM et al., 1999). It is worth
noting that MYC overexpression is often associated with DNA damage and
genomic instability, which triggers ATM-mediated p53 activation (Pauklin S et al.,
2005; Pusapati RV et al., 2006; Reimann, 2007). Conversely, in multiple mouse
models, inhibition of the p53 pathway accelerates tumorigenesis driven by MYC
(Alt et al., 2003; Bouchard, 2007; Eischen CM et al., 1999; Finch, 2006; Jacobs,
1999; Schmitt CA et al.,, 1999). MYC also amplifies apoptotic pathways via
altering the balance of pro- and anti- apoptotic members of the Bcl-2 family. MYC
can directly bind to the promoter and induce RNA expression of the pro-apoptotic
regulator Bax (Cao X et al., 2008; Dansen TB et al., 2006; Eischen et al., 2001a;
Jiang X et al.,, 2007), the oligodimerization of which permeablizes the
mitochondria membrane, resulting in cytochrome c release that triggers a
downstream apoptotic signaling cascade. In the absence of apoptotic signals, the
function of Bax is blocked by anti-apoptotic Bcl-2 family members, such as Bcl-2
and Bcl-X.. MYC overexpression suppresses the RNA and protein of Bcl-2,
which releases Bax from inhibition to activate apoptosis (Bissonnette et al., 1992;
Eischen, 2001). Many of the MYC-driven apoptosis processes associated with
the changes in Bcl-2 family activity are in cell systems with inactivation of the
Arf/p53 pathway, indicating that MYC'’s influence on cell-intrinsic apoptosis can

be p53-independent (Eischen et al., 2001b; Maclean et al., 2003).

MYC and cell morphology

14
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Deregulated MYC not only favors unlimited cell growth during tumorigenesis, as
apoptototic machinery is commonly bypased, but it also changes cell morphology
and motility such as epithelial-mesenchymal transition (EMT), a feature
associated with increased metastasis during tumor progression. The connection
of MYC to EMT and metastasis was indicated through its regulation of miR-9, a
microRNA that targets E-cadherin, which is an epithelial marker and adheres
cells to its surrounding matrix (Ma et al., 2010). Apart from indirect regulation,
MYC has also been shown to directly facilitate cellular TGF-b signaling through
binding to and activating the expression of SNAIL, which encodes SNAIL, the key
transcription factor that promotes EMT (Proestling et al., 2015; Smith et al., 2008).
MYC may also promote metastasis beyond the process of EMT, as depletion of
MYC via siRNA disrupts cell migration, invasion, and metastasis of MDA-231
breast cancer cells in vivo, which are already highly metastatic states and not
associated with EMT (Wolfer et al., 2010). In support of this idea, MYC can also
upregulate OPN, an integrin-binding ligand that stimulates the migration and
invasion of cancer cells (Martinez et al., 2010). In addition to promoting the early
stages of cancer metastasis (cell migration and invasion), MYC has also been
shown to promote the seeding of metastatic cancer cells in cooperation with
other components of the RAS pathway(Podsypanina et al., 2008; Rapp et al.,
2009), providing rationales for targeting MYC even for patients with advanced

tumor stages.
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Regulation of MYC expression

Since MYC is a master regulator of crucial cell behaviors such as proliferation,
metabolism, motility, and apoptosis, its expression level must be under tight
control for cells to function normally. In non-transformed cells, MYC expression is
regulated transcriptionally (target of other transcription factor), post-
transcriptionally (mRNA stability), and post-translationally (protein stability)
(Jones and Cole, 1987; Kelly et al., 1983a; Luscher and Eisenman, 1990; Sears
et al.,, 1999). Conversely, overexpression of MYC due to disruption of one or
several of these regulations contributes to malignant transformation of many

human cancers (reviewed in (Dang, 2012; Meyer and Penn, 2008)).

Transcriptional control of MYC

In normal tissues, the abundance of MYC mRNA is usually kept at basal levels
as a result of low transcriptional activity and rapid turnover. Hyper activation of
MYC transcription in malignant cells can be attributed to chromosomal
translocations and gene amplifications. In Burkitt’s lymphoma, overexpression of
the MYC gene is caused by a balanced translocation that juxtaposes MYC to one
of the actively transcribed immunoglobin genes in B cells (Dalla-Favera et al.,
1982; Taub et al.,, 1982). The causal effect of this translocation event is
demonstrated in the Eu-myc mouse model, in which the Myc gene driven by IgH

enhancer invariably leads to B cell lymphoma(Harris et al., 1988). MYC is also
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frequently translocated in multiple myelomas and transcriptionally overexpressed
(Shou et al., 2000), probably through similar mechanisms due to the vicinity of
translocated MYC loci to an upstream cluster of active enhancers (a “super
enhancer”) (Hnisz et al., 2013). In contrast to chromosomal translocations in
hematopoietic malignancies, in various solid tumors, increases in MYC gene
expression are associated with gene amplification, including neuroblastoma,
small cell lung cancer, breast cancer, and colorectal cancer (Beroukhim et al.,
2010). In addition to these mechanisms involving alterations of DNA elements,
aberrant upstream signaling could also cause the upregulation of MYC
transcription. In T cell leukemia, deregulated NOTCH signaling leads to
transcriptional activation of MYC (Palomero et al., 2006; Sharma et al., 2006;
Weng et al., 2006); in human colon carcinoma, MYC is activated by enhanced

TCF activity due to a deregulated WNT pathway (He et al., 1998).

The stability of mMRNA is another factor contributing to MYC transcript abundance.
MYC mRNA is rapidly turned over with a half-life around 10mins in the steady-
state of cells (Dani et al., 1984; Herrick and Ross, 1994). This is, at least in part,
due to control of the 3’ untranslated regions (UTR). The 3'UTR of MYC can be
bound by RNA binding protein HuR and microRNA Let-7, which triggers
degradation of MYC transcripts through the process of miRNA-induced silencing
(Kim et al., 2009; Sampson et al., 2007). Consistent with its negative role in MYC

mRNA stability, deletion of 3'UTR elevates MYC expression (Brewer and Ross,
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1988). The expression of MYC is also regulated at the translational level through
its 5’UTR-mediated translational initiation(Stoneley et al., 1998). A C-T point
mutation in the 5’UTR is reported to be associated with enhanced MYC

translation in multiple myeloma (Chappell et al., 2000).

Post-translational modification of MYC

In addition to transcriptional control, fine-tuned MYC expression also occurs at
the post-translational level, affecting its protein stability. MYC post-translational
modifications include two specific and conserved residues across all MYC family
members. Serine 62 (S62) phosphorylation stabilizes MYC and Threonine 58
(T58) phosphorylation promotes proteasome-mediated degradation of MYC.
Following growth stimulation, multiple RAS downstream kinases (MEK/ERK and
PIBK/AKT) play a dual role in phosphorylating MYC (Lutterbach and Hann, 1994;
Sears et al., 1999, 2000). ERK phosphorylates MYC on S62, while AKT inhibits
GSK3b that phosphorylates T58 (Cross et al.,, 1995). With growth signal
withdrawal, ERK and AKT activity decreases, suppressing additional S62
phosphorylation and unlocking GSK3b from inhibition. GSK3b then
phosphorylates T58 (Lutterbach and Hann, 1994; Pulverer et al., 1994). The
dual-phosphorylated form of MYC is catalyzed by PIN1 at Proline 63 from cis to
trans. In trans, MYC is dephosphorylated by PP2A at S62, and undergoes Fbw7-

mediated proteasome degradation (Alvarez et al., 1991) (Figure 1.3).
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Figure 1.3: Schematic showing the mitogenic regulation of c-Myc protein
stability (Helander et al., 2015).

In response to mitogen stimulation, RAS activation turns on the RAF/MEK/ERK
and PISK/AKT pathways. ERK and CDK2 can phosphorylate MYC on S62 and
simultaneously, PISK/AKT inhibit GSK3p phosphorylation of T58, keeping MYC in
a stable form early in G1. Late in G1, RAS activity decreases and GSK3p
phosphoryaltes MYC on T58, destablizing MYC by allowing SCF™"” to recognize
and multi-ubiquitination c-Myc marking it for degradation via the 26S proteosome.
Copy permission was obtained from Structure.

Post-translational modification seems to not only control MYC degradation but
also its activity. For instance, mutation of Serine 62 to Alanine (S62A), which
completely abolishes the phosphorylation potential of S62, reduced MYC activity
in a transactivation assay, even though stability of this mutant is often higher than
wild-type MYC. Additionally, both T58A (Threonine 58 mutated to Alanine, which
has constitutively high phosphorylation at S62 and no phosphorylation at T58)
and S62A, but not WT MYC can drive tumorigenesis in mouse mammary models,
but these models exhibit different phenotypes, indicating different MYC activities
associated with different mutations (Wang et al., 2011b). Lastly, in the case of

PIN1, our recent work indicates that in addition to promoting MYC degradation,

MYC — PIN1 interaction promotes dynamic binding of MYC to chromatin and
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recruitment of co-activators to increase MYC’s oncogenic activity (Farrell et al.,
2013). This dual role of PIN1 on MYC is interesting in that MYC’s transcriptional
activity could be uncoupled from its expression level, bringing another dimension
to MYC interaction with DNA and/or the cofactors — temporal. Indeed, many of
the biological processes that PIN1 regulates involve rapid response to
environmental changes; a disruption of PIN1 controlled molecular timing may

support tumorigenesis as will be discussed in the next part of the introduction.
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The molecular timer PIN1

Background of PIN1

Phosphorylation-directed proline isomerization is an instrumental
posttranslational modification shared by many biological processes. The proline
isomerase PIN1 (Protein interacting with never in mitosis A1), by isomerizing
specific phosphor Serine / Threonine — Proline (pS/T-P) bonds in certain
substrates, controls cell cycle progression, signal transduction, cell fate
determination. Deregulation of PIN1 can disrupt the timing of the proline
isomerization, rewire the signaling, and in many cases contribute to tumor

development, highlighting the importance of understanding the biology of PIN1.

Phosphorylation-directed proline isomerization in signaling

cascade

Cells utilize protein phosphorylation as a fast and accurate way to conduct
signaling cascades in response to cellular intrinsic and extrinsic stimuli (Blume-
Jensen and Hunter, 2001; Pawson and Scott, 2005). These phosphorylation
events are often associated with protein conformational changes to have a
greater influence on protein functions. One common mechanism that mediates

protein phosphorylation and conformation change is the Serine/Threonine
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phosphorylation-coupled proline isomerization (pS/T-P) (Pawson and Scott,
2005). Close to one third of identified phosphorylation sites in cell are pS/T-P
sites, which often provide recognition sites for kinases and phosphatases
(Ubersax and Ferrell, 2007). For instance, all MAPKs that are critical for growth
responses— including ERKs, p38 MAPKSs, and stress-activated protein kinases
(SAPKs), as well as all cyclin-dependent kinases (CDKs), which drive cell cycle
progression—are Proline-directed kinases (Morgan, 1997; Pearson et al., 2001).
Likewise, protein phosphatase 2A (PP2A), which dephosphorylates about one
third of all phosphor substrates, is Pro-directed (Zhou et al., 2000). Interestingly,
many of the kinases and phosphatases often exist in the same signaling
pathway, and depending on the conformation of the substrates, their presence
can lead to distinct and sometimes opposite cellular outcomes (reviewed in (Lu
and Hunter, 2014; Zhou and Lu, 2016)). Thus, the regulation of pS/T-P is pivotal

in cellular functions.

Proline has a its distinct role in protein conformation due to the formation of a 5
carbon-ring in the peptide backbone, resulting in an increase in energy required
to convert between cis- or trans-isomers (Fischer and Aumuller, 2003). Peptidyl-
prolyl isomerases (PPlases) reduce the energy barrier to accelerate this proline
interconversion. pS/T-P not only further increases the energy barrier, but also
masks the peptide bonds to conventional PPlases, such as FK506-binding

proteins and cyclophilins, leaving the proline accessible only to PIN1 (Géthel and
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Marahiel, 1999; Ranganathan et al., 1997). As the only identified phosphorylation
-dependent proline isomerase, PIN1 plays a crucial role in cell proliferation,

motility, apoptosis, and transformation and development of tumor cells.

PIN1 is expressed as a 161aa peptide consisting of an N-terminal WW domain
and a C-terminal PPlase, connected by a flexible linker (Figure 1.4). The WW
domain is responsible for PIN1 to recognize its targets (Géthel and Marahiel,
1999), whereas the PPlase domain carries the catalytic activity to isomerize
proline; both domains are required for PIN1 function in vivo (Lu et al., 1999;
Ranganathan et al., 1997; Yaffe, 1997; Zhou et al., 2000). The recognition of the
WW domain to PIN1’s substrates was originally thought to be dependent on the
phosphorylation of the S/T-P motif (Ranganathan et al., 1997). Through careful
biophysical examination of the interaction between synthetic PIN1 and MYC in
vitro, however, we found that PIN1 can bind to MYC in a phosphorylation-
independent manner, providing an alternative mechanism for how PIN1
recognizes its targets (chapter 2, Helander et al., 2015). Moreover, PIN1 can
interact with motifs that are already in cis or trans and convert them to the
opposite conformations; the exact direction depends on the substrate sequences
and the context they are in. In the case of pT668-P motifs within amyloid
precursor protein (APP), PIN1 has almost the same affinity for both cis and trans
conformations, suggesting that PIN1 catalyzes the inter-conversion of APP

(Akiyama et al., 2005; Pastorino, 2006).
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Figure 1.4: Schematic of the structure of Pin1 showing the regulatory
posttranslational modification sites (Lu and Hunter, 2014).

PIN1 is composed of N-terminal WW domain and C-terminal PPlase domain.
Multiple residues of PIN1 can be post-translationally modified, which will affect
the function of PIN1. The phosphoryaltion sites are annotated as encircled P.
Copy permission was obtained from Cell Research.

PIN1 expression and regulation

PIN1 is widely overexpressed in human cancer. In a study comparing 60 different
human tumor types with corresponding normal tissues, PIN1 is overexpressed in
38 of them, including melanoma, breast, lung, prostate, cervical, and ovarian
tumors (Bao et al.,, 2004). PIN1 overexpression also correlates with poor
prognosis and was found to be an independent prognostic factor for esophageal
squamous cell carcinoma (Leung et al., 2009). The positive role of PIN1 in
tumorigenesis and tumor progression is also supported in mouse models.

Depletion of Pin1 decreases the frequency of spontaneously developing tumors
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and prevents tumor development in tumorigenic mice, such as p53 knockout
mice and HER2, HRAS, eu-myc, or mutant p53 transgenic mice (Girardini et al.,
2011; Takahashi, 2007; Wulf et al., 2004). Recent studies suggest that PIN1
promotes tumorigenesis through its pivotal role in cancer stem cells (CSCs), a
population within cancer that processes full tumorigenic potential. In human
breast tumors, PIN1 overexpression is more prevalent in CSCs than in non-CSC
tumor cells and induces stem-like and epithelial-to-mesenchymal transition (EMT)
properties in normal breast cells (Luo et al., 2015; Rustighi et al., 2014a).
Consistent with the critical role of PIN1 in CSCs, small interfering RNA-mediated
knockdown of PIN1 prevents conversion of normal breast epithelial cells to CSCs

by reprogramming factors (Nishi et al., 2014).

PIN1 expression and activity are regulated transcriptionally and post-
translationally, although it is not clear if the copy number of PIN1 is amplified in
cancer. PIN1 is a direct target of the transcription factor E2F1, which is induced
by cell cycle progression or by HER2-RAS signaling (Ryo, 2002). Additionally, a
single-nucleotide polymorphism on PIN1 promoter, -842G>C, resulting in a
decrease in PIN1 expression, has been associated with less risk of head and

neck squamous cell carcinoma (Lu et al., 2009).

In addition to transcriptional control of PIN1, post-translational modification can

regulate PIN1’s stability, activity, and cellular localization. Multiple
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phosphorylation sites within the PPlase domain of PIN1, such as pS65, pS71,
and pS138, regulate distinct aspects of PIN1 function. Specifically, Death-
associated protein kinase 1 (DAPK1)-dependent S71 phosphorylation not only
inhibits PIN1’s catalytic activity but also prevents its nuclear localization (Lee et
al., 2011a). In contrast, the MAPK family member mixed-lineage kinase 3 (MLK3)
phosphorylates PIN1 at S138, which—although also within the PPlase domain—
increases both PIN1’s nuclear translocation and its catalytic activity (Rangasamy
et al., 2012). Moreover, PLK1 stabilizes PIN1 through phosphorylating PIN1 at
S65, which in turn prevents the ubiquitin-mediated proteasome degradation of
PIN1 without affecting its activity (Eckerdt, 2005). Phosphorylation on the WW
domain of PIN1 also affects its function. S16 phosphorylation within the WW
domain prevents PIN1 from binding to its substrate, thereby inhibiting its activity

(Lu et al., 2002b).

PIN1 can also be modified by Small Ubiquitin-like Modification (SUMOylation).
SUMOylation of PIN1 on lysine 6 (K6) in the WW domain and on lysine 63 (K63)
in the PPlase domain decreases PIN1 activity and oncogenic function. SUMO
protease 1 (SENP1) can deSUMOylate PIN1, which increases PIN1 protein
stability. In support of this, SENP1 overexpression or disruptions of PIN1
SUMOylation through mutagenesis promotes PIN1 to induce centrosome

amplification and cell transformation (Chen et al., 2013).

26



Introduction

PIN1 and its diverse targets

The expression of PIN1 has also been found to correlate with other tumor
markers in human cancers. For instance, the level of PIN1 correlates closely with
cyclin D1 levels in esophageal and oral squamous cell carcinoma and in breast
cancer (Miyashita et al., 2003a, 2003b). Indeed, the close relationship between
PIN1 and cyclin D1 led to early studies on the molecular mechanisms underlying
the oncogenic role of PIN1. PIN1 not only directly stabilizes cyclin D1 protein, but
it also increases RNA expression of cyclin D1 by coordinating multiple signaling
cascades, including HER2-HRAS-JNK-AP1, WNT-B-catenin, and cytokine-NF-kB
pathways (Liou, 2002; Ryo, 2003; Wulf, 2001). This evidence has led to the
concept that PIN1 regulates multiple substrates of multiple pathways to

cooperatively promote oncogenesis.

PIN1 and cell cycle regulators

Pin1 knockout mice, although viable, display multiple abnormalities, including
smaller body size, neurodegeneration mimicking Alzheimer’s disease, retinal
degeneration, impaired mammary gland development, and testicular atrophy
resulting in infertility (Fujimori et al., 1999; Liou, 2002). These phenotypes
indicate a critical role of PIN1 in cell proliferation and cell cycle regulation. In
response to growth signaling, PIN1 and many CDKs coordinate with one another

to form a positive feedback loop to facilitate cell cycle progression. In quiescent
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cells, retinoblastoma protein 1 (RB1) binds and inhibits E2F functions. During
early G1, RB1 hyperphosphorylation releases E2F, allowing it to activate target
gene transcription such as with cyclin D1, which in turn triggers cell cycle
progression (Bertoli et al., 2013). As an E2F target gene, the level of PIN1 is
elevated at mid-G1 phase, resulting in an increase of PIN1 interaction with RB1.
PIN1-catalyzed isomerization renders RB1 in cis form, making it resistant to the
trans-specific phosphatase PP2A; in this way, PIN1 promotes hyper-
phosphorylation of RB1, which in turn induces E2F-dependent PIN1 expression
(Rizzolio et al.,, 2012; Tong et al., 2015). This feed-forward loop is further
enhanced by PIN1-mediated cyclin D1 upregulation, which in turn activates G1
CDKs to inactivate RB1. PIN1 also downregulates p27 and cyclin E, which are
required for proper G1-S transition at different time points (van Drogen, 2006). In
support of this, PIN1-deficient fibroblasts have defective G1-S transition (van
Drogen, 2006; Fujimori et al., 1999). During S phase, PIN1 interacts with the
centrosome to coordinate DNA synthesis and centrosome duplication (Suizu et
al., 2006), which is inhibited by PIN1 S71 phosphorylation by DAPK1. During S
and G2 phases, PIN1 maintains the stability and activity of the cyclin B1 and
CDC2 complex through stabilizing the upstream regulator F-box protein 5
(FBXO5, a F-box containing protein that stablizes APC ubuiqutin substrates),
which endures until the G2-M transition (Bernis, 2007; Okamoto and Sagata,
2007; Stukenberg and Kirschner, 2001). As cells progress through mitosis, PIN1

inhibits transcription by switching off the function of RNA polymerase Il (RNA
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Polll), and it induces chromatin condensation by interacting with topoisomerase
lla (Xu and Manley, 2007a, 2007b). Overall, these studies indicate that tight
regulation of PIN1 is pivotal to orchestrate many cell cycle regulators spatially

and temporally to form abrupt waves of signaling in a coordinated manner (Figure

1.5).
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Figure 1.5: PIN1 regulating network in cell cycle (Lin et al., 2015).

During G1, PIN1 promotes cyclin D1 overexpression and RB phosphorylation.
The phosphorylated RB releases E2F, which is a transcriptional factor to
enhance PIN1 expression. PIN1 stimulates cyclin E degradation in S phase.
During G2 phase, Aurora A inactive PIN1 and active PLK result in CDC25
activation triggers G2/M transition. During the G2/M transition, GSK-3 interacts
with and phosphorylates hBora at S274/S278, and in the meantime, Aurora A
interacts with and phosphorylates PIN1 at Ser16 to disrupt PIN1 function by
suppressing PIN1 binding to phospho-hBora and thus preventing B-TrCP-
mediated premature hBora degradation. Therefore, Aurora A forms a complex
with phospho-hBora to phosphorylate Plk1 at Thr210 and activates Plk1. Plk1
activates CDC25 result in the activation of the Cyclin-B1/CDK1 complex and
promotes mitotic entry. After mitotic entry, PIN1 could recover the binding activity
and enhance protein stability through PP2A and PLK1. The active PIN1 promotes
the degradation of hBora. Aurora A is then available to bind with TPX2 result in
mitotic spindle assembly. Wee1 is phosphorylated at Tyr168 by CDK1 and Pin1
isomerize phosphorylated Wee1 inactivation. Copy permission obtained from
Experimental Biology and Medicine.
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PIN1 and protein kinases and phosphatases

Kinases and phosphatases directly control protein phosphorylation, a major
mechanism for signal transduction within cells. PIN1 regulates the functions of
numerous protein kinases and phosphatases, from plasma membrane to
cytosolic and nuclear kinases and phosphatases. For example, in HER2-positive
breast cancer, where PIN1 is often overexpressed, PIN1 interacts with
ubiquitylated HER2 at the plasma membrane to prevent it from degradation. PIN1
depletion promotes HER2 degradation, which sensitizes the HER2-positive tumor
cells to the mTOR inhibitor rapamycin and suppresses tumor cell growth (Lam et

al., 2008).

PIN1 also promotes the activation of NOTCH signaling. The binding of NOTCH
receptor with ligand induces proteolytic cleavage of the intracellular domain of
NOTCH, which is then translocated to the nucleus to activate transcription. There
are several isoforms of the NOTCH receptor—e.g., hyper-activated NOTCH1 has
been associated with many kinds of tumor development, including breast cancer.
PIN1 enhances NOTCH1 activity by increasing NOTCH1 intramembrane
cleavage and the release of active intracellular domains to induce transcription of
target genes. PIN1 also interacts with NOTCH1 at phosphorylated T2512/P2513,
a phosphodegron that facilitates Fbw7a-mediated proteasome degradation. PIN1

controlled prolyl-isomerization of this phosphodegron leads to the
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dephosphorylation of NOTCH1 by PP2A, preventing the interaction of Fbw7a and
subsequent degradation of NOTCH1. Interestingly, NOTCH1 signaling also
regulates a distal element on the PIN1 promoter and promotes PIN1 expression.
Therefore, NOTCH1 and PIN1 can form a feed-forward loop, which is supported
by a strong correlation between PIN1 expression and NOTCH1 activity in human

breast cancer (Rustighi et al., 2009, 2014b).

PIN1 also regulates multiple kinases within the MAPK and AKT pathways, which
occur mainly in the cytosol. The initiation of the MAPK pathway involves binding
of RAS to the RAF-1 kinase, which transmits mitogenic, oncogenic and/or
differentiative signals to downstream MEK and ERK kinases. Activated ERK
phosphorylates RAF-1 at Serines 29, 289, 296, 301, and 642, blocking the
Ras/RAF-1 interaction and RAF-1 activity, creating a negative feedback to shut
down the signaling. PIN1 recognizes the hyper-phosphorylated and inactive RAF-
1 and catalyzes cis-trans isomerization, which leads to dephosphorylation of
RAF-1 by PP2A, restoring RAF-1’s signaling competency (Dougherty, 2005).
PIN1 regulates other members in the MAPK pathway, as well. For example, in
response to EGF stimulation, PIN1 interacts with MEK1 instead of RAF-1, which
enhances EGF-induced phosphorylation of MEK1/2 and ERK1/2, leading to
downstream target activation such as HER2 and neoplastic cell transformation

(Khanal et al., 2010).
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In addition to MAPK pathways, PIN1 also regulates AKT signaling to regulate
many critical cellular functions. PIN1 binds to AKT at the phosphorylated Thr-Pro
motif around T92 and T450, which is required for the maintenance of AKT
phosphorylation at S473, an indicator of AKT stability and activity. The protective
effect on AKT stability is compromised by shRNA-mediated PIN1 depletion. In
agreement with this, PIN1 expression level strongly correlates with the level of
AKT S473 phosphorylation in many cancer types. In the case of breast cancer,
patients with high levels both of PIN1 and AKT-pS473 are associated with poorer

prognosis than either factor alone (Liao et al., 2009).

PIN1 and transcription factors.

Many signaling pathways ultimately end up with protein synthesis by turning on
or off specific genes; thus, the final acting molecules of signaling cascades are
often transcription factors. PIN1 coordinates the activities of various regulators
within the same pathway, and therefore PIN1 also regulates a wide range of

transcription factors.

PIN1 and B-catenin
PIN1 regulates the stability and subcellular localization of B-catenin, a
transcription factor downstream of WNT signaling. The expression of B-catenin is

increased in and correlated with overexpressed PIN1 in many human tumors and
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is decreased in Pin1 knockout mice (Liou, 2002; Nakashima, 2004; Pang, 2004;
Ryo et al, 2001). PIN1 stabilizes B-catenin through isomerization of the
phosphorylated Ser246-Pro motif, blocking the interaction of 3-catenin with the
tumor suppressor APC, which would normally translocate B-catenin to the
cytoplasm for degradation. Overexpressed and/or hyperactive PIN1 accumulates
B-catenin in the nucleus, resulting in aberrant induction of oncogenic genes, such

as MYC and CCND1 (cyclin D1) (Ryo et al., 2001).

PIN1 and AP-1

PIN1 plays an important role in the activity of the transcription factor complex AP-
1, which is composed of c-Jun and c-Fos transcription factors. AP-1 is formed
through a highly regulated process: following activation of RAS, the c-dJun N-
terminal kinases phosphorylate c-Jun at Ser63/73 -Pro motifs, which are
recognized and isomerized by PIN1. PIN1-dependent isomerization of these
motifs inhibits c-Jun ubiquitylation to increase c-Jun stability and thereby
enhance c-Jun’s binding to the target promoters (Wulf, 2001). Concordantly, the
RAS-ERK signaling phosphorylates multiple residues, including T232, T325,
T331, and S374, of the C terminal domain of c-Fos, which then heterodimerizes
with c-Jun to form AP-1 (Monje et al., 2005). PIN1 binds to the phosphorylated c-
Fos to promote its transcriptional activity. Thus, PIN1 cooperatively regulates c-
Jun and c-Fos to facilitate AP-1-dependent gene transcription upon

phosphorylation by MAPK family members.
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PIN1 and ER-a

Estrogen receptor-a (ER-a) is a nuclear hormone receptor that is expressed in
breast epithelial cells. Once activated by estrogen, ER-a can translocate to the
nucleus and bind DNA to activate gene transcription. ER-a can also be activated
via estrogen-independent signaling—for example, PI3K-dependent CDK2
activation can phosphorylate ER-a at S294, inducing an interaction between
PIN1 and ER-a. PIN1 recognizes ERK-dependent phosphorylation of ER-a at
S118 and S167 in the transcription activation domain, and promotes ER-a
dimerization and transcriptional activity (Lannigan, 2003; Lucchetti et al., 2013).
PIN1 can also bind and isomerize pS118-P119 motifs directly to stabilize ER-
o by blocking ER-a interaction with E6AP, an ubiquitin E3 ligase that facilitates
ER-a degradation. Importantly, ER-a expression level positively correlates with

PIN1 in human breast carcinoma (Rajbhandari et al., 2012, 2014).

PIN1 and transcription factors associated with stem cells.

The ability to self-renew and the potential to develop and differentiate into various
cell types are the unique and prominent characteristics of pluripotent stem cells.
The balance of self-renewal and differentiation is fine-tuned by the activities of
some key transcription factors. For example, a combination of MYC, Kif-4, Oct4,
and Sox2 transcription factors can induce fibroblasts, a fully differentiated skin

cell type, to become induced pluripotent stem (iPS) cells (Takahashi and
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Yamanaka, 2006). Further molecular characterization in murine embryonic stem
cells revealed that Sox2, Oct4, and Nanog cooperate with each other to form a
feed-forward circuit to maintain stem cell pluripotency (Kashyap et al., 2009;
Young, 2011). Intriguingly, both Nanog and Oct4 are substrates of PIN1. PIN1
acts on Nanog phosphorylated at S52, S65, S71, and T287 —Pro motifs to
stabilize it by suppressing its ubiquitylation-mediated degradation. Disruption of
PIN1-Nanog interaction or inhibition of PIN1 suppresses the capability of
embryonic stem cells to form teratomas in immune-deficient mice, an indicator of
loss of pluripotency (Moretto-Zita et al., 2010). The importance of PIN1 in
maintenance of pluripotency is also demonstrated by its regulation of
phosphorylated Oct4. PIN1 interacts with the phosphorylated Ser12-Pro motif of
Oct4 to increase its stability and transcriptional activity (Nishi et al., 2011). The
reprogramming of iPS increases PIN1 expression, which in turn promotes the
efficiency of iPS generation. Consistent with PIN1’s role on Nanog and Oct4,
inhibition of PIN1 activity significantly reduces the colony formation of human iPS
cells and murine embryonic stem cells and induces aberrant differentiation (Nishi

etal., 2011).

PIN1 and MYC
For each of the transcription factors discussed so far, PIN1 promotes
transcriptional activity through upregulation of protein stability. However, this

mechanism does not apply to PIN1 regulation of MYC. As discussed in the
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section of Post-translational regulation of MYC, upon receiving growth signals,
MYC is phosphorylated by ERK or CDK or other MAPKs at the Ser62-Pro63
motif, which is likely to display in trans as the preferred conformation for MAPK
and CDK to act upon (Wulf et al., 2005). PIN1 isomerizes pSer62-Pro63 from
trans to cis, which facilitates the recruitment of MYC and its coactivators,
including the histone acetyltransferases GCN5 and p300, to target gene
promoters to activate their transcription. Notably, the MYC targets that PIN1
enhances are mainly MYC'’s transactivated targets, such as E2F2 and Nucleolin,
whereas the genes repressed by MYC, such as p15 and p21, are not affected by
PIN1 function (Farrell et al., 2013). PIN1 subsequently catalyzes pSer62-Pro63
from cis to trans following GSK-3p3-mediated phosphorylation at T58. This leads
to PP2A-mediated dephosphorylation of pS62 and recognition of the remaining
pT58 by Fbw7 for proteasome degradation (Arnold and Sears, 2008; Welcker et
al., 2004; Yada et al., 2004). The tumor suppressor Axin1 functions as a scaffold
protein to assemble the degradation complex for MYC, containing GSK-3p, PIN1,
and PP2A (Arnold et al., 2009; Zhang et al., 2012). The finding that the
degradation complex together with Fow7 and 19S proteasome can be found at
the promoter supports the hypothesis that the proteasome associated with the
gene promoter facilitates transcription initiation via removal of activated
transcription factors (Durairaj and Kaiser, 2014; Farrell et al., 2013; Geng et al.,
2012). Therefore, depending on whether MYC is singally phosphoryalted at

Ser62 or dually phosphoryalted at both Ser62 and Thr58, PIN1 catalizeds MYC
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from trans to cis to increase its transcriptional activity or from cis to frans to

promote its protein degradation (Figure 1.6).
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Figure 1.6: PIN1 mediated MYC isomerization depends on the
phosphorylation status (modifed from Helander et al., 2015).

What, then, accounts for the specificity of PIN1 regulation of MYC? Many
biological functions of proteins are tightly associated with the cellular contexts or
structures they are within. It has been noted for a long time that pS62 MYC is
associated with the nuclear matrix or components of the nuclear periphery. A
recent study has indicated an interaction between pS62 MYC and the lamina-
associated structure (LAS), which leads to transcriptional activation. This study
raises the question of whether PIN1 plays a role in the interaction as well.
Moreover, what are the specific components within the LAS that pS62 MYC
interacts with? To address these questions, in the next part of the introduction, |
will review the current understanding of gene transcription-regulated nuclear

compartmentalization, with a focus on the nuclear periphery.
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Many facets of transcription at the nuclear periphery

The nucleus is a highly compartmentalized organelle within which gene
positioning and chromatin organization in certain compartments both reflects and
impacts transcriptional regulation and can change in response to developmental
or physiological signals (Francastel et al., 2000; Fraser and Bickmore, 2007).
Although transcriptional regulation in various nuclear compartments has drawn
the attention of researchers, gene expression under the effect of radial
positioning is the most-well understood (Lanctét et al., 2007; Nguyen and Bosco,
2015), and will thus be the focus of this section. The term radial positioning
describes a gene’s position in relation to the center or the periphery (nuclear

envelope) of the 3D nucleus (Takizawa et al., 2008).

Early observations on chromosome localization during interphase have revealed
that organizations relative to one another or to certain nuclear structures such as
the nuclear envelope are not random (Cremer and Cremer, 2010). The gene-rich
chromosomes are more internally localized, whereas the gene-poor
chromosomes are distributed nearer the nuclear periphery (Croft et al., 1999;
Scheuermann et al., 2004). For instance, the gene-rich human chromosome 19 is
more centrally localized than the gene-poor human chromosome 18 (Tanabe et
al., 2002a, 2002b). One of the explanations for this is the association between
the radial distribution of a gene and its transcriptional outcome. In general, the

nuclear periphery (with the exception of the nuclear pore) is associated with gene
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repression, whereas the interior or the center of the nucleus is usually
transcriptionally permissive (Capelson, 2010; Finlan, 2008; Wu and Yao, 2013).
Intriguingly, in a study using inducible transgenes in human cells, transcriptional
activation relocalized the transgene from the periphery to the interior of the
nucleus. The repositioning of the gene between two nuclear compartments was
required for the gene expression and was dependent on the functions of actin
and myosin, two nuclear filament proteins that drive chromatin motion (Chuang,
2006). Taken together, these studies indicate that nuclear compartmentalization

plays a functional role in gene expression.

The lamina compartment

The nuclear periphery mainly consists of the inner nuclear membrane, lamina,
and the nuclear pore complex that penetrates the nuclear envelope (Akhtar and
Gasser, 2007; Hurtley, 2016). The repressive role that the periphery plays in
gene transcription is mostly through the lamina compartment (Figure 1.5). The
human nuclear lamina is closely attached to the inner membrane of the nuclear
envelope, and is composed of three interfilaments: lamin A/C, lamin B1 and B2.
Many studies have applied DNA adenine methyltransferases identification (or
DamlID, a technique to map DNA binding sites of a protein in eukaryotes,
reviewed in (Aughey and Southall, 2016)) to examine the role of lamina in
regulating the transcription of peripheral chromatin regions and related genes.
Genes positioned at the nuclear lamina contain repressive histone markers,

including methylated histones such as H3K27me3 and H3K9me2, and are
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associated with reduced RNA expression. For example, a genome-wide Dam|D
screen in Drosophila identified about 500 genes that interact with the lamina, all
of which are transcriptionally repressed. These genes are localized relatively
close to each other into large chromosome domains termed lamin-associated
domains (LADs), which are marked by high levels of repressive histone markers
and lack of active histone markers. Many of the lamina-associated genes are
developmentally co-regulated and are released upon activation during
differentiation (Pickersgill, 2006). Consistently, using DamID in mouse ESCs,
researchers found that the lamina-DNA interactions dramatically change during

ESC differentiation and lineage commitment (Peric-Hupkes et al., 2010).
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Figure 1.7: Nuclear periphery and gene expression (Mekhail and Moazed,
2010).

(a) An overview of nuclear peripheral compartments. The nuclear envelope
consists of an outer nuclear membrane (ONM) and an inner nuclear membrane
(INM), which are pierced with nuclear pore complexes (NPCs). In animal cells,
filamentous proteins called lamins form a meshwork between the INM and
chromatin, connecting nuclear pores to each other and maintaining the spherical
geometry of the nucleus. INM proteins and lamins are frequently implicated in
transcriptional gene silencing. Nuclear peripheral NPCs can be preferentially
associated with active loci. At least in fly cells, nucleoplasmic NPC components
are localized to active loci in the nuclear interior. The membrane of the
endoplasmic reticulum (ER) is continuous with the ONM. (b) Although active or
silent chromatin compartments exist at the nuclear periphery, the effect of gene
targeting to a nuclear peripheral compartment depends on the presence or
absence (yes or no, respectively) of transcriptional regulators (activators or
repressors) at that compartment and the regulatory sequence elements
controlling transcription at the targeted locus. Transcriptional effects related to
the relocation of two genes to different nuclear peripheral compartments are
shown. Scenarios with increased transcription (black arrows), decreased
transcription (red X marks) or unaltered transcription (dashed arrows) are shown.
Copy permission was obtained from Nature Reviews Molecular Cell Biology.

Dissociation of genes from the lamina does not automatically activate their
transcription — genes dissociated from the lamina during the ESC transition to the
neural progenitor cells remained dissociated but were activated later during
differentiation to the astrocytes. This suggests that release of some
differentiation-regulated genes render them into an intermediate state, where the
genes are transcriptionally poised for rapid response to additional developmental
clues (Peric-Hupkes et al., 2010). Additionally, artificially tethering transgenes or
endogenous genes to the lamina tend to repress their transcription (Finlan, 2008;
Reddy et al., 2008; Zullo et al., 2012). Interestingly, this silencing effect can also

be spread to the neighboring genes, supporting the compartmentalization
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function of the lamina (Finlan, 2008). The recruitment of LADs to the lamina
involves binding of the transcription factor cKrox and the histone deacetylase
HDAC3, as knockdown of either reduces lamina-DNA interactions (Zullo et al.,
2012). All together, these experiments demonstrate the repressive functions of

the lamina compartment on the genes positioned near it.

The nuclear pore compartment

The nuclear pore complex (NPC) is the assembly of large protein channels that
span the nuclear envelope and is composed of multiple copies of 30 different
proteins known as nucleoporins (Nups) (Figure 1.6). In addition to its essential
role in regulating macromolecule transport between the nucleus and the
cytoplasm, the NPC and Nups affect transcription, chromatin structure, and

epigenetically inherited transcriptional memory (lbarra and Hetzer, 2015).
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Figure 1.8: Schematic of the nuclear pore complex (NPC) (Strambio-De-
Castillia et al., 2010)

Each nuclear pore complex (NPC) is a cylindrical structure composed of eight
spokes The NPC is anchored to the nuclear envelope by a transmembrane ring
structure that connects to the core scaffold and emcompasses inner ring and
outer ring elements. Linker nucleoporins (Nups) anchor the Phe-Gly (FG) Nups
such that they line and fill the central tube. NPC-associated peripheral structures
consist of cytoplasmic filaments, the basket and a distal ring. The Nups that are
known to constitute each NPC substructure are listed, with yeast and vertebrate
homologues indicated. GP210, glycoprotein 210; MIp, myosin-like protein; Ndc1,
nuclear division cycle protein 1; Nic96, Nup-interacting component of 76 kDa;
NLP1, Nup-like protein 1; Pom, pore membrane protein; Seh1, SEC13
homologue 1; TPR, translocated promoter region. Copy permission was obtained
from Nature Reviews Molecular Cell Biology.

In contrast to the repressive features of the LAD, genes interacting with the
components of the nuclear pore complex tend to be transcriptionally active. A

direct evidence comes from the electromicroscopic images of the nuclear
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periphery, where the NPC and adjacent nuclear areas are exclusive of the dark
condensed chromatins that are associated with the nuclear lamina (Belmont et al.,
1993; Schermelleh et al., 2008). This feature is mediated by the function of the
basket porin TPR, as depletion of TPR—while not inhibiting pore formation—
extends the dense chromatin area to the NPC (Krull et al., 2010). Consistent with
this, Nup genomic interaction studies in multiple species have revealed that the
Nups associate with many highly expressed genes, suggesting an evolutionarily
conserved role for Nups in transcription. In yeast, highly expressed genes
involved in glycolysis and ribosomal biogenesis constitutively interact with the
yeast homologues of TPR, Mip1 and MIp2 (Casolari et al., 2004, 2005). Genes
also interact with the NPC conditionally upon the induction of environmental
stimuli, such as nutrients shifts, heat shock, and mating pheromone treatment
(Brickner and Walter, 2004; Cabal, 2006; Casolari et al., 2005; Dieppois et al.,

2006; Taddei, 2006).

Although NPC-DNA interactions primarily occur at the nuclear periphery in yeast,
some the Nups also interact with genome in the nucleoplasm in higher
eukaryotes. For example, in Drosophila, the nucleoplasmic Nup50 binds to
developmental or heat shock-induced puffs in the larval salivary glands (Kalverda
et al., 2010); the nucleoplasmic Nup98 preferentially binds to the genes involved
in embryonic development (Kalverda et al., 2010). In contrast, in humans, Nup98
acts on genes involved in the differentiation of embryonic stem cells to the

neurons (Liang et al., 2013), suggesting that the functions of Nups are highly
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dependent on cellular and developmental context. Nonetheless, in both
Drosophila and human embryonic stem cells, Nup98 binds both strongly and
weakly expressed genes that are correlated with different positions within the
nucleus: strongly expressed genes are correlated with nucleoplasmic Nup98
binding, whereas weakly expressed genes tend to be bound by NPC-associated
Nup98 (NPC-Nup98) at the nuclear periphery (Kalverda et al., 2010; Liang et al.,
2013). These weakly expressed chromosomal regions are, however, different
from the completely silenced heterochromatic LADs (Kalverda et al., 2010). In
fact, many of the developmentally regulated genes associate with the NPC-
Nup98 when initially induced in neural progenitor cells, dissociate with the NPC-
Nup98 upon stronger induction during differentiation to neurons (Liang et al.,
2013). These observations emphasize the dynamic feature of the NPC-genome

interactions.

There are several protein factors important for genes interacting with the NPC,
including the histone acetyltransferase Spt-Ada-Gcn5-Acetyl (SAGA) complex
and the mRNA export factor Sac3, the functions of which are distinct from their
traditional roles (Cabal, 2006; Luthra et al., 2007; Rodriguez-Navarro et al.,
2004). In yeast, depletion of Ada2, a component of SAGA, or Sac3, or Susi (a
component shared by the SAGA and Sac3 complexes), dissociates Gal1 gene
with the NPC (Luthra et al., 2007; Rodriguez-Navarro et al., 2004). Similarly in

Drosophila, knockdown of the homologues of these factors, E(y)2 and Xmas-2,
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decreases the contacts of the heat shock protein 70 (Hsp70) gene loci from the

nuclear envelope (Kurshakova et al., 2007).

The critical role mRNA export factors play in targeting genes to the NPC supports
the “Gene Gating” hypothesis, by which actively transcribed genes are brought to
the NPC so that the nascent transcripts can interact with the export factors more
efficiently (Blobel, 1985). However, some studies suggest that the NPC
association does not require gene activation, but rather is determined by cis-
regulatory DNA elements. For instance, deleting Gal2’s Open Reading Frame
(ORF), which transcribes mRNA, does not affect its interaction with the NPC
(Dieppois et al., 2006). This is also illustrated by recruitments of the INO7 gene to
the NPC, which is independent of its transcription, but also dependent on two
promoter DNA elements upstream of the gene, termed Gene Recruitment
Sequences (GRS). Disruption of the two elements dissociates INO71 from the
NPC and localizes it to the nucleoplasm (Ahmed, 2010). Further, HSP140
possesses a different GRS on its promoter as well (Brickner et al., 2012). Thus,
these GRSs function as so-called “DNA Zip codes” to localize genes to the NPC
(Ahmed, 2010; Brickner et al., 2012). However, while all the GRSs have been
identified in yeast so far, the “zip codes” for DNA-NPC interactions in higher

eukaryotes are much less well defined.

47



Introduction

The interaction of chromatin with Nups tends to promote transcription. In yeast,
studies have shown that proper activation of some genes require interaction with
the NPC. Specifically, mutating GRS reduces the expression of INO1 and TSA2
through disruption of their interactions with the NPC; tethering INO1 and HXK1 to
the nuclear periphery (yeast does not have the lamina compartment) enhances
their expression (Ahmed, 2010; Taddei, 2006). Additionally, tethering the
transcription factor Rap1 and its co-factors to the Nup84 subcomplex

components stimulates the expression of Rap1 target genes (Morse, 2000).

Nups also promote the expression of certain genes in metazoans, although these
effects may not necessarily occur at the nuclear pore. In Drosophila, the pore
basket subunits Nup153 and MTOR (Drosophila homologue of TPR) bind to
about 25% of all the genes, the expression of which are reduced upon
knockdown of either Nup (Vaquerizas, 2010). Both of these Nups are also
required for the hypertranscription of the male X chromosome as a mechanism
for Drosophila dosage compensation (Mendjan et al., 2006). In the Drosophila
larva salivary glands, binding of nucleoplasmic Sec13 and Nup98 to the
developmentally induced puffs recruit RNA pol Il to the puffs to drive associated

gene expression (Kalverda et al., 2010).

In humans, as mentioned before, Nup98 binds to developmentally regulated

genes during embryonic stem cell differentiation. This binding seems to promote

48



Introduction

gene expression, since overexpression of wild-type Nup98 increases the
expression of the bound genes while expression of a dominant negative Nup98
reduces the expression of a subset of them (Liang et al., 2013). The role of
Nup98 in gene transcription is also supported by certain acute myeloid leukemia
studies of chromosomal translocation fusing Nup98 to the DNA binding domain of
the transcription factor HOXA9 (Kasper et al., 1999). The fusion protein
transformed cells through aberrant activation of target genes. The mechanism
underlying Nup98-mediated activation involves recruitment of the histone acetyl
transferase CBP/p300, which helps to decondense local chromatins (Kasper et
al., 1999). All together, these studies indicate a conserved role of certain

components of the NPC in transcription activation.

Since the nuclear periphery contains multiple components that can lead to
distinct outcomes on transcription regulation - the lamina-associated
compartment generally represses transcription while the NPC associated
compartment tends to activate transcription — it is necessary to examine in detalil
which nuclear peripheral component the pS62 MYC is associated with (Myant et
al., 2015). There are more questions that need to be addressed mechanistically:
what are the regulators of MYC localization to the nuclear periphery? How is
MYC’s nuclear localization related to its post-translational regulation? Finally,
what are the functional consequences? These questions drove our study in

Chapter 3.
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Abstract:

Hierarchic phosphorylation and concomitant Pin1-mediated proline isomerization
of the oncoprotein c-Myc controls its cellular stability and activity. However, the
molecular basis for Pin1 recognition and catalysis of c-Myc and other multisite,
disordered substrates in cell regulation and disease is unclear. By nuclear
magnetic resonance, surface plasmon resonance, and molecular modeling, we
show that Pin1 subdomains jointly pre-anchor unphosphorylated c-Myc1-88 in
the Pin1 interdomain cleft in a disordered, or “fuzzy”, complex at the herein
named Myc Box 0 (MBO) conserved region N-terminal to the highly conserved
Myc Box | (MBI). Ser62 phosphorylation in MBI intensifies previously transient
MBI-Pin1 interactions in c-Myc1-88 binding, and increasingly engages Pin1
PPlase and its catalytic region with maintained MBO interactions. In cellular
assays, MBO mutated c-Myc shows decreased Pin1 interaction, increased
protein half-life, but lowered rates of Myc-driven transcription and cell
proliferation. We propose that dynamic Pin1 recognition of MBO contributes to the

regulation of c-Myc activity in cells.
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Introduction:

Among the most fundamental processes in cell biology is the regulation of the
cell cycle and, thereby, cell growth. A key player in this process is the peptidyl-
prolyl isomerase Pin1 that has been shown to function as a molecular timer by
acting as a switch of various cell-signaling processes (Liou et al., 2011; Lu and
Zhou, 2007). One of the targets of Pin1 is the proto-oncogenic transcription factor
c-Myc, which is a universal regulator of cell growth, apoptosis, and proliferation in
both normal and tumor cells (Lin et al., 2012b; Meyer and Penn, 2008; Nie et al.,
2012). While the pro-proliferative properties of c-Myc are activated by
phosphorylation of Ser62, its cellular stability and degradation are controlled by
subsequent phosphorylation at Thr58, both sites being located in the conserved
Myc Box | (MBI) region of its N-terminal transcriptional activation domain (TAD)
(Hann, 2006). The time window of phosphorylation and dephosphorylation at
these two sites is affected by Pin1-mediated cis-trans isomerization of the Ser62-
Pro motif, thereby regulating specific interactions of c-Myc with modifying
kinases, predominantly acting on trans substrates (Brown et al., 1999; Lu et al.,
2002a) and phosphatases, which control the pathway of c-Myc activation and
ubiquitin-mediated degradation (Figure 2.1A) (Farrell and Sears, 2014; Sears,
2004), and which have been shown to act on cis substrates (Werner-Allen et al.,
2011). Pin1 also facilitates the dynamic binding of c-Myc to target gene
promoters, enhancing association with transcriptional co-activators and

transcriptional activation of target genes, thus potentiating c-Myc’s oncogenic
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activity (Farrell et al.,, 2013). The importance of regulatory coupling c-Myc
activation with its subsequent degradation in maintaining normal cell growth is
evidenced by cancer-associated mutations at or near Thr58 and Ser62 that result
in maintaining c-Myc in its activated, Ser62-phosphory-lated state(Bahram et al.,
2000; Wang et al., 2011b), and many regulators of c-Myc that bind to this region
are themselves either oncogenes or tumor suppressors (Tu et al.,, 2015).
Although Pin1 promotes c-Myc degradation in normal cells, this activity is
uncoupled in cancer cells where both proteins have oncogenic activities and are
overexpressed, and Pin1 functions only as a c-Myc co-activator (Farrell et al.,
2013). Potential uncoupling mechanisms involve reduced Axin1 function, which
scaffolds c-Myc degradation (Arnold et al., 2009; Zhang et al., 2012) and Pin1’s
downregulation of Fbw7, an E3 ligase controlling degradation of a number of

oncoproteins including c-Myc (Min et al., 2012).

Pin1 comprises two independently folded subdomains: Pin1 WW (residues 6-39)
and Pin1 PPlase (residues 50-163), connected by a flexible linker(Bayer et al.,
2003; Jacobs et al., 2003; Ranganathan et al., 1997). The catalytic proline
isomerization activity toward pSer/pThr-Pro motifs entirely resides in Pin1 PPlase
(Lu et al., 1999; Ranganathan et al., 1997). The Pin1 PPlase alone binds weakly
to native, phosphorylated peptide targets (KD > 390 pM) (De et al., 2012;
Verdecia et al., 2000), with significant affinities (Kd range 0.5-90 uM) observed

only for peptides selected from library screens (Duncan et al., 2011; Namanja et
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al., 2011; Verdecia et al., 2000) or designed inhibitors (Namanja et al., 2011;
Zhang et al., 2012). Pin1 WW binds pSer/ pThr-Pro-containing peptides with
variable affinities (Kd > 7 uM) (Lu et al., 1999; Verdecia et al., 2000), preferably
in the extended, trans conformation (De et al., 2012; Namanja et al., 2011;
Verdecia et al., 2000; Wintjens et al., 2001). In intact Pin1, the two domains
create an interdomain cleft, distant from the Pin1 PPlaseactive site, where
phosphorylated target peptides (Kd 5-80 uM) (Verdecia et al., 2000) as well as
buffer components such as polyethylene glycol (PEG) bind in well-defined
conformations (reviewed in Matena et al, 2013). Pin1 WW binding at
phosphorylated pSer/pThr-Pro sites has been proposed to increase the local
effective concentration of substrate and activity on neighboring phosphorylated
sites (Jacobs et al., 2003; Lu et al., 1999) to facilitate substrate transfer (De et al.,
2012; Lu et al, 1999; Wintiens et al, 2001), and/or to
sequester trans conformations away from the active site, thereby providing
directionality to the cis-trans conversion (De et al., 2012; Lu et al., 1999; Wintjens
et al.,, 2001). Still, the functional reason for binding of targeted peptides to an

interdomain cleft distant from the Pin1 active site remains unresolved.

Recent studies suggest that collaborative and possibly allosteric mechanisms
jointly involve both Pin1 domains in target binding (reviewed in Peng, 2015).
Binding of shorter peptide substrates and small molecules to Pin1 has been

shown to affect interdomain mobility and linker dynamics (Jacobs et al., 2003),
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and increased affinity and isomerization of phosphorylated peptides binding to
Pin1 PPlase has been shown in the presence of PEG-induced transient domain
interactions (Matena et al., 2013). Interactions between the two domains have
been shown to allosterically affect the isomerization activity by an internal
dynamic circuit through the Pin1 PPlase interior (Namanja et al., 2011), as well
as through residues in the domain interface (Wilson et al., 2013), both recently
supported by molecular simulations (Guo et al., 2015). However, to understand
how the dual-domain protein Pin1 acts on its longer, multiply phosphorylated, and
often intrinsically disordered substrates (Lu and Zhou, 2007), the interaction with
such substrates needs to be studied in structural and dynamic detail, but as yet

such studies have not been achieved.

We recently characterized the structural and dynamic properties of the most N-
terminal part of the c-Myc TAD domain (c-Myc1-88), by nuclear magnetic
resonance (NMR) and surface plasmon resonance (SPR), detailing also its
dynamic and multivalent interactions with the tumor suppressor Bin1 (Andresen
et al., 2012). We found that c-Myc1-88 contains two transiently ordered regions:
the well-characterized MBI region and a less studied, more N-terminal region
conserved in c-, N-, and L-Myc (Cowling and Cole, 2006; Legouy et al., 1987)
(Figures 2.1B and 2.1C). While MBI is a well-known c-Myc interaction site, and

comprises the phosphorylation sites directing c-Myc stability (Meyer and Penn,
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2008), so far no clear functional role has been attributed to the transiently

ordered region N-terminal to MBI.

Here, we show for the first time how a longer Pin1 substrate, c-Myc1-88,
interacts with both domains of Pin1, and how this interaction is affected by
phosphorylation. By SPR, NMR, and cellular assays, we show that the transiently
ordered, unphosphorylated c-Myc region comprising c-Myc residues 13-32,
which we henceforth refer to as “Myc Box 0” (MBO; Figures 2.1B and 2.1C),
serves as a dynamic anchoring site for Pin1 on c-Myc1-88, both in the absence
and presence of Ser62 phosphorylation. Molecular simulations, restricted by
experimental data, show how Pin1 WW and PPlase domains jointly bind the MBO
region in a dynamic complex, thus facilitating MBI interaction with the Pin1 active
site. Our results suggest that Pin1 binding to MBO affects the cellular activity

window of the c-Myc oncoprotein.
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Results:

Intrinsic Disorder Is Retained in pSer62-c-Myc1-88

To study the Ser62 phosphorylated state of c-Myc, we performed
phosphorylation of c-Myc1-88 in vitro with active CDK2 kinase in complex with
Cyclin A2, which is known to phosphorylate Ser62-Pro63 in vivo (Hydbring et al.,
2010) and in trans (Brown et al., 1999). Specific and near-complete pSer62-c-
Myc 1.8 phosphorylation was confirmed by mass spectrometry and NMR, in
agreement with the extended properties of the MBI region (Andresen et al.,
2012). Chemical-shift perturbations (CSPs) were confined to the well-conserved
MBI region (Figures 2.1D and 2.1E). The transverse relaxation rates for c-Myc1—
88 are concentration dependent, which agrees with monomer exchange with a
small amount of higher molecular weight oligomer not observed by sample
inspection or in gel-filtration experiments (Andresen et al., 2012). However, the
overall decreased R2 relaxation rates for pSer62-c-Myc1-88compared with c-
Myc1-88 at the same concentration suggest that the additional negative charge
introduced by phosphorylation reduces internal interactions. Both °N-R1 and
{'H}-"°N-nuclear Overhauser effect (NOE) relaxation of pSer62-c-Myci1—
88 correspond well to results obtained for c-Myc1-88 at similar concentrations,
suggesting that the intrinsic disorder with transiently structured regions identified

for c-Myc1-88 (Andresen et al., 2012) is maintained upon Ser62 phosphorylation.
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We used SPR to investigate the binding of Pin1 and its subdomains to c-Myc1—
88 and pSer62-c-Myc1-88 (Figures 2.2). Since Pin1 is believed to primarily bind
at phosphorylated protein sites (Liou et al., 2011; Lu and Zhou, 2007), we were
surprised to find that intact Pin1 binds c-Myc1-88 with an apparent KD of 4 uM.
This Pin1 binding affinity is of similar or higher affinity as previously observed
Pin1 binding to phosphorylated peptides, but several orders of magnitude higher
than for unphosphorylated Ser/Thr-Pro motifs (Verdecia et al., 2000). Lack of
significant Pin1 binding to c-Myc46—-69 indicated that the primary binding site for
Pin1 to c-Myc1-88is located distant from the Ser62-Pro motif. Both Pin1
WW and Pin1 PPlase subdomains were consistently found to bind c-Myc1-
88 with more than 10-fold weaker affinities compared with intact Pin1 (Figures
2.2B and 2.2C), suggesting both Pin1 subdomains jointly contribute to the higher
c-Myc1-88 affinity of the intact protein. SPR measurements of Pin1 affinities to
pSer62-c-Myc1-88 showed difficulties in reaching saturation and anomalous
binding effects at higher concentrations, which limited the accuracy (Figures
2.2D-2.2F). Notably, however, the phosphorylated substrate may bind the active
Pin1 enzyme in several modes with different affinities, due to cis-
trans isomerization of pSer62-Pro (De et al., 2012; Jacobs et al., 2003; Namanja
et al, 2011). In agreement with this, isothermal titration calorimetry
measurements indicate multiple binding events for intact Pin1 binding to pSer62-
cMyc1-88, with Kds ranging from 10 to 100 pM, i.e. in the same range as

measured for other phosphorylated peptides (Verdecia et al., 2000). The higher
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pSer62-c-Myc1-88 apparent affinities for intact Pin1 compared with its
subdomains alone indicate joint subdomain binding contributions also for
phosphorylated c-Myc1-88. Finally, while full kinetic analysis was not feasible
due to the rapid on- and off-rates in binding, we consistently observed elevated
off-rates by visual inspection for Pin1 PPlase binding to pSer62-c-Myc1-—
88 compared with unphosphorylated c-Myc1-88 (Figures 2.2C and 2.2F), in

agreement with increased isomerization turnover of phosphorylated substrates.
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Figure 2.1: Phosphorylation and Conserved Patterns in c-Myc.

(A) A schematic of the biological context of Myc and Pin1 interactions as
described in the Introduction. Myc phosphorylations at T58 and S62 annotated
with encircled P. (B) Sequence outline, indicating the here-proposed MBO (c-
Myc15-33) together with previously identified Myc boxes (MBI, MBII, MBllla,
MBIlIb, and MBIV), the basic region (BR), and the helix-loop-helix leucine zipper
(HLH-LZ). (C) A sequence logo representing c-Myc residues 1-74 based on a
Hidden Markov Model of Myc and generated as described in Methods. High
stacks of few, dominant amino acid letters signify conservation; MBO and MBI are
highlighted. Graphical representations (curl and arrow) respectively indicate the
location of previously identified transient secondary structure (Andresen et al.,
2012). (D) Overlaid HSQC NMR spectra of unphosphorylated c-Myc1-88 (black)
and pSer62-c-Myc1-88 (red). Peaks that display CSPs >0.05 ppm on Ser62
phosphorylation are labeled. (E) CSPs on phosphorylation for all assigned c-
Myc1-88 amide resonances.
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Figure 2.2: Evaluation of c-Myc1-88-Pin1 Affinities by Surface Plasmon
Resonance.

Sensorgrams and 1:1 Langmuir fits from steady-state evaluation show binding of
Pin1 (red), Pin1 WW (green), and Pin1 PPlase (blue) to both unphosphorylated
(A—C) and phosphorylated c-Myc1-88 (D—F). For all measurements c-Myc1-—
88 were immobilized and Pin1, Pin1 WW, or Pin1 PPlase were injected over the
surface.

62



Pre-Anchoring of PIN1 to Unphosphorylated MYC in a Fuzzy Complex Regulates MYC
activity

Pin1 Binds c-Myc1-88 in a Dynamic Complex Anchored at the MB0O Region

By NMR, we further investigated c-Myc-Pin1 interactions on a per-residue level
by titrating '°N-labeled c-Myc1-88 and pSer62-c-Myc1-88 with unlabeled Pin1.
We found that while for specific c-Myc residues resonance intensities were
significantly reduced and not recovered on saturating the binding equilibrium
(Figure 2.3), CSPs were very small or nonexistent. While peak intensities in
general are lowered upon interaction due to slower molecular tumbling in the
complex state, further line broadening leading to reduced intensities can occur as
a result of chemical exchange between bound and free states, and/or due to
chemical exchange between multiply bound states (Bozoky et al., 2013a, 2013b;
Lukhele et al., 2013; Mittag et al., 2008). In the latter case, the signal is not
recovered in the bound state due to continued chemical exchange (Bozoky et al.,
2013b), which is in agreement with our observations for Pin1/ c-Myc1-
88 complexes. Furthermore, we detected no >N Carr-Purcell-Meiboom-Gill
dispersions, showing that line broadening due to chemical exchange occurs on a
faster timescale than can be probed by these experiments. These observations
are in agreement with the formation of dynamically disordered(Forman-Kay and

Mittag, 2013), or “fuzzy” (Fuxreiter and Tompa, 2012), complexes.
Since c-Myc1-88 exhibits low chemical-shift dispersion (Andresen et al., 2012)
and very minor CSPs in the bound state, HNCO intensity ratios (Mittag et al.,

2008) were primarily used to characterize the interaction of c-Myc1-88 to intact
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Pin1 and its subdomains (Figure 2.3). Binding of intact Pin1 to non-
phosphorylated c-Myc1-88 results in major loss of signal intensity primarily in the
conserved, transiently ordered MBO region, but also affects the MBI region
(Figures 2.3A and 2.3D). Intact Pin1 binding to pSer62-c-Myc1-88 more clearly
affects the phosphorylation site and flanking residues, and perturbations extend
into the transiently helical and conserved MBI region around c-Myc1-88-Trp50,
while the C-terminal part remains comparatively unperturbed (Figure 2.3D).
Binding of either Pin1 WW or Pin1 PPlase resulted in drastically lowered HNCO
intensity ratios in the MBO region of c-Myc1-88, suggesting that both Pin1
subdomains target this region (Figures 2.3B and 2.3C). Pin1 WW primarily
affects c-Myc residues 16-YDSVQPYFY-23 (Figure 2.3B), while Pin1
PPlase affects the aromatic residues in the 20-PYFY-23 motif as well as
conserved residues 29-ENFY-32 slightly C-terminal to the Pin1 WW binding motif
(Figure 2.3C). The proline-aromatic 20-PYFY-23 pattern affected by both Pin1
subdomains is also found in Pin1 binding peptides selected from library screens,
both in forward (CTGIPWLYC; Duncan et al., 2011) and reverse sequence

orientation (Pintide: WFYpSPFLE; Lu et al., 1999; Verdecia et al., 2000).

On phosphorylation, the binding pattern of Pin1 subdomains to pSer62-c-Myc1—
88 alters significantly (Figures 2.3E and 2.3F). While interactions to MBO are
maintained, both Pin1 WW and Pin1 PPlase binding now also leads to severely

reduced HNCO peak intensity ratios at c-Myc1-88-pSer62 and adjacent residues
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(Figures 2.3E and 2.3F). Furthermore, binding of both c-Myc1-88 and pSer62-c-
Myc1-88 to Pin1 results in more extensive effects than would be predicted from
Pin1 subdomain binding alone (Figures 2.3A and 2.3D). This suggests that both
Pin1 domains jointly bind c-Myc, which agrees with the increased affinity for
intact Pin1 compared with its subdomains as observed by SPR (Figure 2.2).
Furthermore, the NMR results suggest that the conserved, transiently structured
MBO region in c-Myc1-88is central for Pin1 interactions with c-Myc1-

88 irrespective of the phosphorylation state of Ser62.

To further investigate c-Myc1-88 dynamics upon Pin1 binding, we evaluated "°N-
R1, °N-R1p, and {1H}-'°N-NOE relaxation experiments for the saturable
unphosphorylated c-Myc1-88-Pin1 complex. Although excessive line broadening
in the MBO region limited the evaluation, the residues that showed sufficient
signal intensity for analysis had '°N-R1 relaxation rates similar to those of free c-
Myc1-88, indicating retained mobility of flanking regions (Figure 2.4A). With
retained R1 rates, the c-Myc1-88: Pin1 complex displays higher >N-R2 relaxation
rates compared with free c-Myc1-88, (Figure 2.4B), suggesting transient
interactions between Pin1 and regions flanking the MBO anchor site in agreement
with decreased HNCO intensity ratios in the same regions (Figure 2.3). NOE
relaxation rates in the c-Myc1-88-Pin1 complex are similar to those in free c-
Myc1-88 and correspond well to earlier characterized transient secondary

elements (Andresen et al., 2012), suggesting that c-Myc1-88 transient structure
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is retained upon Pin1 binding (Figure 2.4C). Taken together, NMR relaxation
measurements show retained intrinsic disorder in c-Myc1-88 when binding Pin1,

signifying a fuzzy complex (Fuxreiter and Tompa, 2012).
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Figure 2.3: NMR Analysis of c-Myc1-88 Per-Residue Interactions with Pin1
and Its Subdomains.

HNCO peak intensity ratios between Pin1-bound and free states were derived for
c-Myc1-88 when unphosphorylated (A—C) or Ser62-phosphorylated (D—F) at a c-
Myc1-88/Pin1, c-Myc1-88/Pin1WW, or c-Myc1-88/Pin1PPlase ratio of 1:2, with
estimated saturation levels ranging from 58% to 96% (see Methods). Prolines
(dark gray; give no signal in HNCO) and residues lacking data due to missing
assignment or overlap (light gray) are represented by solid histogram bars.
Binding to Pin1 (A and D), Pin1 WW (B and E), and Pin1 PPlase (C and F) is
color-coded as in Figure 2.2. Gain/loss of interactions in the bound state leads to
decreased/increased peak intensity ratios, respectively.  Graphical
representations (curl and arrow, respectively) indicate the location of previously
identified transient secondary structure (Andresen etal., 2012). The
phosphorylation site at S62 is indicated with encircled P.
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Figure 2.4: NMR Relaxation Analysis of c-Myc1-88 Binding to Pin1.

Relaxation parameters of apo c-Myc1-88 (open circles) and c-Myc1-88 (filled
circles) in the presence of 2mol equivalents of Pin1 (98% saturation).
Uncertainties in R1 and R2 were estimated using the jackknife method, and in
the heteronuclear NOE as the standard deviation of all permutations of peak
ratios in duplicate experiments (Ahlner et al., 2013). (A) R1 relaxation rates. (B)
R2 relaxation rates. (C) {1H}-"°N-NOE.
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Pin1 Recognition Pattern Is Altered by Myc1-88 Phosphorylation

To obtain more detailed molecular insight on the extent of Pin1 that interacts with
c-Myc, we mapped spectral changes in '°N, '*C-labeled Pin1 on addition of
unlabeled c-Myc1-88and pSer62-c-Myc1-88 by NMR. For both un-
phosphorylated and phosphorylated c-Myc, small but significant CSPs were
observed (Figures 2.5). While CSPs only suggest that the chemical environment
around the concerned backbone NH groups has changed, the most likely
reasons are a direct binding with an interaction partner or an indirect

conformational change due to this interaction.

In the unphosphorylated c-Myc1-88:Pin1 interaction, a near-continuous surface
of CSP-displaying residues is formed by Pin1 WW residues centered around
Trp34 (Figure 2.5A, blue), and, extending toward the Pin1 PPlase active site, by
residues facing the cleft between the two domains (Figure 2.5A, orange). This
suggests a Myc binding surface involving the interdomain cleft, which agrees with
Pin1 WW and Pin1 PPlase jointly binding the c-Myc MBO region (Figure 2.3). In
the WW domain, affected residues correspond well to those observed in crystal
structures to be involved in PEG and phosphopeptide binding (Matena et al.,
2013; Namanja et al., 2011; Ranganathan et al., 1997; Verdecia et al., 2000). In

addition, a clear pattern of CSPs is observed for Pin1 PPlase residues involved
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in substrate recognition and proline ring placement (Figure 2.5A; green) while
weak CSPs are observed for residues in the active-site loop (Figure 2.5A; red).
Interestingly, the Pin1 interdomain interface and PPlase core region affected by
c-Myc1-88 includes many residues in the “Path 1” proposed to mediate allosteric

interdomain regulation (Guo et al., 2015).

The pSer62-c-Myc1-88:Pin1 interaction results in a more extensive CSP pattern,
which increasingly affects Pin1 residues involved in domain interactions and
catalysis (Figure 2.5B). The effects of Pin1 interaction with pSer62-c-Myc1—
88 now extends from the Trp34 region to involve WW residues His27 and lle28
lining the interdomain cleft, as well as Ala140 facing these residues from the
PPlase domain. Notably, Pin1-1le28 was recently shown to be a key residue in
regulating substrate binding affinity and isomerase activity by means of its
interdomain contact position (Wilson et al., 2013). Furthermore, facing the Pin1
WW domain, the Pin1 PPlase helix 1 (residues 82—-98), which was not affected
by unphosphorylated c-Myc1-88, now shows significant CSPs (Figure 2.5,
orange). Helix1 connects to the active-site loop (Figure 5, red) via highly affected
Pin1-His64 (Figure 2.5), which was previously found to be highly perturbed in the
binding of both cis- and trans-restricted inhibitors (Namanja et al., 2011). Notably,
Pin1 helix1, the interdomain interface, and the WW pocket are also fundamental
parts of the second allosteric pathway (“Path 2”) identified by Guo et al. (2015).

Pin1 residues proposed to be involved in substrate recognition and proline ring
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placement (Namanja et al., 2011) are differently affected: residues 115-117 and
130-131 at the edge of the Pin1 PPlase phosphate binding groove are involved
in recognition of phosphorylated c-Myc while unphosphorylated c-Myc affects the
surface-exposed B strand and loop structure including residues 120-130 (Figure
2.5; green). Specifically, Pin1 residues 178 and A116, which show enhanced
flexibility on ligand binding in previous studies as a possible reflection of
substrate recognition (Namanja et al., 2011), are both highly affected by pSer62-
c-Myc1-88 binding but not by binding to unphosphorylated c-Myc1-88. Finally,
residues 102-105, close to the hydrophobic patch where a second PEG
molecule was observed in the Pin1 crystal structure deposited as 1PIN
(Ranganathan et al., 1997), now show CSPs, suggesting altered interactions at
this site (Figure 2.5, gray). The interaction of Pin1 with c-Myc could be further
modulated by phosphorylation, since two of three important phosphorylation sites
in Pin1 (Ser16 and Ser71; (Hariharan and Sussman, 2014; Lee et al., 2011b; Lu
et al.,, 2002a) are involved in c-Myc interactions with both phosphorylated and

unphosphorylated states (Figure 2.5).

A comparison between HNCO peak intensity ratios for Pin1, in the presence of
either c-Myc1-88 or pSer62-c-Myc1-88, reveals a general and uniform reduction
of peak intensity ratios for both folded domains of Pin1, in contrast to the residue-
specific effects observed for c-Myc1-88. This suggests that the two Pin1

subdomains, which in the free state move independently of each other (Bayer et
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al., 2003; Jacobs et al., 2003), experience an increased Tc as an effect of joint
tumbling of the two domains on binding either phosphorylated or
unphosphorylated c-Myc1-88, which again supports joint c-Myc binding by Pin1

WW and Pin1 PPlase subdomains.
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Figure 2.5: NMR Mapping of Pin1 Interactions with c-Myc1-88 and pSer62-
c-Myc1-88.

Surface, secondary structure representations, and charts of the CSPs of Pin1,
interacting with c-Myc1-88 (A) and pSer62-c-Myc1-88 (B), respectively. Pin1
residues affected by Myc binding are color coded through (A) and (B) as follows:
residues in Pin1 WW (blue), subdomain interface (orange), Pin1 PPlase catalytic
loop and active site (red), Pin1PPlasesubstrate recognition and binding (green).
The sulfate group from the crystal structure of PIN1, represented by yellow
spheres, indicates the proposed Pin1 active site.
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Ensemble Models Describe the Fuzzy Myc-Pin1 Complex

To outline the possibilities for deriving a structural model for the c-Myc-Pin1
interaction, we jointly assessed all our experimental data (Figures 2.2, 2.3, 2.4,
and 2.5). SPR measurements showed significant binding of Pin1 to
unphosphorylated c-Myc outside of the Pin1-targeted MBI (Figures 2.2), and, in
agreement NMR mapping of HNCO intensity ratios, suggests that Pin1 primarily
binds to the MBO region (c-Myc10-35) (Figure 2.3). We focused on investigating
how MBO may interact with Pin1, and how this might affect binding of the
unphosphorylated MBI region, since binding to pSer62-c-Myc1-88 seems
structurally less resolvable due to the presence of multiple interconverting bound

states (Figures 2.2).

To visualize the structural space accessible to a c-Myc1-88-Pin1 dynamic
complex that satisfies our experimental data, we first modeled c-Myc10-35 in
complex with Pin1 and then extended this ensemble to include the entire c-
Myc10-70 region, using Rosetta docking and loop modeling protocols (see
Methods). The docking was guided by experimental constraints derived from
HNCO intensity data from c-Myc1-88 binding to Pin1, Pin1 WW and Pin1
PPlase, as well as from Pin1 CSPs on c-Myc1-88 binding (see Methods). The

resulting conformations were clustered using a 3-A root-mean-square deviation
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radius cutoff, and the largest clusters, representing a majority of the docked
conformations, were sorted based on combined physical and constraint energies.
From each of these clusters, the lowest-energy representative that best satisfied
the experimental constraints was included in the ensemble describing the bound

complexes (Figure 2.6).

The resulting models show a wide ensemble of c-Myc10-35 conformations
favorably interacting with both Pin1 WW and Pin1 PPlase by means of the MBO
region (Figures 2.6C, D, G, and H). A preferred direction of binding of MBO in the
interdomain cleft is evident and is introduced by the experimental constraints,
since without that contribution to the energy function the bias almost disappears.
In the full c-Myc10-70 model, the extent of the linker between MBO and MBI
generously allows for unphosphorylated MBI to interact in a multitude of ways
with the Pin1 PPlase active-site region (Figures 2.6E—G, |), in full agreement with
experimental data (Figures 2.3, 2.4, and and 2.5). Notably, our NMR relaxation
data for unphosphorylated c-Myc1-88 show that interactions between Pin1 and
regions flanking the MBO anchor site are dynamically transient, in contrast to the
multistate, fuzzy Pin1 binding of MBO (Figures 2.3 and 2.4). Thus, the entire
ensemble of Pin1-bound c-Myc1-70 will also include Myc conformations that are
anchored only at MBO, leaving the MBI region disordered and accessible to

phosphatases and kinases.
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Figure 2.6: Increased PP2A-B56a activity reduces c-Myc protein levels.

(A) Filtered and rescaled signals used to guide the Rosetta Monte Carlo
simulation from HNCO ratios for c-Myc1-88 versus Pin1WW (top), c-Myc1—
88 versus Pin1PPlase (middle), and c-Myc1-88 versus full Pin1 (bottom).

(B) Plot of rescaled signals from Pin1 versus c-Myc1-88 ACSPs.

(C) A structural representation of the MB0-anchored Myc-Pin1 fuzzy complex, as
presented by the ensemble of lowest-energy c-Myc10-35-Pin1 complex
conformations from the 15 top-scoring clusters, visualized as ribbon
representations of the c-Myc10-35backbone superimposed on PDB:1PIN. The
cross-section area of the ribbon is scaled to the relative size of the cluster. The
black arrow indicates the N- to C-terminal c-Myc10-35binding direction as
defined in Figure S5B.

(D) Bottom view of the complex ensemble with SO4 in the superimposed 1PIN
structure bound to the active site, represented by yellow spheres.

(E and F) Extended ensemble model showing Myc-Pin1 fuzzy complexes
anchored at MBO with transient MBI-Pin1 interactions. The c¢-Myc10-
70 ensemble comprises the 17 top-scoring clusters, visualized in the same
manner as the c-Myc10-35 model.

(G) Relative position of the modeled Myc fragments on c-Myc1-88 with the same
coloring gradient of c-Myc10-35 and c-Myc10-70 as in (C) to (F); transient
secondary structure elements and the Ser62 phosphorylation site are indicated.

(H) The experimental constraint score versus the Rosetta standard score is
plotted as dots for all c-Myc10-35-Pin1 models; red dot if the model belongs to a
cluster and gray otherwise. The lowest-energy representative is shown for each
cluster irrespective of size (black squares), with the 15 highest-scoring clusters
highlighted (gray circle).

(I) Scatterplot of c-Myc10-70 clusters and -Pin1 models; same visualization as in
(H) but with the 17 highest-scoring clusters highlighted
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Mutations in MBO Affect Critical Myc Regulatory Functions

The biophysical and computational data suggest that the conserved MBO region
forms a primary interaction site for Pin1 to unphosphorylated c-Myc1-88. To
evaluate the importance of this interaction in cells and for c-Myc’s cellular
functions, we generated point mutations in the MBO coding region, targeting c-
Myc-20-PYFY-23 in human corresponding to c-Myc-20-PYFI-23 in murine, and
created murine alanine c-Myc mutants 20-PAAA, 20-PAAl, and 20-AAAl.
Consistent with the hypothesis that these residues are important for Pin1 to
anchor on c-Myc (Figure 2.3), our co-immunoprecipitation (colP) experiments
reproducibly showed more than 50% reduction in Pin1’s ability to bind to MBO
mutated c-Myc compared with wild-type (WT), with AAAI the lowest affinity
observed (Figure 2.7A). The cellular data agree well with SPR experiments
performed with three corresponding human c-Myc1-88 mutants, c-Myc-20-
PYFY/AAAA-23, -PYFY/PAAY, and -PYFY/AAFY. Compared with WT c-Myc1—
88, the c-Myc-20-AAAA-23 mutant displays a lower affinity toward human Pin1,
15 yuM, compared with 4 uM for the WT construct. Measurements were also
performed with the other two mutants c-Myc-20-PYFY/PAAY and c-Myc-20-
PYFY/AAFY, which were also able to bind Pin1, but showed reduced affinity. In
addition, the mutants are phosphorylated at S62 with similar or higher levels
compared with WT c-Myc, suggesting that the reduced affinity is not caused by
lack of c-Myc S62 phosphorylation, and consistent with a role for Pin1 in

facilitating PP2A-mediated S62 dephosphorylation (Yeh et al., 2004a) (Figure
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2.7B). We also observed an increase in protein stability in the MBO mutants
reflected by a prolonged protein half-life following inhibition of protein synthesis
by cycloheximide treatment (Figure 2.7C) and by a higher steady-state level
when transfecting equal amounts of plasmids to the WT (Figure 2.7D, western
blot). The increased stability of the MBO mutants is likely due to downregulation
of Pin1’s facilitating c-Myc degradation caused by reduced interaction (Yeh et al.,

2004).

Since in addition to facilitating c-Myc Ser62 dephosphorylation and degradation,
Pin1 initially stimulates c-Myc DNA binding and target gene activation (Farrell et
al., 2013), we tested the effects of the c-Myc-20-PYFI mutations on c-Myc
transcriptional activity. We measured the luciferase signal driven by the canonical
c-Myc binding sequence, 4xE-Box-luc, following expression of c-Myc WT or MBO
mutants. Mutants with disruption of c¢-Myc-20-PYF| consistently showed
decreased ability to drive luciferase signal compared with WT c-Myc (Figure
2.7D). The c-Myc-20-PYFI mutants also have significantly decreased interaction
with endogenous targets genes, E2F2 and Nucleolin, measured by quantitative
ChIP (Figure 2.7E). Interestingly, the degree to which the mutants display
impaired activities coordinates well with their abilities to interact with Pin1 (Figure
2.7A), suggesting that Pin1 is the main regulator of the c-Myc-20-PYFI domain
and its effects on c-Myc activity. To test the role of c-Myc-20-PYFI in cell

proliferation, we conducted colony formation assays in REF52 cells. As shown
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in Figure 2.7F, the ability of cells to form colonies with the AAAI mutant and Ras
was dramatically decreased compared with cells with WT Myc and Ras,
highlighting the importance of the c-Myc-20-PYFI domain for c-Myc’s pro-
proliferative function. We find that several pro-proliferative transcription factors
that are Pin1 targets (Liou et al., 2011) contain a PYFY-type motif N-terminal to
their pSer-Pro sites, suggesting a more general role of this motif in Pin1-

regulated pro-proliferative target.
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Figure 2.7: Mutations in MBO Decrease Pin1 Affinity and Regulate c-Myc
activity.

Reduced binding affinity with Pin1, less transcriptional activity, and reduced pro-
proliferation ability is observed for c-Myc-20-PYFI mutants.

(A) ColP of cell lysates from HEK293s transfected with indicated plasmids using
anti-V5 antibody for immunoprecipitation and anti-Flag antibody for detection of
Co-immunoprecipitated Pin1 (bottom band). Co-immunoprecipitated Pin1 band
densities were quantified after normalization to input, immunoprecipitated c-Myc
level, and controls.

(B) Western analysis of lysates from HEK293 expressing indicated plasmids, V5-
immunoprecipitated c-Myc were used for S62 phosphorylation analysis, S62A
serves as negative control.

(C) Western analysis of lysates from HEK293 transfected with equal amounts of
V5-Myc plasmids (top: WT; bottom: AAAI mutant). Four independent experiments
were used to quantify half-life.

(D) 4xE-box driven luciferase signal detected from lysates of HEK293s co-
transfected with indicated V5 plasmids or empty vector as control. Luciferase
signals were adjusted based on expression levels shown in the immunoblots
below.

(E) DNA binding affinity for WT and mutant V5-Myc shown by quantitative ChIP
at indicated promoters. ChIP levels were adjusted by respective inputs and
protein levels. Lysates of HEK293s transfected empty vector were used as
control for normalization.

(F) Colony formation assays were performed in REF52 cells co-transfected with
H-Ras and either WT or mutant c-Myc as indicated for up to 3 weeks.

Statistical significance relative to WT was calculated using a two-tailed t test: *p <
0.05; **p < 0.01; ***p < 0.001; n.s., not significant. All quantifications were based
on at least three independent experiments.
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Discussion:

The Pin1 enzyme is well known for its capability of cis-trans isomerization of
phosphorylated (p)Ser/(p)Thr-Pro target sequences, and specifically acts on
intrinsically disordered substrates in cell regulation to direct their regulatory
activities (Liou et al., 2011; Lu et al., 2007). However, limited light has been shed
on how Pin1 interacts with longer substrates, since the present molecular
knowledge predominantly has been gained from Pin1 studies of interactions with
small molecules or peptides. The present work significantly advances our
understanding of Pin1-substrate interactions by showing, using a wide spectrum
of biophysical and cellular methods, that Pin1 recognition of its well-known target
c-Myc involves pre-anchoring to an unphosphorylated conserved motif distal from
the phosphorylated target site for Pin1-mediated proline isomerization, which is
biologically critical and structurally significant. Specifically, we find that Pin1 binds
unphosphorylated c-Myc in a Pin1 interdomain-anchored dynamic, or fuzzy,
complex at a well-conserved region here designated MBO (Figure 2.1), and we
show that such anchoring is structurally compatible with concomitant transient
binding to the Pin1PPlase active site region of the MBI (p)Ser/(p)Thr-Pro Pin1
target site(s) for cis/trans isomerization (Figure 2.6), in full agreement with our
NMR data (Figures 2.3, 2.4, and 2.5). Importantly, disturbing Pin1 binding to its
unphosphorylated MBO anchor site results in impaired c-Myc transcriptional

activity and reduced c-Myc function in cellular proliferation assays.
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A compelling advantage of Pin1 pre-anchoring to unphosphorylated, distal site(s)
would be to increase the local concentration of substrate presented to the active
site and thereby further increase the catalytic efficiency of Pin1. Our study
substantiates this, since we in our NMR experiments directly observe a
significant recognition of the unphosphorylated MBI region by intact Pin1 on MBO
binding (Figure 2.3), indicating that this recognition is facilitated by an increase in
local concentration due to Pin1-MBO pre-anchoring. When c-Myc1-88is
phosphorylated at Ser62, we find that Pin1 distinctly recognizes the
phosphorylation site in MBI but still affects the N-terminal, non-phosphorylated
MBO (Figure 2.3), suggesting a maintained role of this interaction in the
phosphorylated state. Furthermore, the mere localization of MBO binding to the
interdomain cleft (Figures 2.5 and 2.6) may also mediate increased catalytic
activity. Recent work has shown enhanced interdomain interactions in Pin1 by
small-molecule binding at the Pin1 subdomain interface (Matena et al., 2013),
and critical interdomain contact residues such as lle28 have been shown to affect
Pin1 catalytic activity and substrate binding affinity (Wilson et al., 2013). Notably,
however, simultaneous tight binding of designed bivalent Pin1 binders to both
WW and PPlase creates inhibition of Pin1 activity (Daum et al., 2007),
suggesting that intrinsic dynamics in binding both Pin1 sites is required for native

substrate activity.
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Our results show that mutations in the MBO Pin1-anchoring region dramatically
decrease Ras-dependent transformation and simultaneously show prolonged c-
Myc half-life. At first glance this may appear confusing, since several stabilizing
c-Myc mutations have been shown to increase cell proliferation (Chang et al.,
2000; Salghetti et al., 1999). However, our results are compatible with recent
data demonstrating that Pin1 isomerization at pSer62-Pro63 in c-Myc promotes
c-Myc DNA binding and target gene activation (Figure 2.1; Farell et al., 2013)
even though it can also facilitate S62-dephosphorylation by protein phosphatase
2A and increase c-Myc turnover (Figure 2.1; (Arnold and Sears, 2006; Yeh et al.,
2004a). Thus, a Myc mutant with deficient Pin1 interaction would indeed be more
stable and Ser62 phosphorylated, but would not promote transcriptional and/or
oncogenic activity. Since our biophysical results indicate that Pin1 binding to the
MBO site N-terminal to the c-Myc pSer62-Pro motif serves to allosterically
activate Pin1 and increase the frequency of encounters between the MBI target
sequence and the PPlase active site, it is indeed a tenable hypothesis that with
disturbed MBO pre-recognition, both the Pin1 isomerase activity and the affinity
between Myc and Pin1 will be too low to be biologically efficient. This would
result in a higher prevalence of Myc isomers that are less active in transcriptional
activity in the Myc-accessible cellular activity window, with concomitant lowering

of cell growth, as shown in our MBO mutants.
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We suggest that the biological requirement for both Pin1 subdomains to reach full
Pin1 functionality is based on the biophysical requirements for joint subdomain
interaction to longer substrates, which is necessary to allosterically elevate
enzymatic activity and specificity to the levels required for efficient biological
regulation. Recent studies show that interdomain dynamics is affected by binding
of small molecules or substrate peptides/analogs to the active site and/or to the
interdomain region (Bayer et al., 2003; Jacobs et al., 2003; Matena et al.,
2013; Namanija et al., 2007; Wilson et al., 2013). Our data support and extend
these findings by showing how Pin1 integrates recognition to both these sites in
binding to a longer substrate. Importantly, we show that not only key residues,
such as Pin1TWW-lle28 and its counterpart Ala140 in Pin1PPlase, but a wide
range of interdomain residues in both Pin1 subdomains are differentially affected
with respect to the phosphorylation state of the binding peptide (Figure 2.5). A
recent study performed by molecular dynamics simulations proposes that the two
Pin1 domains are allosterically regulated through two pathways: a first quiescent
state called Path 1, and a second state (Path 2) which is sequentially activated
upon substrate binding to the WW pocket (Guo et al., 2015). Interestingly, in our
experimental work with a long substrate, we find that the CSPs in Pin1 created by
the binding with c-Myc1-88 resembles the Path 1 pattern, while with pS62-
cMyc1-88 a pattern comparable with Path 2 emerges (Figure 2.5). Notably, while
the WW pocket is involved in binding both phosphorylated and unphosphorylated

c-Myc1-88, it is only in the presence of pS62-c-Myc1-88 that the second
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pathway becomes active. Therefore, we propose that the presence of the
phosphate in the active site represents the real trigger factor for the activation of
Path 2, given joint binding of the substrate protein to the WW pocket. Thus, the
allosteric communication between the two Pin1 domains is not a one- way signal
initiated by Pin1TWW binding, but it is a multistep process whereby Path 1 is
activated by substrate binding to the WW domain and Path 2 by the phosphate
binding the PPlase active site. Taken together, a comparison between results
relating to Pin1 allostery in our experimental data and in the molecular dynamics
simulations (Guo et al., 2015) reveals interesting similarities, but also different

implications concerning the activation mechanism of allosteric pathways.

The highly dynamic association between non-phosphorylated c-Myc1-88 and
Pin1 shows the characteristics of a fuzzy complex (Fuxreiter and Tompa, 2012):
alternate conformations are allowed in the bound state, and large parts of the
bound c-Myc1-88 peptide have dynamic properties closely resembling the
unbound state. The unphosphorylated Myc-Pin1 complex must therefore be
considered as an ensemble of conformations where, although one orientation of
c-Myc in the interdomain cleft is prevalent, a wide variety of chain-wrapping
modes around Pin1 are allowed in the bound ensemble (Figures 2.6).
Redistribution among multiple states within the bound ensemble could well occur
on Myc phosphorylation, which could also increase the propensities for MBI

binding to the Pin1 interdomain cleft, as suggested by Pin1WW binding to both
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MBO and MBI upon Ser62 phosphorylation (Figure 2.3E) as well as by previous
crystal structures showing phosphorylated short peptides or peptide analogs
bound in the interdomain cleft (Matena et al., 2013; Verdecia et al., 2000). The
juggling of substrates on and off the active site, as well as the enzymatic
efficiency (De et al., 2012), may thus be controlled by dynamically shifting the
ensemble of interdomain Pin1 bound states, as indicated by the requirement of
both domains for efficient catalysis and by the multiple modes of Myc-Pin1
recognition identified here. Furthermore, the fuzzy complex with a flexible 30-
residue (>60 A) linker between the Myc MBO and MBI binding sites (Figure 2.6),
together with the dynamics of the bound complex (Figure 2.4), will allow for facile
kinase/phosphatase access to Ser/Thr-Pro sites in MBI with maintained MBO
association of Pin1 throughout the regulatory cycle (Figure 2.1). Our findings,
together with the possible presence of distal motifs in other Pin1-dependent pro-
proliferative transcription factors, suggest that dynamic pre-recognition of distal
motifs by Pin1 could play a more general role in the timing of cellular events in

growth and differentiation.
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Chapter Three :

PIN1 regulates the spatial distribution of

transcriptionally active MYC at the nuclear pore
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Abstract:

The transcription factor MYC (also c-Myc) has a broad approach to the genome.
High levels of MYC can bind to most active gene promoters and distal open
chromatin regions. In addition to MYC'’s function of controlling Pol II's pause and
release, it has also been shown to induce histone modification and chromatin
remodeling especially in response to mitogen stimulation. MYC is subject to a
series of post-translational modifications that affect its stability and oncogenic
activity. Post-translational modifications allow dynamic protein regulation, but
how this controls MYC'’s function on the genome is largely unknown. Recent data
suggests a role for MYC in transcriptional control at the nuclear periphery. Here,
we report that Serine 62 phosphorylation and PIN1-mediated isomerization of
MYC regulate the spatial distribution of MYC, promoting its association with the
basket of the nuclear pore, where it recruits the histone acetyltransferase GCN5
to regulate target gene acetylation and expression. We identify a group of MYC
binding targets that include pro-migration pathway genes, which as are spatially
and dynamically regulated by this mechanism. Taken together, our study
indicates that post-translational regulation of MYC controls the temporal and

spatial activity of MYC to regulate gene expression.
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Introduction:

The proto-oncogenic transcription factor MYC has a broad range of gene targets
that control many cellular behaviors including metabolism, proliferation, and
morphology, the malfunctions of which contribute to tumorigenesis and cancer
progression(Kress et al., 2015). Recent in vivo studies demonstrate that
inactivation of MYC can induce tumor collapse and tumor microenvironment
normalization. To target MYC for cancer therapeutics, it is crucial to understand

the regulation of MYC expression and activity.

MYC protein level and activity are regulated by sequential phosphorylation
events on Serine 62 (S62) and Threonine 58 (Hann, 2006; Vervoorts et al.,
2006). In response to growth stimulation, multiple RAS induced kinases and
cyclin dependent kinases phosphorylate MYC at S62, which is associated with
MYC stabilization and activation (Campaner et al., 2010; Hydbring et al., 2010;
Sears et al., 2000). The subsequential T58 phosphorylation by GSK3b promotes
proteasome degradation of MYC through the pathway of the E3 ligase
Fbw7(Welcker et al., 2004; Yada et al., 2004). These phosphorylation events on
the 58-TPPLSP-63 motif lead to MYC'’s interaction with PIN1(Yeh et al., 2004b).
As the only identified phosphorylation dependent prolyl isomerase, PIN1
catalyzes proline isomerization of pS/pT-P motifs, influencing the protein
conformation to alter protein function (Liou et al., 2011). Most known PIN1-

mediated isomerization events promote tumor growth and drug resistance (Zhou
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and Lu, 2016). In the case of MYC, in addition to increasing MYC turnover(Yeh et
al., 2004b), PIN1 has been shown to promote the oncogenic activity of phosphor
Serine 62 (pS62) MYC and its transcriptional control of specific genes (Farrell et
al., 2013). However, a global view of PIN1’s regulation of MYC’s gene regulatory

activity, especially under physiological conditions, is still lacking.

Chromatin organization and gene expression are associated with the nuclear
structure (Lanctét et al., 2007; Zhou et al., 2011). In mammalian cells, the nuclear
interior is associated with euchromatin and active transcription; The nuclear
periphery, especially the Lamina Associated Domain (LAD), is enriched for
condensed chromatin and repressive transcription (Guelen et al., 2008; Pombo
and Dillon, 2015). However, although also localized to the nuclear periphery, the
regions near the nuclear pore is exclusive for heterochromatin and permissive for
transcription(Beck and Hurt, 2017; Krull et al., 2010). Interestingly, a recent study
has shown that pS62 MYC is enriched at the nuclear periphery and associated
with proliferation gene activation(Myant et al., 2015), suggesting that post-
translational modification of MYC may regulate its subnuclear localization and

activity.

In this study, using Proximity Ligation Assay (PLA) and Stochastic Optical

Reconstruction Microscopy (STORM) Imaging, we find that pS62 MYC interacts

with the basket of the nuclear pore complex (NPC), which is regulated by Ser62
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phosphorylation and PIN1. PIN1 mediated proline isomerization of MYC
promotes its recruitment and co-recruitment of the histone acetyl transferase
(HAT) GCNS5 to the nuclear pore basket, leading to nearby histone acetylation
and gene activation. Using ChlP-seq and FISH, we identified a group of pro-
migration genes as MYC binding targets that are affected by this PIN1-mediated
sub-nuclear localization of transcriptionally active MYC. Together, we provide

mechanistic insights into spatial control of MYC’s gene regulatory activity.
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Results:

pS62 MYC associates with the inner basket of the nuclear pore.

Previous studies suggest an enrichment of phosphor Serine 62 (pS62) MYC at
the nuclear periphery (Myant et al., 2015). Consistent with this report, we
visualized pS62 MYC in vitro and in vivo and found a substantial amount of cells
showing rim-like distribution of pS62 signal (Figures 3.1A and S3.1A). Notably,
the pattern of pS62 is distinct from phosphor Threonine 58 (pT58) or total MYC
signal (Figure 3.1A). The enrichment of pS62 at the nuclear periphery is
supported by the presence of pS62 MYC in the nuclear insoluble fraction that
includes lamina and the nuclear pore basket component TPR (Figure 3.1C). An
early EM study suggested MYC localization to the nuclear pore (Royds et al.,
1992). We speculated an involvement of the nuclear pore complex (NPC) in MYC
localization at the nuclear periphery. To examine the possibility of MYC
association with the nuclear pore, we conducted Proximity Ligation Assay (PLA)
between MYC and various nucleoporins (Nups) representing different
components of the NPC in HelLa cells (Figure 3.1B). Using antibodies against
TPR, Nup98, Nup153, and Nup214, showing specific nuclear peripheral staining
(Figure S3.1B), we observed robust PLA signals of MYC association with TPR
and Nup153 (pore basket), but not signals of MYC association with Nup98 (inner
ring), or Nup214 (cytoplasmic filaments) (Figures 3.1D and 3.1E). These data
indicate that MYC and pS62-MYC (Figures 3.1F and S1C) preferentially localizes

to the basket of the NPC.
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To visualize the detail of MYC protein at the nuclear periphery, we took
advantage of the STochastic Optical Reconstruction Microscopy (STORM)
imaging technology, which would improve the resolution to ~20nm. We co-
stained pS62 or total MYC with TPR, and took images at the nuclear equator and
the bottom of the nucleus sequentially. At the focal plane of the equator, both
MYC and pS62 MYC signals merged with TPR at the nuclear periphery (Figure
3.1G, a, b, e, and f); at the bottom-plane (Figure 3.1G, c, d, g, and h), both MYC
and pS62 MYC signals showed a significant co-localization with TPR, shown by
spatial pattern analysis with pair correlation function (Figure 3.1H) (Nickerson et
al., 2014). Of note, the occurrence of MYC signal maintains further away
(>200nm) from the center of TPR signal (Figure 3.1H left) than the pS62 MYC
(Figure 3.1H right), suggesting that the non-TPR-associated MYC are not Ser 62

phosphorylated.

To further examine the relevance of various compartments in MYC’s association
with the nuclear periphery, we knocked down lamin A/C and Nups to see if the
presence of MYC in the nuclear insoluble fraction is affected (Figure 3.1l).
Consistent with our PLA results, depletion of the pore basket subunits Nup153
and TPR significantly reduced the level of pS62-MYC and total MYC in the
insoluble fraction, whereas knockdown of Nup98 and Nup214 had little effect.

Notably, we did not observe an accumulation of MYC in the nuclear soluble
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fraction, which is consistent with previous observation that MYC in the nuclear
soluble fraction is less stable (Figure S3.1D-G; Myant et al., 2015; Tworkowski et
al.,, 2002). In addition, knockdown of Lamin A/C also modestly reduced pS62-
MYC and total MYC levels in the insoluble fraction, suggesting a role for the
nuclear lamina in storing MYC (Myant et al., 2015) in addition to the NPC,
although we can not rule out disruption of NPC structure with the Lamin
knockdown. To this point, we could not tease out whether Nup153 or TPR is
more important for MYC’s association with the basket as depletion of TPR
affected Nupi153 levels, and depletion of Nup153 interfered the level and
distribution of TPR, consistent with the tight structural and functional association
of the two proteins (Hase and Cordes, 2003; Krull et al., 2004; Rajanala and
Nandicoori, 2012). Given the critical roles of TPR in nuclear pore structure and
nuclear peripheral chromatin organization (Krull et al., 2004, 2010), we focused

on TPR for the following localization and functional characterization.
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Figure 3.1: pS62 MYC associates with the nuclear pore basket.

(A) Immunofluorescence (IF) staining of pS62 MYC, pT58 MYC, and total MYC in
Hela, Saso2, U20S, and Mouse Embryonic Fibroblast (MEF) cells.

(B) A schematic of the nuclear pore complex with representative nuclear porins
labeled for the following analysis.

(C) Western Blot of subcellular distribution of pS62 MYC and total MYC in
cytoplasmic (C), nuclear soluble (S), and nuclear insoluble (I) fractions of HelLa
cells by 150nM NaCl nuclear extraction. LaminA/C and TPR represent nuclear
markers; B-tubulin represents cellular markers.

(D) PLA of MYC association with nuclear porins (Nups) in HeLa cells. The PLA
signals (Red) were overlaid with the immunofluorescence staining of LaminA/C
(Green) and DAPI (Blue) in the bottom images.

(E) Quantification of PLA signal in (D), the box represents average and 25-75%
intervals of PLA signal per cell from 50 cells.

(F) PLA of pS62 and total MYC association with TPR in HelLa cells.

(G) STORM analysis of co-localization of total and pS62 MYC with TPR. a and c:
showing total MYC (Green) and TPR (Red) at a focal plane near the nuclear
equator and the bottom of the nucleus respectively. e and g: showing pS62 MYC
(Green) and TPR (Red) at a focal plane near the nuclear equator and the bottom
of the nucleus respectively. b, d, f, and h: zoom on a part of their left images.

(H) Plot of pair correlation function showing the likelihood (g(r)) of finding total
and pS62 MYC signals within certain radial distance from TPR signal (blue line).
Shown also the plots of (pS62) MYC against random signal (green), TPR against
random signal (red), and random signal against random signal (grey).

(I) Western blot of subnuclear distribution of pS62 MYC and total MYC in nuclear
soluble (S) and nuclear insoluble (l) fractions of HelLa cells by 150nM NacCl
nuclear extraction.
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Ser 62 phosphorylation is critical for MYC interaction with the nuclear pore
complex.

The enrichment of pS62-MYC at the nuclear periphery and our discovery that
pS62-MYC associates with the basket of the NPC led us to test whether Ser62
phosphorylation is important for MYC’s association with the NPC. We transfected
Hela cells with constructs expressing V5 tagged Wildtype (WT), S62A, and T58A
MYC, and compared their associations with TPR via V5-TPR PLA. The S62A
MYC mutant lacks Ser62 phosphorylation whereas T58A MYC, due to the block
of downstream signaling, has hyper Ser62 phosphorylation (Arnold and Sears,
2006; Lutterbach and Hann, 1994). The PLA signal from S62A MYC was
significantly decreased compared to WT or T58A MYC, suggesting Ser62

phosphorylation facilitates MYC interaction with TPR (Figure 3.2A and 3.2B).

To test the upstream kinases that affect MYC association with the NPC, we
focused on ERK and CDK2, which have shown a strong specificity in
phosphorylating MYC at Ser62 and increasing MYC stability(Hydbring et al.,
2010; Lutterbach and Hann, 1994; Pulverer et al., 1994; Sears et al., 2000).
Knockdown of ERK or CDK2 through siRNA reduced Ser62 phosphorylation and
total MYC as expected (Figure 3.2C), and this was coupled with a strong
reduction in MYC-TPR PLA (Figure 3.2D and 3.2E), suggesting that ERK and

CDK2 are upstream kinases involved in Ser62 phosphorylation of MYC and
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MYC-TPR interaction. As a control, depletion of CDK4, which is a downstream
target of MYC(Hermeking et al., 2000; Marval et al., 2004; Mateyak et al., 1999),
did not change MYC phosphor Ser62 levels upon knockdown nor the MYC-TPR
PLA (Figures 3.2C-E). Consistent with the kinase specificity, we detected robust
PLA signals of MYC with ERK and CDK2, but not with CDK4 (Figure 3.2F).
Intriguingly, the MYC/ERK PLA signals were displayed ubiquitously in the
nucleus; the MYC/CDK2 PLA were enriched in the nuclear periphery, resembling
the MYC-TPR interaction pattern (Figure 3.2F). We speculated that while ERK
may phosphorylate Ser62 in the nuclear interior, CDK2 might associate with TPR,
which is suggested by previous identification of TPR as a CDK2 substrate
through Mass Spectrometry (Chi et al., 2008). Indeed, we found robust PLA
signal of TPR-CDK2, but only low TPR-ERK, and background levels with TPR-
CDKA4. Together these results suggest ERK and CDK2 facilitates MYC interaction
with NPC by phosphorylating MYC at Ser62. While ERK can phosphorylate MYC

in the nucleoplasm, CDK2 may phosphorylate MYC directly at the NPC.
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Figure 3.2: Ser62 phosphorylation is important for MYC association with
the NPC.

(A) PLA of V5 — TPR association in transfected HelLa cells expressing equal
amount of V5 tagged WT, T58A, and S62A MYC. The mock transfection was
used as negative control. (B) Quantification of (A) showing average PLA signal
per cell from 50 cells and the expressions of the MYC constructs. (C) Western
blot of pS62 MYC and total MYC in HelLa cells transfected with siRNAs of
indicated kinases. (D) PLA of MYC-TPR association in HelLa cells transfected
with siRNAs of indicated kinases. (E) Quantification of (D) showing average PLA
signal per cell from 50 cells. (F) PLA of MYC association with indicated kinases
in HeLa cells. (G) PLA of TPR association with indicated kinases in HelLa cells.
(H) Quantification of (G) showing average PLA signal per cell from 50 cells.
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PIN1 promotes MYC association with the nuclear pore complex.

PIN1 catalyzes pSer62-Pro63 isomerization where the peptidyl proly bond is in a
trans conformation following ERK or CDK-mediated phosphorylation to the cis
conformation, and this increases MYC DNA binding, transcriptional and
oncogenic activity (Farrell et al., 2013; Helander et al., 2015). PIN1 subsequently
catalyzes pSer62-Pro63 from cis to ftrans dependent on secondary
phosphorylation at Thr58, and this facilitates PP2A-mediated dephosphorylation
of pSer62 and MYC degradation(Yeh et al., 2004b). To test if PIN1 plays a role in
pS62 MYC interaction with the NPC, we first looked at the association of PIN1
with total and pS62 MYC by PLA. Interestingly, we found a substantial amount of
PLA signal localized to the nuclear periphery in both PIN1-MYC and PIN1- pS62
MYC combinations (Figure 3.3A). Notably, there were also PLA speckles in the
nucleoplasm, suggesting PIN1 regulation of MYC may occur in multiple nuclear
compartments. We examined the effects of knocking down PIN1 expression via
siRNA on the level of MYC in the nuclear soluble and insoluble fractions. While
knockdown of PIN1 increased Myc and pS62Myc levels in the soluble fraction,
the expression of both total and pS62 MYC in the nuclear insoluble fraction
decreased upon PIN1 knockdown (Figure 3.3B). To test the role of PIN1 activity
on MYC association with the NPC, we knocked down, PIN1 and found a
significant reduction of MYC-TPR PLA signals (Figure 3.3C). Importantly, the
defect of MYC interaction with TPR can be rescued by WT PIN1 but not the

substrate binding (W33A) or catalytic deficient (C109A) PIN1 (Figure 3.3C),
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indicating that PIN1’s catalytic activity is required to facilitate MYC-TPR

interaction.

We have shown previously that PIN1 doesn’t recognize S62A MYC, and has a
reduced interaction with and effect on T58A MYC, where T58A MYC target gene
binding as measured by qChIP is not significantly enhanced by PIN1 as is WT
MYC (Farrell et al., 2013; Yeh et al., 2004b). To examine the role of Ser62 and
Thr58 phosphorylation in PIN1’s regulation of the association of MYC with the
NPC, we first transfected HelLa cells with constructs expressing V5 tagged WT,
T58A, and S62A MYC, and examined the interaction of PIN1 with these
constructs through V5-PIN1 PLA. While S62A MYC lack’s phosphorylation on
Thr58 and Ser62 due to the hierarchical nature of GSK3-mediated Thr 58
phosphorylation, T58A MYC has increased Ser62 phosphorylation due to the
inability of PP2A to dephosphorylate T58A MYC(Hann, 2006; Yeh et al., 2004b).
Similar to previous reports, both T58A and S62A MYC showed a significant
reduction in interaction with PIN1 compared to WT MYC by PLA (Figure 3.3D)
(Yeh et al., 2004, NCB). We then knocked down PIN1 to test if the V5-MYC-TPR
interaction is affected. Consistent with the positive role of PIN1 in the
endogenous MYC-TPR interaction (Figure 3.3C), the PLA signal between V5-
MYC WT and TPR significantly decreased (Figure 3.3E). In contrast, T58A MYC-
TPR PLA was resistant to PIN1 depletion, and S62A MYC-TPR PLA remained at

baseline level. To further test the promoting role of PIN1 on different forms of
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MYC, we took advantage of primary mouse embryonic fibroblasts generated from
ROSA-LSL-Myc knockin mice, which, once induced by Cre, express WT, T58A,
or S62A Myc at physiological levels (Wang, Cancer Res, 2011). When we co-
expressed knockin Myc through adenovirus transduction (Ad-Cre) and PIN1 with
Ad-PIN1, WT Myc - TPR association was upregulated by 1.5 folds. In contrast,
T58A Myc interaction with TPR was already strong and not further affected by
PIN1, while S62A Myc again showed minimal interaction that was not affected by
PIN1 (Figure 3.3F). Taken together, these data demonstrate that PIN1 promotes
MYC association with the NPC in a phosphor-Ser62 dependent manner, while
T58A-MYC with hyper-phosphorylated Ser62 interacts with NPC irrespective of

PIN1.

103



PIN1 regulates the spatial distribution of transcriptionally active MYC at the nuclear pore

A Merged PLA only B SINT siPINL
150nM NaCl: S [ S [
MYC-PIN1 TPR i -
oy — —
MYC o o —
pS62 MYC- PINT | — ——t
PIN1
Red: PLA; Greeen: LaminA/C; Blue: DAPI
MYC-TPR PLA _
C siPIN1: B T T T - g 809
PINL: - - wWT W33A C106A g, ns.
. 2 60
c
5
PLA & 40
3
z L
£ 2] é
o
>
= \I N T
Merged < .g\é \,§\ & &
P & 5 &
£ & &
B é\
D V5-PIN1 PLA = g0- e
= "
(%]
g
£ 60-
" s
ue: w 404
3
o
E 204
oy
2
o'i T T 1
éo‘{- §Lo @{{) &0
& &5
L)
T58A S62A <& °
E V5-TPR PLA
V5-MYC: WT WT TSBA TS3A SE2R SEIR 3" .
SIRNA: NT PIN1 NT PIN1 NT PIN1 5 s T ns.
Qo —
; 2y ; : 5 6
£ R B N . ?
e B o e ‘ 4 n.s.
; ) 3 =y
) : s — E ’ é
'd
> c: T T \l 0-'_,!_
R\ & © & & &
S &FESF &S L
< & © S ©
& & &
S & &
<& &
F
HA-TPR PLA s
ROSA-HA-MYC: WT WT TS8A T58A S62A S62A 3 =
adPIN1: - PINL - PIN1 - PINL £ n.s.
B == S
k)
o 4
é n.s.
gl 2
<
T T T T T T \l
@* & &<
L& v F L
& SR
<& &

104



PIN1 regulates the spatial distribution of transcriptionally active MYC at the nuclear pore

Figure 3.3: PIN1 promotes MYC association with the NPC.

(A) PLA of PIN1 association with total or pS62 MYC. The left two show the
detailed colocalization of PIN1-MYC PLA with the nuclear envelope marker
LaminA/C.

(B) Western Blot of subcellular distribution of pS62 MYC and total MYC nuclear
soluble (S) and nuclear insoluble (I) fractions of HeLa cells transfected with
siRNA of PIN1 and extracted by 150nM NaCl.

(C) PLA of MYC-TPR association in HelLa cells transfected with siRNA of PIN1
and indicated PIN1 constructs. Quantification showing average PLA signal per
cell from 50 cells.

(D) PLA of V5-PIN1 association in HelLa cells transfected with V5 tagged WT,
T58A, and S62A MYC. Quantification showing average PLA signal per cell from
50 cells.

(E) PLA of V5-TPR association in HelLa cells transfected with siRNA of PIN1 and
V5 tagged WT, T58A, and S62A MYC construct. Quantification showing average
PLA signal per cell from 50 cells.

(F) PLA of HA-TPR association in MEF cells with Cre-dependent expression of
HA tagged WT, T58A, and S62A MYC, and infected with adenovirus PIN1
(adPIN1) and adenovirus Cre. Quantification showing average PLA signal per
cell from 50 cells.
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PIN1 mediated MYC interaction with NPC facilitates recruitment of GCN5.

In yeast and higher eukaryotes, the nuclear pore basket helps to maintain a
transcriptionally permissive microenvironment (Krull et al., 2010; Mendjan et al.,
2006; Taddei et al., 2006), which is potentially mediated by the histone acetyl
transferase SAGA (Spt-Ada-GCN5 Acetyltransferase) complex (Cabal et al.,
2006; Luthra et al.,, 2007). The catalytic subunit of SAGA, GCN5, forms a
complex with MYC and cooperates with MYC for gene activation(Flinn et al.,
2002; Kenneth et al., 2007; Martinez-Cerdefio et al., 2012). In addition, the
interaction between MYC and GCNS5 is enhanced by PIN1 function(Farrell et al.,

2013). Therefore, we tested if GCN5 was involved in the MYC-TPR interaction.

We first visualized the TPR-GCNS5 interaction through PLA in Hela cells, and
found robust PLA signal at the nuclear periphery, consistent with the association
of GCN5 with MIp1/2 (the yeast homologue of TPR) in yeast (Luthra et al., 2007).
In accordance with PLA of pS62MYC-TPR (Figure 3.1F) and GCN5-TPR, a
substantial proportion of pS62 MYC-GCN5 PLA signal also resided at or closely
to the nuclear periphery (Figure 4.4A), suggesting that pS62 MYC and GCN5

may exist in the same complex with TPR,

Given the important role of PIN1 in the association of pS62 MYC with the NPC

(Figure 3.3C), we hypothesized that both MYC and PIN1 are required for efficient

GCN5-TPR association. To test the hypothesis, we quantified the PLA of TPR-
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GCNS5 in response to MYC or PIN1 or both knockdown. Individual depletion of
MYC or PIN1 reduced ~40% of the TPR-GCNS5 interaction; simultaneous
depletion of both MYC and PIN1, however, did not further decrease the PLA
signal (Figure 3.4B and 3.4C), suggesting MYC and PIN1 are in the same axis in

promoting GCNS5 association with TPR.

Since we have now detected potential TPR interactions with CDK2, MYC, and
GCNS5 via PLA, we asked whether we could also detect these interactions via co-
IP experiments and what the effects of PIN1 are on the associations. In
agreement with the PLA results, we co-immunoprecipated (colPed) CDK2, MYC,
GCNS5, and PIN1 using a TPR specific antibody. Interestingly, depletion of PIN1
via siRNA substantially reduced the colPed MYC and GCNS5, but had little effect
on CDK2 (Figure 3.4D). The TPR colP data suggests a hierarchy of the
assembly of these proteins: CDK2 and other kinases phosphorylate MYC at S62,

providing recognition site for PIN1, followed by GCN5 association.
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Figure 3.4: PIN1 promotes the formation of TPR-MYC-GCNS5 axis.

(A) PLA of GCNS5 association with TPR and pS62 MYC in HelLa cells. (B) PLA of
TPR-GCNS5 association in HelLa cells transfected with siRNAs of MYC and PIN1.
(C) Quantification of (B) showing average PLA signal per cell from 50 cells. (D)
Western Blot of indicated proteins co-immunoprecipitated (colPed) with TPR,
using TPR specific antibody in HelLa cells.

PIN1 facilitates mitogen induced MYC interaction with the nuclear pore.

PIN1 is viewed as a “molecular timer”, because the signaling pathways and
biological processes that PIN1 controls often involve rapid response and
adaption to environmental changes(Lu et al., 2007). A role for PIN1 in facilitating
the response to growth signals was demonstrated by the phenotype of the
mouse embryonic fibroblasts (MEFs) derived from PIN1 knockout mice, which
grow normally under asynchronous conditions, but show defects in recovering

from serum deprivation and re-stimulation(Fujimori et al., 1999) (Figure S3.5A).
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Serum stimulation also induces MYC expression through up-regulation of its
mRNA and pS62 mediated protein stability as the cells transit through the cell
cycle (Frank et al., 2001; Kelly et al., 1983b; Lutterbach and Hann, 1994).
Accordingly, MYC knockout cells also exhibit growth arrest (de Alboran et al.,
2001). Therefore, we asked whether MYC association with the NPC was serum

regulated and if PIN1 is important for this response.

We serum starved primary PIN1 wildtype (WT) and knockout (KO) MEFs
generated from isogenic sibling embyros for 48 hrs to render the cells quiescent,
then stimulated the cells by changing to serum-complete media, and
characterized protein expression and interaction at the indicated time points
(Figure 3.5A). The expression of TPR and GCN5 were similar in PIN1 WT and
KO MEFs, both gradually increased over the time course (Figure S3.5C). During
the process, the pS62 and total MYC levels in WT MEFs were rapidly increased
during the first 8 hours and then quickly withdrew to almost baseline level, similar
to previous reports (citation). In contrast, the expressions of pS62-MYC and total
MYC had a slower induction (0-4hr, Figure S3.5B), and sustained high level
expression even at 24 hr in the PIN1 KO MEFs, reflecting a defect in the MYC
degradation pathway due to loss of PIN1 (Yeh et al., 2004b). The CDK2
expression was slightly higher in WT MEFs than PIN1 KO MEFs, which could

explain the faster induction of MYC Ser62 phosphorylation (Figure S3.5B).
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In accordance with the MYC expression, in PIN1 wild-type cells, the association
between MYC and TPR climbed to peak at 4hrs post stimulation (Figure 3.5A).
MYC-GCNS5 interaction similarly peaked at 4 hrs in the PIN1 WT cells, and
notably, this interaction was at the nuclear periphery (Figure 3.5A and 3.5C). The
interaction between MYC and PIN1 also peaked at the 4 hr time point, and it was
also localized to the periphery (Figures 3.5A and 3.5C). The rapid inductions of
MYC-TPR and MYC-GCNS5 at the nuclear periphery were significantly blunted in
PIN1 null cells, supporting the critical role of PIN1 in promoting MYC-TPR-GCN5
complex (Figures 3.5A and B). Furthermore, starting around 8 hours, as the
MYC-TPR PLA signal begins to decrease in PIN1 wild type cells (Figure 3.5A),
there is an intriguing redistribution of MYC-GCN5 and MYC-PIN1 interaction to
the nuclear interior (Figures 3.5A and 3.5C); and the MYC-GCN5 spatial

redistribution is impaired in the PIN1 deficient cells.

MYC binds DNA with its partner protein MAX (Littlewood et al., 1992; Nair and
Burley, 2003). We therefore analyzed the spatial distribution of MYC associated
with MAX during the same serum stimulation time course. Notably, the induction
of MYC-Max PLA signal occurred both at the nuclear periphery and the interior
during early time points in the PIN1 WT cells, with a small shift in distribution
toward the interior at 12 hrs (Figure 3.5C). In PIN1 null cells, there was an overall
decrease in MYC-MAX association in the first 8 hrs (Figures 3.5A and 3.5B), with

the peripheral MYC-MAX PLA signal at early time points showing the most
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decrease relative to WT cells (Figure 3.5C). By comparing the interaction
patterns of MYC-MAX to MYC-TPR, MYC-PIN1 and MYC-GCNS5, it appears that
a portion of MYC-MAX interaction is involved in the early response MYC-GCN5-
PIN1 nuclear pore complex, but that MYC-MAX is also present in the nuclear

interior following serum induction.

Overall, these data indicate that during mitogen stimulation, MYC interacts
dynamically with different partners at various nuclear compartments: MYC-MAX
association is rapidly induced both at the interior and periphery, gradually
peaking around 4 to 8 hours, with a modest shift toward the interior at later time
points (Figures 3.5A and 3.5C), while MYC-GCN5-PIN1 is initially recruited
almost exclusively to the periphery, associating with the nuclear pore basket
protein, TPR (Figures 3.5A and 3.5C). PIN1 deletion impairs formation of this
complex. At later time points (12hrs), there appears to be a release of MYC-
GCNS5 from the NPC and re-localization to the nuclear interior, in which PIN1 may
also play an active role, as the MYC-PIN1 PLA exhibits similar spatial dynamics
(Figures 3.5A and 3.5C) and loss of PIN1 dampens the MYC-GCNS5 interior shift

in distribution (Figure 3.5C and S3.3D).
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Figure 3.5: PIN1 is critical for mitogen induced MYC association with the
NPC.

(A) PLA of MYC association with TPR, GCN5, MAX, and PIN1 (from top to
bottom) in Pin1+/+ and -/- MEFs at indicated time points post serum stimulation.
(B) Quantification of (A) showing average of PLA signal per cell Pin1 +/+ MEFs
(Blue) and Pin1 -/- MEFs (Red) from three biological replicates. (C) Detection of
radial distribution shift between early time points (4hr, blue) and late time points
(12hr, red) of indicated PLA signals. Histograms of the normalized distance
distribution were generated from at least 500 PLA speckles.

PIN1 promotes MYC-driven transcription at the nuclear periphery

To assess the global DNA binding of MYC regulated by PIN1 and its association
with MYC’s localization near the nuclear pore, we performed MYC ChiIP-seq in
PIN1 WT and KO MEFs at 4hr post serum stimulation, when expression levels of
MYC were similar, but differences in the MYC-TPR PLA was the largest (Figures
3.5A, B and S3.3C). We focused on the MYC binding within 1kb upstream and
downstream of the transcription start sites of genes. Using Gene Set Enrichment
Analysis (GSEA) of the MYC bound genes, we found several pathways enriched
in PIN1T WT versus null MEFs including cell motion, protein acetylation, and
polysome pathways (Figure S3.4A), aligning with the increased cell growth and
increased histone acetylation following serum stimulation in PIN1+/+ versus
PIN1-/- cells (Figure S3.4A-C). Consistent with a role for PIN1 in promoting MYC
DNA binding (Farrell et al., 2013), 673 genes had increased MYC binding peaks
more than 1.5 fold in Pin1 WT versus PIN1 KO (Figure 3.6A), among them we

chose to study genes encoding several transcription factor involved in cell motility
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including TWIST, SNAIL, and cell proliferation regulators, CDC45 and RPL36 to
investigate spatial relationships by DNA Fluorescence in situ Hybridization
(FISH). We hypothesized that these genes where MYC binding was affected due
to loss of PIN1 would localize to the nuclear periphery during early induction. We
observed that the FISH signals for Cdc45, Rpl36, Twist1, and Snail, at 0 and 4hr
time points, were localized to the nuclear periphery (Figure 3.6B and 3.6C).
Interestingly, at 12hr post stimulation, when the MYC-PIN1 and MYC-GCN5 PLA
shifted to the nuclear interior, we observed a shift toward more interior FISH
signals for these genes in the PIN1 WT cells, but this was not the case for the
control lamin associated IgH gene (Figure 3.6B and 3.6C). In contrast, the
position changes of these genes was reduced in the PIN1 null cells (Figure
3.6C), which is consistent with earlier results showing that the MYC-GCN5 and
MYC-MAX PLA interior shift at 12 hrs was blunted by loss of PIN1 (Figure 3.5C).
The nuclear peripheral localization of these genes during early time points and
departure from the nuclear pore at later time points are also supported by their
interaction with TPR captured by TPR qChlIP, which are at a higher level at 0 and
4 hr time points and decreased at 12hr time point in the PIN1 WT cells, but this is
reduced in the PIN1 null cells and the control IgH gene is not captured by TPR

qChlP (Figure S3.4B).

To test the hypothesis that loss of PIN1 impairs the functions of MYC and GCN5

at these genes, we performed qChIP using primers for the promoters of Cdc45,
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Rpl36, Twist1, Snai1, and IgH to examine the occupancy of MYC and GCN5 on
these representative genes following serum stimulation. In PIN1 WT cells, MYC
and GCNS5 occupancy at these genes were rapidly induced at 4 and 12 hrs
(Figures 3.6D and S3.4C). These inductions were blunted in PIN1 null cells,
which may explain the reduced histone acetylation on these regions detected by
gChIP with a pan H3ac antibody in PIN1 null cells (Figure S3.4D). Consistent
with the induction of H3ac level, which marks chromatin opening, the mRNA of
the gene targets was also induced to a greater degree in the PIN1+/+ versus
PIN1-/- cells (Figure 3.6E). As negative control, the lamin associated IgH (ref)
exhibited virtually no MYC or GCN5 binding, no mRNA induction, and was

depleted of H3ac during the stimulation process (Figures 3.6C-E, and S3.4B-D).

The above data suggests that in response to extracellular stimuli, PIN1 is critical

for the efficient recruitment of MYC to the NPC, which by interacting with GCN5,

affects local chromatin histone acetylation and transcription outcome.
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Figure 3.6: PIN1 promotes MYC binding to the nuclear peripheral targets.

(A) Heatmap of gene targets showing more MYC binding at the transcription start
sites (TSS) in Pin1+/+ MEFs than Pin1 -/- MEFs ( >1.5 fold). Genes were ranked
by fold change of wildtype / knockout combining two biological replicates.

(B) Representative FISH images of indicated loci (green) in Pin1+/+ and Pin1-/-
MEFs at 0, 4, and 12 hr timepoints in response to serum stimulation.

(C) Detection of radial distribution shift of FISH signal of indicated loci during
serum stimulation in Pin1+/+ (Blue) and Pin1 -/- (Red) MEFs. Y-axis is the
normalized distance from periphery (0) to center (100). Shown are the average of
distance from over 50 cells.

(D) Quantitative Chromatin IP (qChIP) of MYC binding to the indicated target
genes in Pin1+/+ (Blue) and Pin1 -/- (Red) MEFs during serum stimulation.

(E) RT-PCR of the mRNA of indicated genes in Pin1+/+ (Blue) and Pin1 -/- (Red)
MEFs during serum stimulation.

PIN1 deficient mice have defects in wound healing.

To investigate whether the above observed defects in gene regulation in PIN1
null cells is associated with functional changes, we performed in vitro scratch
assays on the PIN1 WT and null MEFs. PIN1-/- cells showed a delay in migration
into the scratch area (Figure 3.7A). This defect was rescued by infection of cells
with adenovirus expressing T58A MYC (Figure 3.7A), a form of MYC that can
interact with the nuclear pore independent of PIN1 (Figures 3.3E and 3.3F),
suggesting MYC mediates PIN1 function in migration in vitro. In addition, we
conducted skin punch wound healing assays in PIN1T WT and Null mice. It took
around 10 days for WT mice to heal from the punch biopsy on the back, whereas
PIN1 KO mice took more than 15 days (Figures 3.7B and 3.7C). At day 8, the WT

mice exhibited thickened epidermis at the wound area, whereas the epidermis at
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the wound area of the PIN1 null mice mostly only had a single basal (K14
positive) layer (Figure 3.7D). Immunofluorescent analysis of the day 8 skin
showed a strong decrease in expression of E-cadherin and Intigrin B1 at both
wound and adjacent skin in PIN1 knockout mice. Studies have shown that E-
cadherin promotes collective cell migration in vivo (Cai et al.,, 2014), and that
Intigrin b1 mediates keratinocytes migration and epidermal stem cell
maintenance (Georges-Labouesse et al., 1996; Jones and Watt, 1993; Kim et al.,
1992). Additionally, the PIN1 KO showed less Ki67 positive cells at the wound
area (Figure S3.5A) and at the adjacent epidermis regions (Figure S3.5A
arrows), suggesting that the defects of both proliferation and migration in PIN1
KO mice contribute to the impaired wound healing. To test if MYC is involved in
this process, we performed PLA of MYC with TPR and PIN1. In WT mice, Both
MYC-TPR and MYC-PIN1 associations were induced towards the wound area; in
contrast, MYC association with TPR was significantly reduced in the wound area
of PIN1 KO mice (Figure S3.5B). Together, these data suggest PIN1 mediated
MYC-TPR association facilitates proper wound healing. Lastly, the defects of
wound healing of PIN1 KO mice mimicked the phenotype of mice with
overexpression of MYC in the skin (Waikel et al., 2001), consistent with PIN1

positively regulating MYC transcriptional activity.
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Figure 3.7: Pin1 knockout mice exhibit defects in wound healing.

(A) Representative phase contrast images of scratch assay of Pin1+/+, Pin1-/-
MEFs and their infections of adenovirus expressed T58A MYC. Shown is the
boundaries of the scratches (red) at indicated time points. Shown at the right is
the quantification of the scratch area relative to the beginning (%) at indicated
conditions.

(B) Wound pictures of Pin1 +/+ and Pin1 -/- mice after skin punch biopsy at
indicated time points. Bottom is the quantification of the average wound area
from three pairs of matched siblings.

(C) H & E staining of the wound areas of Pin1+/+ and -/- mice 8 days post skin
punch biopsy.

(D) IF staining of E-cadherin (red), Integrin-B1 (red), and Keratin 14 (K14, green)
of the wound and adjacent skin samples.

Statistical significance relative to WT was calculated using a two-tailed t test: *p <
0.05; **p < 0.01; ***p < 0.001. All quantifications were based on at least three
independent experiments.
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Discussion:

Although the nuclear peripheral localization of MYC has been observed for a long
time, both the significance and mechanistic regulation remained an
enigma(Eisenman et al., 1985; Vriz et al., 1992). Early reports suggested that
both the nuclear pore and the lamina were involved in MYC association with the
nuclear periphery(Royds et al., 1992; Winqvist et al., 1984). Particularly, a recent
study indicated that CIP2a regulates pS62 MYC association with the LaminA/C-
associated structures (LAS) (Myant et al., 2015). The LAS compartment is likely
to include the pore components since the nuclear pore is embedded in the lamina
meshwork (Figures 1C and 1l), and Myant et al., suggested this possibility in their
discussion. The nuclear pore complex (NPC), one of the largest protein
complexes, is composed of three scaffold rings and peripheral elements including
the cytoplasmic filaments and the pore basket (Beck and Hurt, 2017). Through
PLA and STORM imaging, we demonstrate that pS62 MYC associates with the
pore basket represented by TPR and NUP153. The association between MYC
and TPR is controlled by Ser 62 phosphorylation downstream of ERK and CDK2
(and potentially other kinases). CDK2 may directly phosphorylate MYC (Chi et al.,
2008) at the pore as suggested by the PLA signal from TPR-CDK2. Despite the
potential role of ERK at the pore (Vomastek et al., 2008), we did not detect the
interaction in our PLA. Ser 62 phosphorylation of MYC promotes its interaction
with the prolyl-isomerase PIN1(Farrell et al., 2013; Yeh et al.,, 2004b). We

demonstrate that PIN1’s catalytic activity facilitates the association between MYC
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and TPR both in HeLa and MEFs, which is distinct from PIN1’s promoting MYC
degradation. In HelLa cells, enhanced MYC-TPR interaction by PIN1 were often
presented with lower MYC expression; In MEFs after 4 hours exposure to serum
stimulation, when MYC levels were similar, MYC-TPR and MYC-GCN5 PLA
signals were greatly reduced by the loss of PIN1. Because the Proline 63 trans-
form of MYC is a substrate for Serine 62 dephosphorylation and proteasome
degradation, we suggest that the favorable conformation of NPC associated MYC
is in cis. The regulation of MYC at the pore may involve many other players and
post-translation modifications. The nuclear pore associated SUMO protease
SENP1 (Chow et al.,, 2014; David-Watine, 2011; Schweizer et al., 2013)
deSUMOlates and increases PIN1 activity (Chen et al., 2013), indicating that
SENP1 may also regulate, directly or indirectly, MYC at the nuclear pore. Future
investigation into the interplay between MYC, PIN1, SENP1, and potential other
post-translational regulators at the nuclear pore will likely provide additional

insights into the nuclear spatial control of MYC.

Aside from affecting site-specific chromatin states and gene expression, MYC
has been shown to influence global chromatin architecture. For instance,
depletion of N-MYC in neuronal progenitors causes global nuclear condensation
marked by a decrease in H3 and H4 acetylation (H3ac and H4ac) and an
increase in H3K9mMe3 (Knoepfler et al., 2006). MYC’s broad influence on

chromatin occurred through upregulation of the histone acetyl transferase GCNS5,
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which increases genome-wide H3ac and H4ac. MYC may also interact with
GCN5 and cooperate in this genome-wide effect (Flinn et al., 2002; Martinez-
Cerdeno et al., 2012). It is unknown, however, the connection between the
nuclear localization of MYC and its influence on the genome architecture.
Consistent with the yeast studies indicating GCN5 association with the nuclear
pore basket(Cabal et al., 2006; Luthra et al., 2007), we observed GCN5-TPR and
GCN5-MYC interactions in the nuclear periphery. Combining with the positive
role of PIN1 in promoting MYC-TPR and MYC-GCN5 association at the periphery
(Figure 4 and Farrell et al., 2013), a picture of a PIN1-regulated TPR-MYC-GCN5

axis has emerged.

Using MYC ChlP-seq, we identified a group of genes co-regulated by MYC and
PIN1 with roles in cell cycle and cell movement (Figure 6A and S6A). In
accordance with a PIN1-regulated TPR-MYC-GCN5 complex, genes with MYC
binding affected by PIN1 tended to localize to the nuclear periphery at early time
points following serum stimulation and subsequently showed a shift to the
nuclear interior, indicating a genome re-organization as cells progress through
the cell cycle (Strickfaden et al., 2010; Vazquez et al., 2001). These dynamic
movements were impaired by loss of PIN1, as was MYC DNA binding, histone
acetylation, and gene transcription (Figure 6). Genome organization and histone
modification status are tightly associated with each other (Huang et al., 2015;

Zhou et al.,, 2011). It was shown that global histone acetylation following
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treatment with a HDAC inhibitor induced genomic reorganization including
promoter region, euchromatin domains and differentially expressed gene
recruitment to the nuclear pore (Brown et al., 2008). Interestingly, in mouse
oligodendrocyte progenitor cells, silencing of MYC was associated with a
decrease in the histone acetylation level on target genes and the induction of
premature nuclear peripheral chromatin compaction (Magri et al., 2014). In our
system, H3 acetylation levels were significantly reduced in PIN1 KO cells at early
time points following serum stimulation (Figure S5b), and this was seen at
individually interrogated genes associated with reduced GCN5 and MYC DNA
binding and gene expression in the PIN1 KO cells. This further correlated with
reduced MYC and GCN5 association with TPR in the PIN1 null versus WT cells.
In addition, the initiating level of H3ac at Cdc45, Rpl36, Snai1, and Twist1 were
significantly higher than IgH, suggesting the increase of H3ac on these genes
was an expansion of already existing eu-chromatin rather than a switch from
completely heterochromatin (Figure S6D). Finally, the “detachment” of these loci
from TPR binding (Figure S6B) and their movement toward the nuclear interior at
later time points in the WT cells may reflect a transition from individual gene
induction at the periphery to a coordinated expression with other genes in the
interior, consistent with the steady increase in mRNA expression observed during
the time course (Figure 6E), all of which were dampened in the PIN1 null cells.

For future studies, a detailed map of chromatin loop formation can be revealed by
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the Chromatin Conformation Capture technologies (Davies et al., 2017; Schmitt

et al., 2016).

In summary, our study addresses post-translational regulation of MYC
localization within the nucleus. We characterized the association between MYC
and the nuclear pore basket, which is tightly regulated by Ser62 phosphorylation
and PIN1 catalysis. Our study suggests that MYC proteins in the PIN1 depleted
cells, although they may have elevated expression level (Yeh et al., 2004b), lack
the conformation controlled by PIN1 to efficiently localize to certain nuclear
compartments to facilitate the timely regulation of target genes (Farrell et al.,
2013). We find that the association of MYC at the pore basket activates sets of
genes including pro-growth and pro-migration genes by facilitating histone
acetylation through GCNS5, these gene subsequently migrate toward the interior
of the nucleus, which is comprised of larger euchromatin domains. Both the
movement of MYC and these gene loci are impaired in PIN1 KO cells. At this
point it is not clear how PIN1 affects chromatin reorganization. This study
provides important mechanistic insight into MYC subnuclear localization and its
effects on gene regulation. Future understanding of dynamic spatial and temporal
control of transcription factors and genome architecture to accurately control
gene expression is essential to understand phenotype plasticity in cellular

response to environmental changes that underlie normal and diseased states.
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Figure S3.1, related to Figure 3.1

(A) IF staining of pS62 MYC in mouse breast tumor driven by Blg-cre induced
MYC and oncogenic Her2 (NeuNT) showing nuclear peripheral signal.

(B) IF staining of nucleoporins (Nups) as controls for Figure 3.1 D.

(C) PLA between pS62 MYC and TPR using a different pS62 MYC antibody
(Farrell et al., 2014; Zhang et al., 2012), in support of Figure 1F.

(D) Quiescent REF52 fibroblasts were maintained in low-serum media for 18hr,
and stimulated by 20% FBS for 4hr and 12hr as indicated. At 3.5hr prior to
harvesting, 10uM lactacystin (proteasome) was added as indicated. Harvested
cells were lysed in low-salt and low-detergent lysis buffer to obtain the
cytoplasmic fraction (C). After a cytoplasmic was, the nuclear soluble fraction
(NS) was collected in the same lysis buffer with 0.5M NaCl and the nuclear pellet
(NP) was solublized by boiling in 2X SDS sample buffer.

(E-F) Quiescent REF52 cells were infected with Ad-MYC (rel.MOI=0.12). Infected
cells were maintained in low-serum (0.25%) for an additional 18hr. Cells were
serum stimulated with 20% FBS for 13 hrs and then pulse labeled with °S-
methionine/cysteine and chased with medium containing excess unlabeled
methionine and cysteine. Cells were harvested after various chase times and
fractionated in (C). All fractions were adjusted to immunoprecipitation conditions
and *S labelled MYC was immunoprecipitated and sperated by SDS-PAGE.
Percent of MYC remaining was graphed on semi-log plots and best-fit
exponential lines were calculated by Excel. The equation for the line was used to
calculate the half-life.

(G) Cells were treated as in (E) except 4hr prior to harvesting, 10uM lactacystin
was added and pulse/chase analysis was in the continued presence of
lactacystin.

D - G were done by former lab member, Kristi Piehl.
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Figure S3.2, related to Figure 3.3
(A) Western Blot of the expression of TPR, MYC, and PIN1 for Figure 3.3 C.

(B) Western Blot of the expression of TPR, V5, and PIN1 for Figure 3.3 E.
(C) Western Blot of the expression of TPR, HA, and PIN1 for Figure 3.3 F.
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Figure S3.3, related to Figure 3.5

(A) Quantification of MEF cell growth under asynchronous and serum stimulation
conditions. (B) BrDU incorporation of MEF cells during serum stimulation. (C)
Western Blot of the expression of TPR, GCN5, CDK2, pS62 MYC, total MYC,
Histone 3 acetylation (H3ac), H3, and Pin1 for Figure 3.5. (D) Difference of MYC-
GCN5 PLA radial distribution between Pin1+/+ (blue) and Pin1-/- (red) MEFs at
12 hr post serum stimulation.
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Figure S3.4, related to Figure 3.6

(A) Genes preferentially bound by MYC in Pin1 +/+ MEFs (left) and Pin1 -/- MEFs
(right) were used as ranked list and tested for enrichment of pathways via Gene
Set Enrichment Analysis (GSEA). Shown were some of the most significantly
enriched pathways of all C5 gene sets.

(B) qChIP of TPR binding to the indicated target genes in Pin1+/+ (Blue) and
Pin1 -/- (Red) MEFs during serum stimulation. Statistical significance relative to
Ohr was calculated using a two-tailed t test: *p < 0.05; **p < 0.01; ***p < 0.001.
and labeled at the top of individual column.

(C) qChIP of GCNS5 binding to the indicated target genes in Pin1+/+ (Blue) and
Pin1 -/- (Red) MEFs during serum stimulation.

(D) qChIP of Histone 3 acetylation (H3ac) level of indicated target genes in
Pin1+/+ (Blue) and Pin1 -/- (Red) MEFs during serum stimulation.

Statistical significance relative to WT was calculated using a two-tailed t test: *p <
0.05; **p < 0.01; ***p < 0.001. All quantifications were based on at least three
independent experiments.
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Figure S3.5, related to Figure 3.7

(A) IF of Ki67 (Proliferation marker) of the wound and adjacent skin samples at
day 8 post skin punch biopsy. Shown at the right is the quantificaiton of Ki67
positive cells.

(B) PLA of MYC association with TPR and PIN1 (from top to bottom) in Pin1+/+
and -/- mouse skin samples at at day 8 post skin punch biopsy. Shown at the
right at the quantification of PLA.

Statistical significance relative to WT was calculated using a two-tailed t test: *p <

0.05; **p < 0.01; **p < 0.001. All quantifications were based on at least three
independent experiments
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The proto-oncoprotein MYC functions as a transcription factor that, by
orchestrating a pro-cancer transcription program, drives tumorigenesis and tumor
progression. Overexpression of MYC is associated with more than half of solid
tumors and multiple blood-borne cancers (reviewed in Dang, 2012). Withdrawal
of MYC in mouse tumor models leads to tumor regression (D’Cruz, 2001; Felsher
and Bishop, 1999; Pelengaris et al., 1999), highlighting the importance of
targeting MYC as a strategy for cancer treatment. However, despite decades of
studies on MYQC, it is still challenging to target MYC. In this thesis, | presented
two studies focused on post-translational modifications of MYC, and specifically
on PIN1-mediated proline isomerisation: one addressing the biophysical features
of PIN1-MYC interaction, and the other providing insights into how PIN1 controls

the nuclear distribution of MYC and associated transcriptional activities.

A novel motif of MYC that primes PIN1 binding

The prolyl isomerase PIN1 is unique in its ability to catalyze the cis/trans switch
of pSer/pThr-Pro motifs, as demonstrated by studies of PIN1 interactions with
small molecules or short peptides. However, most cellular substrates of PIN1 are
long peptides with multiple potential target sites for PIN1, many of which reside at
or near intrinsically disordered regions (IDRs) that lack a fixed three-dimensional
structure, making it hard to understand the real interactions between PIN1 and its
targets (van der Lee et al.,, 2014; Lu et al.,, 2007). To better model PIN1

interaction with long-peptide substrates as well as to investigate how PIN1
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regulates the function of MYC, we took advantage of the most N-terminal part of
the MYC TAD domain (MYCy.gg), a previously characterized IDR of MYC. By a
wide range of biophysical and cellular assays, we showed that PIN1 recognizes
MYC by pre-anchoring to an unphosphorylated conserved motif N-terminal to
MYC Box | (MB1) and thus designated as MBO. Such anchoring potentiates PIN1
to interact with the (p)Ser62-Pro63 motif of MYC and catalyze cis/trans
isomerization. Importantly, disrupting PIN1 binding to MBO via mutagenesis

impairs MYC transcriptional activity and its capacity to promote cell proliferation.

Why does PIN1 bind to an unphosphorylated region distal to the acting site of its
substrate? There are two putative explanations, which are complimentary and
could both be applicable. The first is that increases in the local concentration of
substrate presented to PIN1 thereby increases its catalytic efficiency. In support
of this, PIN1 binds to MBO prior to Ser62 phosphorylation and expands to the
Pro63 region when Ser62 is phosphorylated; disruption of MBO decreases overall
interaction of PIN1 and MYC, suggesting the pre-anchoring of PIN1 to MBO
facilitates its interaction with the pSer62-Pro63 site. The second is that PIN1’s
binding to MBO changes the structure of PIN1’s interdomain cleft, affecting
multiple residues within, including lle28. Contacts between 1le28 and a small
molecule can elevate PIN1’s substrate binding and catalytic activity. The changes
of PIN1’s interdomain cleft may allow PIN1 to sample multiple conformations of

its target representing different regulated states of its substrate (Schelhorn et al.,
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2015). Interestingly, a wider range of interdomain residues are affected when
MYC is phosphorylated at Ser62, suggesting a multi-step activation of PIN1
during its recognition of its targets and that PIN1 binding to MBO serves to “warm

up” PINT.

Consistent with a potentiating role of MBO in PIN1’s interaction with MYC, we
found that disrupting MBO through targeted mutagenesis interrupts PIN1-MYC
binding in cells, leading to decreased MYC binding to target gene promoters and
reduced ability to promote cell proliferation in cooperation with RAS, although it
also prolonged MYC half-life. The seemingly contradictory role of PIN1 on MYC
is illustrated by a previous study demonstrating that PIN1 isomerization at
pSer62-Pro63 in MYC promotes its DNA binding and recruitment of co-factors;
the subsequent Thr58-mediated isomerization by PIN1 releases MYC from the
promoter associated with its ubiquitin-mediated degradation, rendering MYC to a
rapid “on and off’ pattern to activate gene transcription (Farrell and Sears, 2014;
Farrell et al., 2013). Thus, a MYC mutant with deficient PIN1 interaction might be

more stable but would not promote transcriptional or oncogenic activity.

Lastly, this study may help to target PIN1 or MYC for potential cancer
therapeutics. Coincidently, a previously published cyclic peptide (CTGIPWLYC)
that can inhibit the activity of PIN1 shares a similar sequence with the MYC MBO

motif (PYFY) (Duncan et al., 2011). The possible mechanism is that the
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sequence similarities with MBO allows it to be recognized by PIN1, but the cyclic
structure locks the peptide into a certain proline conformation that prevents its
release from PIN1, thus blocking PIN1 binding to other substrates. Now, with the
knowledge of PIN1’s binding to MBO, we can either modify the cyclic peptide with
better efficacy or design novel MBO mimics that may compete off the cooperation

between MYC and PIN1 that drives cancer.

PIN1 regulates the subnuclear localization of MYC

Our second study addressed the fundamental question of how the nuclear

localization of MYC affects its activity.

It is more and more evident that nuclear architecture and gene positioning have a
substantial influence on gene transcription (Fraser and Bickmore, 2007; Nguyen
and Bosco, 2015). Particularly, genes in the nuclear interior are usually
associated with open chromatin and transcriptionally permissive, whereas genes
localized at the nuclear periphery tend to be transcriptionally repressive and
associated with condensed chromatin. A notable exception are genes associated
with the nuclear pore, which although localized to the periphery, are usually
transcriptionally active (Ishii et al., 2002; Krull et al., 2004; Luthra et al., 2007;
Rajanala and Nandicoori, 2012; Strambio-De-Castillia et al., 2010). A recent

study indicated that pS62 MYC is enriched at the nuclear peripheral lamin A/C-
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associated structure (LAS), but also that the LAS is a relatively crude component
that may include the lamina-embedded nuclear pore complex (NPC). In fact, in
some early electron microscopy images, MYC signals localized in the vicinity of
the nuclear pores. Moreover, in response to DNA damage, sustenance of pS62
MYC in the nuclear periphery resulted in transactivation of Myc target genes
(Myant et al., 2015). Together with the transcriptionally permissive feature of
genes associated with the nuclear pore, we speculated that the NPC might be a

key location for MYC at the periphery.

In support of our hypothesis, both imaging and subcellular fractionation data
indicate that pS62 MYC can interact with TPR, a subunit of the nuclear pore
basket. This interaction is dependent on Ser62 phosphorylation, downstream of
the functions of ERK and CDK2 kinases. The importance of Ser62
phosphorylation on MYC’s association with the NPC is mediated by PIN1-
dependent isomerization: overexpression of PIN1 enhances pSer62 MYC
localization to TPR, whereas knockdown of PIN1 dissociates pSer62 MYC from
TPR. Consistent with the previous observation that PIN1 promotes MYC
interaction with the histone acetyl transferase GCN5 and that GCN5 interacts
with the nuclear pore basket, we found that PIN1-mediated MYC interaction with

TPR further recruits GCNS5, thus forming the TPR-MYC-GCN5 complex.
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What is the function of this complex? How is it regulated by PIN1? To address
these questions, note that the physiological function of PIN1 may be most evident
upon the cellular response to environmental changes. For instance, Pin1
knockout fibroblasts grow similarly to wild-type in asynchronous cultures but
exhibit defects when recovered from serum starvation. Taking advantage of this
process, we found that the formation of the TPR-MYC-GCN5 complex at the
nuclear periphery following serum stimulation was suppressed by loss of PIN1.
Concomitantly, associated MYC target genes were less induced by serum
stimulation, marked by lack of histone acetylation and reduced transcripts in
PIN1-deficient cells. This impaired MYC target gene transcription persists in the
Pin1 knockout cells during the late stage of serum response when MYC-GCN5-

PIN1 complex is translocated to the interior of the nucleus in wildtype cells.

How does the complex localization coorelate with the movement of MYC target
genes, and what is the biological meaning of this regulation? Using FISH, we
observed a nuclear peripheral localization of MYC target genes (Rpl36, Cdc45,
Twist1, and Snai1 ) at 0 and 4hr time points, when the complex involving MYC,
GCN5, and PIN1 exibit a similar pattern. This supports the hypothesis that
formation of MYC-GCN5-PIN1 complex at the nuclear pore interacts with
neighbouring chromatin and genes. At the 12 hr time point, when the MYC-
GCN5-PIN1 complex , indicated by PLA signal, migrates to the nuclear interior, |

observed a shift of the FISH signal to the interior in the wildtype cells but not the
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Pin1 knockout cells, suggesting that PIN1 promotes cell-cycle associated
chromatin reorgnization (Bridger et al., 2000; Kind et al., 2013). The co-shift of
MYC protein complex with targets genes to the nuclear interior was associated
with stronger induction of gene expresion at 12hr in the PIN1 WT cells, consistent
with a more permissive transcriptional enviroment at the nuclear interior indicated
by previous studies (Geyer et al., 2011; Pombo and Dillon, 2015). However, we
do not know whether MYC or PIN1 or both play an active role in driving the
movement of chromatin, as retaining the FISH signal at the periphery in PIN1-/-
cells could be the result of the defect in cell cycle progression due to loss of
PIN1. This question could be addresed in the future by inhibiting cell cycle
progression in wild-type cells and measuring the target gene movements. One
way to achieve cell cycle inhibition without interefering upstream of MYC would
be p21 overexpression (Sears et al., 2000). Moreover, loss of PIN1 seems to not
affect the chromatin organization prior to mitogen stimulation, as the localizations
of the representative genes are similar between Pin1 wildtype and knockout cells
at Ohr timepoint: the MYC target genes are localized at the nuclear pore
(suggested by TPR binding in qChIP experiments) regardless of the PIN1
presence. Interestingly, the H3ac levels of MYC target genes, although low at
Ohr, are higher than the IgH locus, which has been demonstrated to be
associated with lamina and repressed in fibroblast cells (Malhas et al., 2007).
Thus, the chromatin of MYC target genes might be at a poised state that in

response to mitogen stimulation can be rapidly activated. The association of

141



Summary and Discussion

responsive genes with the nuclear pore can be explained by a mechanism that
the nuclear pore preserves the epigenetic transcriptional memory to allow rapid
induction of many genes during the cell cycle (Light and Brickner, 2013; Tan-
Wong et al., 2009). Based on these evidence, | propose a model in which upon
extracellular stimuli (e.g. mitogen stimulaiton), PIN1 recruits MYC to the nuclear
pore to activate neighbouring poised genes by induction of histone acetyaltion,
which leads to chromatin remodeling and relocalize of these genes to the nuclear
interior for sustained expression. This model can be tested by high throughput
chromatin conformation capture technologies (Hi-C) in the near future (Schmitt et

al., 2016).

A role for PIN1 in controlling the dynamic movement of MYC through the nucleus
may extend to relocalization for MYC turnover as we have observed in some
preliminary studies. This work was based on an interesting study on the
regulation of Cyclin E by PIN1, which indicated that PIN1 facilitates the
translocation of Cyclin E following priming ubiquitinylation by FBW7a in the
nucleoplasm to the nucleolus, where it is further polyubiquitinylated by FBW7y for
proteasomal degradation (Bhaskaran et al., 2013). Since MYC is similarly
ubiquitinylated by both FBW7a in the nucleoplasm and FBW7y in the nucleolus,
and the latter appears to be the predominant location for MYC turnover (Arabi et
al., 2003; Grim et al., 2008), it is possible that PIN1 plays a similar role in

regulating MYC sub-nuclear localization. To test this hypothesis, we first utilized
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an experimental system where treatment with proteasome inhibitors (e.g. MG132
and Lactacystin) will accumulate MYC in the nucleolus. Depletion of PIN1 by
siRNA severely inhibited the accumulation of MYC in three commonly used cell
lines, and this was recapitulated in Pin1 knockout cells (Figure 4.1). Secondly,
based on a previous study in which the MYC deubiquitination enzyme USP36
inhibits MYC proteasomal degradation in the nucleolus (Sun et al., 2015), we
designed epistasis experiments between USP36 and PIN1 (Figure 4.2). We
found that overexpressing USP36 prevented PIN1-mediated MYC degradation
and that knockdown of PIN1 reduced USP36-driven stabilization of MYC in the
nucleolus, suggesting that PIN1 is upstream of USP36 function potentially
through shuttling MYC to the nucleolus. To further confirm the role of PIN1 in
shuttling MYC to the nucleolus, we measured MYC driven pre-rBNA synthesis,
which occurs exclusively in the nucleolus, in response to changes in PIN1 levels.
Consistently, knockdown of PIN1 reduced and PIN1 overexpression promoted

the pre-rRNA synthesis induced by MYC (Figure 4.3).
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Figure 4.1: PIN1 regulates MYC translocation to the nucleolus.

(A-D) Immunofluorescence (IF) staining of MYC together with nucleolar marker
Nucleophosmin (NPM) in human cell lines HelLa, Saos2, U20S, and in Pin1 wild-
type (+/+) or knockout (-/-) mouse embryonic fibroblast (MEF). (A-C) Cells were
transfected with 20nM siRNA of PIN1 or non-target (NT) for 48hrs before
proteasome inhibition treatment. (A-D) Cells were grown to ~80% confluence,
and treated with 10uM proteasome inhibitor MG132 for 4hrs before analysis.
Scale bars represent 5uM in length.
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Figure 4.2: PIN1 is the upstream of USP36 in the MYC degradation
pathway.

Western Blot of MYC expression (detected by ab32073, Abcam) in 293 cells
transfected with USP36 (Sun et al., 2015), PIN1 (Farrell et al., 2013), and siRNA
of PIN1 (Dharmacon) for 48hrs.
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Figure 4.3: PIN1 promotes MYC driven pre-rBRNA synthesis.

qPCR of pre-rBNA (primers from Dr. Mushui Dai’s lab) in dox inducible MCF10A
cells (Farrell et al., 2013). Cells were treated with 1.5uM Dox for indicated time
for harvesting RNA using Qiagen Rneasy Kkit.
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Thus, based on published results with Cyclin E, and published and unpublished
data on MYC, PIN1 and MYC proline isomerization may play an important role in
the sub-nuclear movement of MYC as it transitions through its mitogen-
stimulated life-cycle—from S62 phosphorylation and association with the nuclear
periphery (including the NPC) to Pol Il target gene binding and regulation in the
nucleoplasm to nucleolar translocation and Pol | rDNA transcription, and

proteasomal degradation (Figure 4.4).

Together, a dynamic picture of PIN1-mediated MYC regulation is emerging
(Figure 4.4). Whether this regulation allows for selective MYC target gene control
that could help explain the observed effects of PIN1 on selective MYC functions,
such as proliferation versus apoptosis or stemness versus differentiation, is a

critical question requiring further elucidation.
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Figure 4.4: PIN1 mediated dynamic MYC localization in the nucleus.

A schematic of our proposed model of dynamic localization of MYC in the
nucleus: After import to the nucleus, MYC is phosphorylated at Ser62 by ERK in
the nucleoplasm or CDK2 at the nuclear pore complex in response to growth
stimulatory signals. The pS62 MYC is catalyzed by PIN1 to be in the cis
conformation, facilitating its interaction with the nuclear pore basket. This may be
stabilized by the PP2A inhibitor CIP2A. The nuclear pore associated MYC
recruits chromatin modifiers such as GCN5 to decondense adjacent chromatin
for active gene transcription. The pS62 MYC in cis also binds to open chromatins
or gene targets that are localized at the nucleoplasm to facilitate Pol I/l
mediated transcription. The subsequent isomerization by PIN1 renders MYC into
trans, releasing MYC from chromatin, promoting GSK3b-mediated
phosphorylation on T58 and PP2A-mediated dephosphorylation on S62. The
pT58 MYC is either degraded in the nucleoplasm by Fbw7a-mediated
ubiquitylation or translocated to the nucleolus to activate rRNA synthesis by Pol I.
Finally, the nucleolus-specific Fbw7y ubiquitinates MYC and promotes its
proteasomal degradation in the nucleolus.
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Plasmids and siRNA

Construction of expression plasmids CMV-empty, CMV-ggal, CMV-Myc, pCEP-
small-T-antigen, pD40-His/V/5-c-Myc, pD40-His/V5-c-Myc™®”, and pD40-His/V5-

S62A

c-Myc™", as well as reporter constructs, E2F2-Luc, and E2F2(-E-box)-Luc have

previously been described (Sears et al. 1997; Yeh et al. 2004).

siRNA were purchased from the following resources and performed according to

manufacturers:

http://dharmacon.gelifesciences.com/sirna/sigenome-lamin-a/c-control-sirna/

https://www.thermofisher.com/order/genome-
database/SIRNA/gene/NUP153 137886

https://www.thermofisher.com/order/genome-
database/SIRNA/gene/NUP205 261156

https://www.scbt.com/scbt/product/nup214-sirna-h-shrna-and-lentiviral-particle-
gene-silencers?requestFrom=search sc-106320

https://www.scbt.com/scbt/product/cdk4-sirna-h-shrna-and-lentiviral-particle-
gene-silencers sc-29261

https://www.thermofisher.com/order/genome-
database/browse/sirna/gene/NUP98 Cat. # AM16708

Table 5.1: Primer sequences.

RT-PCR Primers

Target | Foward Reverse

Cdc45 | tatacgctggttceggtttc ctcttcctgtttcgetecac
Rpl36 | caccaaacacaccaagttcg cttttattgggggagggttc
Twist1 | ggacaagctgagcaagattca cggagaaggcgtagctgag
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Snail | gcgtgtgtggagttcacctic ggttgaggacctcgggce

IgH ttctgagcattgcagactaatcttg cctagacagtttatttcccaacttctc
ChIP Primer

Target | Foward Reverse

Cdc45 | AATCGGTCACGAACATAGCC CTGTCCCCAGTAGGAACCAA
Rpl36 | ATCAGGTAAGTGGGCCTCGT TGTGTCTCGGCTTACTGACG
Twist1 | gcaccaaggctgctctatct tctcaagacgtggccacatc

Snail | cggagttgactaccgaccit gacctaggtagtcggggtcac

IgH CCCAGACCCATGTCTCAACT GTCACAATGTGCCTGGTTTG

Cell-lines and Transfection

HEK293 and REF52 cells were cultured as previously described (Farrell et al.,
2013; Yeh et al.,, 2004). Specifically, cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% standard fetal bovine
serum (FBS), 2.5 mM L- glutamine, and 1 x penicillin-streptomycin. HEK293s
were passaged every 2 days, REF52 were passaged every 3-4 days. Plating of
cells was done to achieve 60— 80% confluency 24 h post-split for transfection. All
transfections were performed using Lipofectamine 2000 (Life technology, U.S.).
Total transfected DNA was held constant (unless otherwise indicated) by the

addition of empty control plasmid and included 50 ng of CMV-b-gal to normalize

for transfection efficiencies between experimental conditions.
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Antibodies

List of antibodies used:

S62 MYC (abcam 78318 mouse) tissue IF (homemade)
Total MYC (N262 rabbit; santa cruz C33 mouse)

pT58 MYC (Abm, Y011034)

Tpr (mous SC121094; rabbit SC67116)

Gcen5 (rabbit sc20698)

Cdk2 (rabbit sc-163)

Cdk4 (rabbit sc-160)

H3ac (Millipore 06-599)

H3 (upstate 31560)

Erk (rabbit CSG 4695S)

Nup153 mouse ab24700

Nup214 rabbit ab70497

Nup98 mouse sc-74578

LaminA/C mouse sc-7292; rabbit sc-20681; goat sc-6215
V5 invitrogen mouse 1718556

HA Abm G036 mouse

Pin1 Novas Biologicals 2f2 mouse; rabbit sc-15340
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Western Blotting

Cell lysates were run on SDS-PAGE gels and transferred to Immobilon-FL
membranes (Millipore). The membranes were blocked with Odyssey blocking
buffer (LI-COR Biosciences, Lincoln, NE). Primary antibodies were diluted in 1:1
Odyssey blocking buffer-PBS with 0.05% Tween 20. Primary antibodies were
detected with secondary antibodies labeled with the near-infrared fluorescent
dyes IRDye800 (Rockland, Philadelphia, PA) and Alexa Fluor 680 (Molecular
Probes, Eugene, OR). Secondary antibodies were diluted 1:10,000 in 1:1
Odyssey blocking buffer-PBS with 0.05% Tween 20. Blots were scanned with an

Odyssey infrared imager (LI-COR Biosciences) to visualize proteins.

RT-PCR analysis

Transfected HEK-293 cells were collected in 1XPBS with 1mM EDTA, 5% of the
cells were reserved for fgal assay and western analysis. RNA was isolated from
cells exhibiting transfection efficiencies within 5% of each other using TRIzol
reagent from Invitrogen (Carlsbad, CA). cDNA was made using the M-MLV
Reverse Transcriptase according to manufacturer’s protocol (Invitrogen). 2X
Immunomix Red from BIOLINE (Randolph, MA) was used for PCR analysis of
cDNA (see supplemental information for primer sequence and thermocycler

setup).
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qRT-PCR analysis

RNA was isolated from 293tr-V5-Axin1 cells collected in 1mL TRIzol reagent
(Invitrogen) according to manufacturer’s protocol. Isolated RNA was DNase
treated in 100mM MgCl,, 10mM DTT, RNasin (Promega), RNase free DNase
(Roche) for 15 minutes at 37°C and purified using RNeasy (Qiagen). cDNA was
made from DNase treated RNA using M-MLV Reverse Transcriptase (Invitrogen)
according to manufacturer’s protocol with oligo dT primers. qRT-PCR analysis
was done using primers for c-myc and 18S as designed by Applied Biosystems
on a 7300 gRT-PCR machine (Applied Biosystems) according to manufacturer’s

preset qRT-PCR cycle conditions.

Cyclohexamide half-life

100mM dishes of HEK-293 cells were cotransfected with 50ng CMV-fgal, 0.5ug
pD40-His/V5-c-Myc and 4ug pSUPER-empty or B56a for c-Myc/PP2A-B56a
experiments or pENTR-H1/TO-scramble, Axin1, or B56a for c-Myc/Axin1
experiments under 10% FBS serum conditions for 24hrs. Each transfection was
split into six 60mM dishes and maintained for 24hrs in DMEM supplemented with
10% FBS and L-glutamine and then starved in DMEM supplemented with 0.2%
FBS and L-glutamine for 48hrs. Cells were treated with 100ug/mL
cyclohexamide for 5-15 minutes and then the indicated time points were

collected.
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Coimmunoprecipitation

HEK293 cells were transfected with V5 tagged Myc and other indicated plasmids
for 2 days. A total of ~5x106 HEK293 cells were washed with phosphate-buffered
saline (PBS) once, and then resuspended in 1ml of co-IP buffer (20 mM Tris, pH
7.5, 12.5% glycerol, 0.5% NP-40, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, and
1 mM DTT) plus protease and phosphatase inhibitors. Cellular lysates were
sonicated for 10 pulses (output 1; 15% duty cycle; Branson Sonifier 450),
incubated on ice for 20 min, and cleared by centrifugation at 14,000 rpm for 10
min at 4°C. The supernatants were adjusted for transfection efficiency as
measured by B-Gal activity and incubated with 2ug of V5 antibody for 1 hour at
room temperature and then added protein ASepharose beads (Repligen,
Waltham, MA) for 1 hour at 4°C. The immunoprecipitates were washed 3 times
with  1ml of co-IP buffer and analyzed by Western blotting for Myc

phosphorylation status or other co-IPed proteins.

Colony Formation Assay

REF52 cells were grown about 80% confluence in p100 plates for transfection.
Expression vectors containing c-Myc WT or mutant (pEntr-Dest40, 1ug/plate)
and H- rasG12V (pBabe, 1ug/plate) were used for transfections. Where

indicated, transfections were supplemented with respective empty vectors as
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controls. 72-hour posttransfections, cells were re-plated into p100s at low density
(5k — 25k cells/plate). Following re-plating, cells were maintained in DMEM
containing 4% fetal bovine serum, and the colonies were visualized by staining

with crystal violet blue 2 weeks later.

FISH Assay

The protocol is based on Vysis LS| (Locus Specific Identifier) DNA Probe FISH
Procedure and (Shachar et al., 2015). Cells were fixed in 4% PFA in PBS for 15
min, permeabilized in 0.5% Saponin (Sigma Aldrich) / 0.5% Triton X-100 / PBS
for 20 min at RT and incubated in 0.1 N HCI for 15 min at RT. Cells were
precipitated by 5 min incubation each in a gradient of EtOH at 70%, 85%, and
100%. Cells were kept in 50% formamide/23% SSC for at least 30 min at RT. A
probe mix containing 7ul LSI/WCP Hybridization Buffer, 1ul fluorescently labeled
probes and 2 ul purified H20 was then added, denatured together with cells at 74
°C for 7 min and left to hybridize at 37 °C overnight. Excess probe was washed
three times with each: 2X SSC/0.1% NP-40 at 42 °C for 5 min. Cells were finally

stained with DAPI in PBS (5 ng/ml) before imaging.

Luciferase Assay

Approximately 5x105 HEK293 cells were washed with PBS once, and then
resuspended in 200ul of cell lysis buffer (Promega, Madison, WI) with protease

and phosphatase inhibitors. Cellular lysates were sonicated for 10 pulses at
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output 1, 10% duty cycle (Branson Sonifier 450), then incubated on ice for 20
min. The supernatant lysates were collected after centrifugation at 14,000 rpm for
10 min at 4°C. Luciferase activity was measured using the standard Promega
luciferase assay kit and a Berthold (Bundoora, Australia) luminometer. Luciferase
activity was adjusted by B-Gal activity. Fold changes in luciferase activities were

measured relative to empty vector or control transfections.

ChiP-seq analysis

ChiIP-seq and the analysis were done based on the previously published (Xie et
al., 2011). Basically, ChIP data was filtered to remove sequences duplicated
more than 5 times (first 5 sequences are used). A sliding window of 2300 bp was
then used to call peaks with a peak FDR (False Discovery Rate) threshold of
0.05. Only peaks that were at least 4 fold over background were accepted (using
YS_Pin1_null_b1_ INPUT as background input). Peaks within 5kb of satellite
repeats were also rejected. Next, "consistency analysis of peak calling on
replicates" by Qunhua Li and Anshul Kundaje (Oct,2010)

(see: https://github.com/spundhir/idr) was applied to each pair of replicate ChIP
peaks to select consistently detected peaks with an IDR (Irreproducibility
Discovery Rate) FDR threshold of 0.10. These IDR peaks from both WT
replicates and Pin1 null replicates were merged to give a set of enriched and
reproducible peaks to further analyze. The original ChIP sequencing data was

then filtered to allow only sequence alignments in these regions. Counts were

156



Materials and Methods

then normalized to total sequence counts in these regions. Finally, sums of
these filtered and normalized sequence counts were generated for 5kb windows

centered on the TSS (Transcription Start Sites) for RefSeq genes.

Proximity Ligation Assay and Immunoflouresence

The PLA assay was performed following the manufacturer’s protocol (Duolink
Sigma). Briefly, cells plated on chamber slides were grown to 70% confluence,
fixed with 4% PFA for 15min, blocked with blocking solution for 30 mins, followed
by incubating the primary antibodies at 4°C shaker overnight. The next day,
samples were incubated with PLA probes for 1hr at RT and 1hr at 37 °C, followed
by ligation at 37 °C for 1hr. After brief wash, amplifications were carried out at 37
°C for 2hr, before staining for DAPI for 5-10 mins and processed to confocal
imaging (Zeiss LSM880). Subsequently, cells were washed with buffer A, and
the PLA probe was incubated in a pre-heated humidity chamber for 1 hr at 37 °C,
followed by ligase reaction in a pre-heated humidity chamber for 1 hr at 37 °C.
Next, amplification polymerase solution for PLA and the secondary antibodies (if
counter staining needed) were added, followed by incubating the cells in a pre-

heated humidity chamber for 100 min at 37 °C.

For tissue samples, formalin-fixed slides were dewaxed in xylene and rehydrated
in decreasing concentrations of alcohol, followed by washing two times in tap

water. The slides were then incubated in antigen retrieval buffer (Lab Vision

157



Materials and Methods

citrate buffer, Thermo Scientific) for 30 min at 99°C, followed by cooling down to
room temperature and rinsing the slides in distilled water (dH20). Next, the slides
were blocked for 15 min in 1.5% H202 solution in PBS, followed by rising in
dH20 and rinsing once in Tris-buffered saline with Tween 20 (TBST) buffer.
Finally, the PLA assay was performed following the PLA protocol for cell staining

from blocking slides by blocking solution.
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Contribution to Figures:

Figure 2.1 — 2.6: Dr. Sunnerhagen’s group performed the experiments and
generated the figures.

Figure 3.1: Dr. Tao Huang from Dr. Xiaolin Nan’s group performed the STORM
analysis.

Figure 3.4: Colin Danial performed the colP experiment.

Figure 3.7: Dr. Xiaoyan Wang helped with tissue section and the histology
analysis.

Figure S3.1 (D-G): Dr. Kristi Piehl performed the experiments and generated

the data.
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