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Abstract

Poly(ADP-ribose) polymerase-1 (PARP-1), also referred to as ADP-ribosyltransferase
Diphtheria toxin-like 1 (ARTD1), is an abundant nuclear protein that plays key roles in a
variety of nuclear processes, including the regulation of transcription. PARP-1 possesses
an intrinsic enzymatic activity that catalyzes the transfer of ADP-ribose (ADPR) units
from nicotinamide adenine dinucleotide (NAD") onto target gene regulatory proteins,
thereby modulating their activities. Although great strides have been made in the past
decade in deciphering the seemingly opposing and varied roles of PARP-1 in gene
regulation, many puzzles remain in this field. Using a combination of cell biology,
molecular biology, genomics and biochemistry methods, I investigated the functions of
PARP-1 in regulating gene transcription program in mouse embryonic stem cells and
human triple negative breast cancer cells. I found that in mouse embryonic stem cells,
PARP-1 functions as a pre-pioneering factor, stabilizing transcription factor Sox2
interaction with nucleosomes. This function is required for maintaining gene transcription
program in embryonic stem cells. Depletion of PARP-1 causes disrupted embryonic stem
cell gene expression profile, including decreased expression of Nanog, as well as
increased expression of differentiation genes. Furthermore, using human triple negative
breast cancer cells, I showed that this gene transcriptional regulation mechanism through

PARP-1-Sox2 interplay is conserved in different physiological models. Interestingly,
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inhibiting PARylation activity causes gain of Sox2 binding to a set of genomic locations
in TNBC cells, indicating that PARylation activity plays an antagonizing role in PARP-1-
regulated Sox2 chromatin interaction. In summary, our results illustrate how PARP-1 can
act at the level of the nucleosome to produce global effects on transcription factor binding

and biologically important gene expression outcomes.
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CHAPTER 1

Regulation of Chromatin Structure and Function

by PARP-1 and ADP-ribosylation



1.1. Summary

Poly(ADP-ribose) polymerase-1 (PARP-1), also referred to as ADP-ribosyltransferase
Diphtheria toxin-like 1 (ARTD1), is an abundant nuclear protein that plays key roles in a
variety of nuclear processes, including the regulation of transcription. PARP-1 possesses
an intrinsic enzymatic activity that catalyzes the transfer of ADP-ribose (ADPR) units
from nicotinamide adenine dinucleotide (NAD") onto target gene regulatory proteins,
thereby modulating their activities. Although great strides have been made in the past
decade in deciphering the seemingly opposing and varied roles of PARP-1 in gene
regulation, many puzzles remain. In this review, we discuss the current state of
understanding in this area, especially how PARP-1 interfaces with various components of
gene regulatory pathways (e.g., the basal transcription machinery, DNA-binding
transcription factors, coregulators, chromatin remodeling, histone modifications, and DNA
methylation). In addition, we discuss some gene-specific, cell type-specific, cell state-
specific effects of PARP-1 on gene regulation, which might contribute to its biological
functions. Finally, we review some of the recent progress targeting PARPs using
chemical inhibitors, some of which may alter PARP-1-dependent gene regulatory

programs to promote therapeutic outcomes.



1.2. Introduction

Chromatin, a repeating array of nucleosomes (i.e., 146 bp of DNA wrapped around an
octamer of core histone proteins) and its associated linker histones and non-histone
proteins, plays key roles in a variety of nuclear functions related to genomic DNA,
including transcription, replication, repair, and recombination'. A wide array of
chromatin-modulating proteins have evolved to exploit the regulatory potential of
chromatin and to ensure that the fidelity of these processes remains intact. Poly(ADP-
ribose) polymerase-1 (PARP-1) is a ubiquitous and abundant nuclear protein, whose
functions are dependent on its interactions with chromatin, as well as chromatin-
modulating proteins’. Many studies over the past few decades have identified and
characterized the physical and functional interaction of PARP-1 with chromatin and, more
recently, have begun to elucidate the effect they play in physiology and pathology. In this
review, we summarize the current knowledge in this area and highlight key examples that
provide insights into the functional interplay between PARP-1 and chromatin. In addition,
where appropriate, we will describe the related activities of PARP-2 and other PARP

family members.

1.3. PARP-1, PARylation, and the PARP Family

1.3.1. PARP-1 structure and function

PARP-1 is a 1014 amino acid protein (~116 kDa) (Fig. 1.1A), which possesses an
intrinsic ADP-ribosyltransferase activity that transfers ADP-ribose moieties from donor
NAD" molecules (Fig. 1.1B) to glutamate, aspartate, and lysine residues of its target
proteins and joins them in chains of poly(ADP-ribose) (PAR) (Fig. 1.1C) . PARP-1
contains six independently folded domains, comprising three major functional units (Fig.
1.1A): (1) an amino-terminal DNA binding domain (DBD), which contains two zinc
finger domains followed by a newly identified zinc-binding domain®; (2) an
automodification domain (AMD) containing a BRCT fold thought to play an important
role in mediating protein-protein interactions’; and (3) a well-conserved carboxyl-terminal
catalytic domain (CD) containing a WGR motif, which may function in nucleic acid

binding*, an a-helical PARP regulatory domain (PRD), which interacts with the substrate-



binding site and may modulate branching of the PAR chain, and an NAD+-binding
“PARP signature” motif, which is conserved across PARP family members and is critical
for PARP-1 enzymatic activity (Fig. 1.1A) °. These functional units interact in the overall
structure of PARP-1 to confer the chromatin- and gene-regulating properties of PARP-1.
PARP-1 functions in a wide spectrum of physiological processes and pathological
processes by controlling key molecular events in the nucleus™®. Although PARP-1 was
originally characterized as a DNA-damage response protein, studies over the past decade
have identified key roles for PARP in the modulation of chromatin structure and
transcription. And, in spite of the unremarkable phenotype reported in the original report
of PARP-1 null (PARP-I"") mice, recent studies in which PARP-I"" mice have been
subjected various stressors have begun to expand our understanding of PARP-1 biology®.
For example, PARP-I"" mice subjected to immune challenges, high fat diet’, or altered
light/dark cycles have revealed key roles for PARP-1 in innate immune response,

. : . . 10-12
inflammation, cell and organismal metabolism

, and circadian rhythms'. In addition,
PARP-1 has also been shown to play roles in hormone-dependent cellular outcomes,
cellular differentiation, and neuronal function. Nonetheless, key questions about PARP-1

function remain.

A Auto- C
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Figure 1.1. Structural and functional domains of PARP-1, an ADP-ribosyl transferase
that links nuclear NAD+ metabolism to protein modification.

A) PARP-1 contains six independently folded domains, comprising three major functional
units (1) an amino-terminal DNA-binding domain, which contains two zinc finger domains
(Znl and Zn2) followed by a newly identified zinc- binding domain (ZBD); (2) an



automodification domain containing a BRCA1 C terminus (BRCT) fold thought to play an
important role in mediating protein—protein interactions; and (3) a well- conserved
carboxyl-terminal catalytic domain containing a WGR (Trp—Gly—Arg) motif, which may
function in nucleic acid binding, an a-helical PARP regulatory domain (PRD), which inter-
acts with the substrate-binding site and may modulate branching of the PAR chain, and an
NAD+- binding “PARP signature” motif, which is conserved across PARP family members
and is critical for PARP-1 enzymatic activity.

B) Enzymes, substrates, and products in the nuclear NAD+ meta- bolic pathway.
Nicotinamide mononucleotide adenylyltransferase-1 (NMNAT-1) catalyzes the synthesis
of NAD+ from nicotinamide mononucleotide (NMN) and ATP. PARP-1 uses ADP- ribose
units donated by NAD+ to catalyze the addition of poly(ADP-ribose) (PAR) polymers on
target proteins, release nicotinamide (NAM). Poly(ADP-ribose) glycohydrolase (PARG)
hydro- lyzes the PAR chains, releasing ADP-ribose.

C) Chemical structure of NAD+ showing the com- ponent ADP-ribose and NAM moieties.

1.3.2. PARP-1 targets

PARP-1’s enzymatic activity is required for many of PARP-1’s functions and a
large number of proteins have been identified as targets of PARP-1-mediated PARylation,
including PARP-1 itself (through an automodification reaction) and a wide variety of
nuclear proteins (e.g., core histones, linker histone H1, chromatin-modulating enzymes™'*
etc.; discussed in more detail below). The addition of tens, or even hundreds, of ADP-
ribose units significantly changes the biochemical properties of the target proteins'>. As
such, PARylation functions as an important post-translational modification in a variety of
fundamental cellular functions. PARylation can alter target protein activity by (1) altering
the affinity of protein-protein or protein-nucleic acid interactions (Fig. 1.3A-B), (2)
modulating protein stability through crosstalk with ubiquitylation pathways (Fig. 1.3C),
(3) creating a protein interaction scaffold that can promote the recruitment of PAR-
binding proteins to specific sites of action in the nucleus’ (discussed in more detail below)
(Fig. 1.3D) or (4) regulation of target protein enzymatic activity (Fig. 1.3E). Although
many functions of PARP-1 are dependent on its catalytic activity, PARP-1 may function
through catalytic-independent mechanisms as well">. For example, as we discuss below,
PARP-1 can directly modulate chromatin structure through its nucleosome-binding
activity, independent of its enzymatic activity'®. PARP-1 can also function as a
transcriptional coregulator independent of its enzymatic activity'*. The interplay between
PARP-1’s catalytic-dependent and —independent activities controls PARP-1’s functions in

the nucleus.
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Figure 1.2. Binding partners of PARP-1.

PARP-1 interacts with DNA, proteins, and protein-DNA complexes. (a) PARP-1 can bind
to specific DNA sequences, hairpins, or sites of DNA damage. (b) PARP-1 binds to
protein— DNA complexes called nucleosomes (two copies each of the four core histones
H2A, H2B, H3, and H4 plus 146 bp of DNA) at the dyad axis (red triangle) and to the
linker DNA where it exits the nucleosome. (¢) PARP-1 binds to the proteins that it targets
for PARylation.
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Figure 1.3. Effects of PARylation target protein.

PARylation by PARP-1 has a variety of effects on target proteins, including the
following: (A) disruption of protein—protein interactions. (B) Disruption of protein—-DNA
interactions. (C) Promotion of ubiquitylation and proteasome- mediated degradation. (D)
Formation of protein scaffolds. (E) inhibition (/eff) or enhancement/ activation (right) of
enzyme activity.

1.3.3. PAR binding modules in histone variants and chromatin regulating proteins

As noted above, the binding of proteins to PAR can be a key regulatory
mechanism by PARP-1 and PARylation. Four different types of PAR-binding modules in
proteins have been identified to date>'”: (1) PAR-binding motifs (PBM), a short sequence

of amino acids comprising Lys-Arg clusters interspersed with hydrophobic amino acids, as



exemplified by Drosophila protein MI2, a homologue of mammalian nucleosome
remodelating enzyme CHD4'®; (2) PAR-binding zinc finger (the PBZ domain), as found
in the DNA damage response proteins APLF and CHFR'®; (3) macrodomain folds, which
is contained in histone variant macroH2A, macroPARP family members as well as some
chromatin-remodelling enzymes'**’; and (4) WWE domain that is present in various
ubiquitin ligases including RNF146 and ULF*"**. As will be discussed below, proteins
containing PAR binding modules can recognize and bind specifically to PARylation

signals, which further has important regulatory roles by modulating protein localization or

enzymatic activities.

1.3.4. The PARP family

Proteins with ADP-ribosyltransferase activity have been characterized across a
wide array of species in all kingdoms of life, including eukaryotes (except for yeast),
eubacteria, archaebacteria, and even some DNA viruses®. PARP-1, which was the first
protein identified with poly(ADP-ribosyl) transferase, is the founding member of the
PARP family of proteins, which is defined based on homology to the PARP signature
motif. PARP family can be further classified into four subfamilies based on their
structures, associated functional domains, and enzymatic activities, including (1) DNA
damage-dependent PARPs (PARP-1, PARP-2, PARP-3), which are activated by damaged
DNA and other DNA structures through their N-terminal DNA-binding domains; (2)
tankyrases (tankyrase 1 and tankyrase 2), which contain large ankyrin domain repeats that
facilitate target selection and activation; (3) CCCH PARPs (PARP-7, PARP-12, PARP-
13.1, and PARP-13.2), which contain RNA-binding Cys-Cys-Cys-His zinc fingers and
PAR-binding WWE domains; and (4) macrodomain PARPs (BAL1/PARP-9,
BAL2/PARP14, and BAL3/PARP-15), which contain ADP-ribose- and PAR-binding
macrodomain folds; as well as a few additional members that do not belong to these
subfamilies™®. PARP family members vary in their enzymatic activities, and some are
even catalytically inactive: PARPs 1 and 2, vPARP, and tankyrase 1 and 2 catalyse
poly(ADP-ribosyl)ation, PARPs 3, 10, 14 and 15 catalyse mono(ADP-ribosyl)ation, and
the remaining PARP family members are thought to be inactive. Recently, a new
nomenclature for the PARP family has been proposed — the ADP-ribosyltransferase

Diphtheria toxin-like (ARTD) family, which is based on a more accurate description of



the mode of catalysi524. In this new nomenclature, PARP-1 is referred to as ARTDI,

recognizing it as the prototypical PARP family member.
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Figure 1.4. Molecular actions of PARP-1.

PARP-1 plays a variety of roles in the nucleus, many of which are targeted toward the
modulation of chromatin structure, including the following (a) PARylation of histones,
which may disrupt nucleosome structure, or serve as a negatively charged matrix that can
bind histones. (b) Modulating the composition of chromatin (e.g., inhibiting the binding of
the linker histone H1, promoting the incorporation of histone variants) or the posttrans-
lational modification state of core histones (i.e., by altering the activity of histone-
modifying enzymes). (c) Modulating the activity of chromatin-modifying enzymes, such
as the ATP-dependent nucleosome remodeling enzymes ISWI and ALC1 and the histone
demethylase KDM5B. (d) Modulating the activity of the DNA methyltransferase Dnmtl,
which affects the extent of DNA methylation. (¢) Modulating the activity of CTCF, which
affects its insulator function.

1.4. Modulation of Chromatin Structure and Gene Expression by PARP-1

In spite of the initial, seemingly singular, focus on the role of PARP-1 in DNA
damage detection and repair responses in the historical literature, a considerable amount of
evidence from the past decade supports a key role for PARP-1 in the modulation of
chromatin structure and gene expression — a role that may be its most important cellular

function in normal physiological states'*'°

. In this section, we discuss the regulation of
gene expression by PARP-1 via chromatin-dependent mechanisms. Note that PARP-1
also controls gene expression by acting as a classical transcriptional coregulator with a
number of different sequence-specific DNA binding transcription factors (e.g., NF-kB',
nuclear receptors'>’, and many others). The coregulator activity of PARP-1 is beyond the
scope of this review on chromatin-dependent mechanisms, but this topic has been

reviewed elsewhere and the reader is directed there'’.

1.4.1. PARP-1, open chromatin, and enhanced gene expression

Early biochemical studies suggested that PARP-1 preferentially associates with
open, transcriptionally active regions of chromatin. Studies by Huletsky et al. provided
the first evidence that PARP-1 and PARylation promote the formation of an open
chromatin structure in biochemical studies using polynucleosomes isolated from calf
thymus nuclei® °. They showed that PARylation of chromatin promotes decondensation
and maintains polynucleosomes in a more accessible and open state. This observation is

supported by in vivo studies from Tulin et al., who showed using isolated salivary glands

from Drosophila larvae that the Drosophila PARP-1 homolog dPARP and its activity are
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required for the formation of ecdysone- or heat shock-induced “puffs” (regions of
transcriptionally active decondensed chromatin) on polytene chromosomes®’. Although
dPARP is broadly localized across euchromatin, PAR activity is localized preferentially to
the “puff” regions. Importantly, inhibition of dPARP enzymatic activity blocks both puff
formation and heat shock-induced gene expression®’.

In mammalian cells, PARP-1 also maintains an open, transcriptionally active
chromatin architecture at the promoters of subsets of its target genes. In chromatin
immunoprecipitation (ChIP)-based genome-wide PARP-1 localization analyses in MCF-7
human breast cancer cells, PARP-1 is enriched at the transcription start sites (TSSs) of

. . 23,28
actively transcribed genes™™

, correlating strongly with the enrichment of histone H3
lysine 4 trimethylation (H3K4me3)™ a mark of active promoters”. RNAi-mediated
knockdown of PARP-1 in MCF-7 cells decreases chromatin accessibility (as determined
by digestion with MNase) at the promoters of genes positively regulated by PARP-1. This
is accompanied by reduced loading of the RNA polymerase II transcription machinery,
H3K4me3, and target gene expression™.

Together, these studies in insect and mammalian cells support a role for PARP-1 in
modulating chromatin structure in transcriptionally active regions of the genome. PARP-1,
however, does not act exclusively to decondense chromatin and destabilizing nucleosomes
in euchromatin regions. Rather, PARP-1 modulates chromatin structure in a context-
dependent manner. For example, in Drosophila, depletion of dPARP causes early

152 suggesting that dPARP may also

embryonic lethality with defects in heterochromatin
be important for the maintenance of the appropriate state of compaction in
heterochromatin. In the remaining text in this section, we focus on the detailed
mechanisms of PARP-1 function in regions of open chromatin. The specific roles of

PARP-1 in heterochromatin are discussed in the following section.

1.4.2. PARP-1 and the linker histone H1

Linker histones, such as H1, bind to nucleosomes™ at the dyad axis and promote
the formation of higher-order chromatin structures by compacting nucleosomes'>'®. One
mechanism by which PARP-1 causes the condensation of chromatin is by promoting the
exclusion of H1 from regions of chromatin (Fig 1.4A). In both Drosophila and mammals,

PARP-1 binding to chromatin is negatively correlated with the binding of H1'**°. dPARP
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occupies different regions of chromatin than H1 on Drosophila polytene chromosomes'®.
Likewise, PARP-1 occupies different regions of chromatin than H1 across the mammalian
genome’, showing a reciprocal binding pattern with peaks of PARP-1 localizing to
troughs of H1. Importantly, knockdown of PARP-1 leads to increased levels of HI at the
promoters of PARP-1 target genes™’, suggesting a direct functional interplay between
PARP-1 and H1 at these promoters.

The displacement of H1 by PARP-1 can occur through direct competition for
binding sites on nucleosomes, independent of PARP-1 catalytic activity. Using a set of
biochemical experiments with reconstituted chromatin, Kim et al. showed that PARP-1
binds at or near the dyad axis of nucleosomes with a stoichiometry of one, in a manner
largely resembling the binding of H1 to nucleosomes'®. Increasing the concentration of
PARP-1 reduced the binding of H1 to chromatin, and vice versa, supporting a model of
competition for a common binding site on nucleosomes'®.  Alternatively, direct
PARylation of H1 may promote its dissociation from chromatin. HI is PARylated by
PARP-1 and may be preferentially PARylated over other chromatin proteins, as
demonsrated in studies with isolated native chromatin containing both linker histone and

. 31-33
core histones

. PARylation of histone H1 decreases its affinity for nucleosomes, thus
facilitating chromatin decondensation®. These models are not mutually exclusive, but
further studies are needed to determine when and where these distinct mechanisms are
used in vivo.

PARP-1-mediated displacement of HI may be regulated in a signal-dependent
manner. This has been demonstrated previously for genes activated by estrogen signaling,
where the displacement of H1 from the promoter occurs in a topoisomerase II-dependent
manner’ ">, and progestin signaling, where the displacement of H1 occurs in cdk2-
dependent manner’®. In these examples, topoisomerase IIf and cdk2 are required to
activate PARP-1 enzymatic activity, which is required for the HI displacement. In
contrast, for genes inhibited by the phorbol ester 12-O-tetradecanoylphorbol-13-acetate
(TPA), PARP-1 is displaced from the promoter as HI is loaded®. These examples,
highlight the reciprocal functional interactions that occur between PARP-1 and H1 during

gene regulation.
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1.4.3. PARP-1 and core histones

In addition to its effects on the linker histone H1, PARP-1 may also modulate
chromatin structure by acting on core histones in nucleosomes (Fig 1.4A). One possible
mechanism for PARP-1-dependent destabilization of nucleosomes is through the
PARylation of core histones, although the importance of this as a regulatory mechanism in

14,16

vivo is unclear. Core histones are mono(ADP-ribosyl)ated in vivo , and, although

26333738 the extent to which core histone

they can be poly(ADP-ribosyl)ated in vitro
PARylation occurs in vivo under normal physiological conditions has not been
definitively determined. Although the results of some studies support the existence of

histone PARylation in vivo'>

, preferentially on H2A and H2B, this remains an open
question and active area of investigation. Adding anionic PAR polymers to core histones
may decrease their affinity for negatively charged DNA®. Using a crude nucleosomal
“core particle” containing PARylation activity prepared from isolated rat liver nuclei
followed by micrococcal nuclease digestion, Mathis and Althaus showed that PARylation
of “core particle proteins”, presumably core histones, by addition of NAD+ significantly
decreased the affinity of “core particle proteins” for the 146bp DNA?’. In contrast, Kim et
al'. did not detect PARylation of nucleosomal core histones using physiological levels of
PARP-1 and purified reconstituted polynucleosomal arrays containing only core histones
and un-nicked, circular DNA, even though autoPARylation of PARP-1 and structural
changes in chromatin were robustly detected in the presence of NAD'. The differences
between these two studies may reflect differences that occur in vivo between damaged
genomic DNA (i.e., exposure to free ends) and undamaged genomic DNA'. In the former,
PARP-1-dependent PARylation of core histones may be dramatically potentiated.

A role for DNA damage in promoting histone PARylation is supported by studies
using DNA damaging agents*’. For example, under conditions of alkylation-induced
DNA damage, histone H2B is a major PARylation acceptor in SV40 minichromosomes®”.
Moreover, during free radical-induced DNA damage, about 2-3% of histones H1, H3,
H2B, and H4 in cells are PARylated. Again, it remains unclear if this represents a general
mechanism applicable to physiological conditions, when DNA damage or other potent
stimuli of PARylation activity are absent'®. Also, given the preference of PARP-1 for

histone H1 as a substrate, the extent to which core histone PARylation occurs or is
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physiologically relevant in vivo is uncertain. In the end, mono(ADP-ribosyl)ation of core
histones may occur more frequently than PARylation in vivo and may be more
physiologically important. Clearly, further studies are needed to address these questions.
Another possible mechanism for PARP-1-dependent destabilization of
nucleosomes is through noncovalent interactions between core histones and PARylated
PARP-1 or free PAR">. PARP-1 is the major target of PARylation activity in cells,
accepting approximately 90 percent of PAR through an automodification reaction'****'.
Free PAR can be generated by catabolism of protein-linked PAR by the enzymatic activity
of PAR glycohydrolase (PARG)’. Core histones bind in a polymer-length dependent

manner to either free or covalently-linked PAR?**7*

, raising the possibility that PAR can
function as core histone “sink”. In such a scenario, PAR may bind core histones
transiently dissociated from nucleosomes by chromatin-modulating enzymes or actively
promote the removal of core histones by competing with genomic DNA.

A recent study by Petesch and Lis provide support for PARP-1-dependent
destabilization of nucleosomes. They observed a dramatic, transcription-independent
decrease of nucleosome occupancy in the Asp70 gene body immediately following heat
shock in Drosophila S2 cells®, which was dependent on dPARP and its catalytic activity;
RNAi-mediated knock down of dPARP or chemical inhibition of its enzymatic activity
inhibits heat shock-induced nucleosome loss and Asp70 transcription™*. dPARP initially
localizes at the first nucleosome downstream of the TSS, but becomes rapidly
redistributed through the gene body right after heat shock, tracking with elongating RNA
polymerase II, dependent on dPARP activation. The target of the dPARP enzymatic
activity in these studies is unclear, but the authors propose that PARylation of dPARP
dissociates it from nucleosomes, causing it to relocate throughout gene body, where
accumulated PAR may strip gene body core histones from nucleosomes. Further studies
of this and other robustly inducible gene expression systems should help to clarify the

specific roles and mechanisms of PARP-1-dependent nucleosome destabilization.

1.4.4. PARP-1 and histone modifications
Covalent, post-translational modification of histone can dramatically affect
chromatin architecture function, and represents another target point for regulation by

PARP-1. PARP-1’s effects on histone modifications can occur through its effects on the
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localization and activity of histone-modifying enzymes (Fig 1.4B). For example,
Krishnakumar et al. (2010) showed that PARP-1 interacts with and PARylates histone
demethylase KDM5B, thus preventing it from binding to the promoters of genes positively
regulated by PARP-12%*, RNAi-mediated knockdown of PARP-1 permits increased
binding of KDM5B and concomitant reductions in H3K4me3 levels on these genes. Not
surprisingly given these results, the genomic localization of PARP-1 significantly
correlates with H3K4me3 levels. In another recent study focused on reprogramming of
somatic cells, PARP-1, as well as its activity, have been shown to play critical role in
enhancing the efficiency of induced pluripotenct in fibroblasts. PARP-1 deficiency causes
a decrease in H3K4me2 levels and an increase in H3K27me3 levels at the NANOG and
ESRRB loci, which encode pluripotency transcription factors. The altered chromatin state
correlates with decreased transcription factor accessibility®®. However, it is unclear
whether these changes are a direct effect of PARP-1 on the enzymes that control
H3K4me2 and H3K27me3 levels, or is it simply a consequence of changes in gene
expression. Identifying and characterizing more direct targets of PARP-1-dependent
regulation, such as KDM5B, will provide mechanistic insights on the regulation of histone

modification by PARP-1.

1.4.5. PARP-1 and chromatin remodelers

PARP-1 can also affect chromatin structure by regulating the activity of ATP-
dependent nucleosome remodeling enzymes (Fig 1.4C). For example, in Drosophila,
functions of ISWI, a nucleosome remodeling enzyme having chromosome-compacting
effects’’, can be counteracted by dPARP™. ISWI catalyzes nucleosome spacing and
sliding reactions using energy released from ATP hydrolysis®, and plays important role in
mediating chromosome compaction in Drosophila, at least in part, by facilitating linker

histone association*>’

. ISWI occupies distinct regions from dPARP across the genome
and loss of dPARP causes a global increase in chromatin association by ISWI.
Furthermore, ISWI is a target of PARylation by dPARP both in vitro and in vivo;
PARylation of ISWI inhibits its ATPase activity and reduces its nucleosome binding
capacity®®. These observations suggest an antagonistic effect of dPARP on the formation

of higher-order chromatin structures mediated by ISWI, yet it remains to be determined
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whether the same functional interplay between PARP-1 and ISWI exists in mammalian
cells.

PARP-1 also affects the activity of ATP-dependent nucleosome remodeling
enzyme, ALC1 (Amplified in Liver Cancer 1; a.k.a. CHDIL), through a unique
mechanism that involves the binding of PAR by ALC1*'®'. ALCI lacks chromatin
targeting domains that are found in other nucleosome remodeling enzymes (e.g., bromo-
or chromodomains), but it does contain a macrodomain at its carboxyl-terminal end,
which serves as a PAR-bindingd domain'®*'. In response to DNA damage, ALC1 is
recruited to of DNA damage-induced PAR foci in the genome via its macrodomain.
Association with PAR dramatically increases ALC1 ATPase and nucleosome remodeling
activities, thus promoting the formation of a relaxed chromatin conformation that
facilitates DNA repair. Although these PAR-induced effects of ALCI have been studied
in response to DNA damage, these mechanisms may also apply to signal-dependent gene

regulation where nucleosome remodeling events are required.

1.4.6. PARP-1 and DNA methylation

DNA methylation, predominantly 5-methyl-cytosine, plays an important role in
modulating chromatin conformation and functions, with high level of DNA methylation
associated with the formation of compact chromatin strcutures™>. The first direct evidence
of a role for PARP-1 and PAR in the regulation of DNA methylation (Fig 1.4D) came
from Zardo et al. (1998)°°, who showed using methylation-sensitive restriction enzymes
and bisulfate conversion of methyl-DNA followed by retriction enzyme digestion that
PARylation decreases DNA methylation levels within the CpG island of HTF§ gene
promoter in L929 mouse fibroblasts. Furthermore, blocking PARylation causes chromatin
compaction and induces a global DNA hypermethylation, as shown by imaging in the
L929 cells™ One potential mechanism for PARP-1-mediated regulation of DNA
methylation is through Dnmtl, the major mammalian “maintenance” DNA

methyltransferase, which maintains DNA methylation patterns through DNA

55,56 155,57
b

replication™”. PARP-1 can regulate Dnmtl through affecting its transcription leve
with PARP-1 protein binding to Dnmtl gene promoter’*. PARylation is likely to be

involved in PARP-1 regulation of Dnmtl gene transcription, since overexpressing PARG
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which decreases PARylation level causes an abnormality in DNA methylation pattern on
CpG island in Dnmtl promoter and inhibits Dnmtl gene transcription™. In addition,
Dnmtl protein contains a consensus PAR binding motif and is able to interact
noncovalently with PAR polymers™. Blocking PARylation in 1929 as well as NIH/3T3
mouse fibroblast cells increases Dnmtl methyltransferase activity, whereas binding to
PAR polymers inhibits its activity”. Note, however, that the studies described here are
mostly based on inhibitor treatment or in vitro biochemical assays. To fully understand
the regulatory effects of PARP-1 on Dnmtl, more thorough in vivo studies characterizing
the functional interplay between PARP-1 and Dnmt1 are needed.

Recent progress in understanding mechanisms of active DNA demethylation has
added another potential layer to the regulation of DNA methylation by PARP-1°"®*. In
this regard, genome-wide DNA demethylation in primordial germ cells between
embryonic days 10.5 and 12.5 correlates with the appearance of single-strand DNA breaks,
an activation of the base excision repair (BER) pathway, and a high level of PARylation®.
Inhibition of PAR formation and BER activity inhibits DNA demethylation in the paternal
pronucleus in zygotes shortly after fertilization. These results suggest that PARP-1 and
PARylation are required for active DNA demethylation during PGC development,
probably functioning through the BER pathway. Another potential mechanism for the
regulation of DNA methylation by PARP-1 involving active DNA demethylation involves
the TET family proteins, which can convert 5-methyl-cytosine to 5-hydroxymethyl-

cytidine**,

The latter can be further removed and replaced by unmethylated cytidine.
Although there is no direct evidence functionally linking PARP-1 to TET enzymes yet,
recent results may hint at some functional interactions. For example, both PARP-1 and
TET2 are required for somatic cell reprogramming, and deficiency in both factors causes a
change in patterns of histone modification as well as transcription level at the NANOG and

ESSRB genes in a similar manner®®. Further studies are required to determine the

underlying mechanisms and potential functional interplay between PARP-1 and TET2.

1.4.7. PARP-1, CTCF, and insulator function
Insulators play important roles in establishing boundaries between heterochromatin

and euchromatin, as well as protecting genes from the influence of regulatory elements in
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their chromatin environment®. A potential link between PARP-1 and insulator function
was made with the identification of CCCTC-binding factor (CTCF) (Fig 1.4E), a
chromatin insulator protein, as a target of PARylation and PAR-dependent regulation®.
Yu et al. (2004) detected PARs at the imprinting control region (ICR) of the Igf2-HI19
locus, which contains a CTCF-binding element and functions as an insulator in a parent-
of-origin-specific manner®. Interestingly, the PAR signal is only detected on the
maternal-origin ICR, which is hypomethylated, associated with CTCF, and functions as an
insulator, but not on the paternal-origin ICR, which is hypermethylated, not associated
with CTCF, and non-functional as an insulator. Yu et al. also showed that CTCF is
PARylated, with a PARylation signal corresponding to most CTCF-binding sites, as
demonstrated by ChIP-chip assays. Although PARylation does not affect CTCF DNA
binding activity, it is required for CTCF-dependent insulator function, as shown by
insulator-trap assays. Another study identified PARP-1 as a CTCF-associated protein
using immunoprecipitation followed by proteomics and mass spectrometry, providing
additional eveidence for a functional link between these two proteins. Together, these
studies provide initial evidence suggesting a role for PARP-1 in insulator function, but
more studies are needed to confirm these findings, elucidate the molecular mechanisms,
and determine the biological contexts in which they might apply.

Interestingly, CTCF can activate PARP-1 enzymatic activity in the absence of
DNA in vitro®’. If this holds true in vivo, it may serve as a potential mechanism for
regulating PARylation at CTCF binding sites. Moreover, Dnmt1 has been identified to
associate with CTCF protein. It colocalizes with CTCF and PARylated PARP-1 on
specific CTCF target locus®’. As discussed above, Dnmtl activity is inhibited by
noncovalent interaction with PAR polymers. Therefore, presence of PARP-1 protects the
CTCF-bound CpG DNA sequences from being methylated by Dnmt1. Further studies will
shed light on understanding the interplay between PARP-1, CTCF, and DNA methylation,

as well as its effect on gene transcriptional regulation.
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Figure 1.5. PARP-1 functions in heterochromatin

A) PARylation -dependent and —independent functions of PARP-1 in regulating
heterochromatin.

B) PARP-1 regulation of rDNA transcription mediated by TIPS and pRNA.

1.5. PARP-1 functions in heterochromatin

The previous examples of PARP-1 function in gene regulation were related
predominantly to euchromatic regions of the genome, where PARP-1 is generally
associated with transcriptionally active genes. A considerable body of evidence, however,
also supports a role for PARP-1 in regulating chromatin in heterochromatic regions of the
genome, which tend to be more transcriptionally repressed. In this section, we discuss

these aspects of PARP-1 function.

1.5.1. A link between PARP-1 function and heterochromatin
The earliest studies of PARP-1 function in heterochromatin came from Drosophila,
which has only two PARP-related genes, homologs of PARP-1 (dPARP) and

15,29

tankyrase The dPARP gene localizes to a centromeric heterochromatin region

spanning more than 150 kb, which is enriched in transposons. Disruption of the dPARP
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gene by an insertion mutation near its upstream promoter, which inhibits expression of
dPARP, causes abnormalities in heterochromatin formation during Drosophila
development. In dPARP mutant strains, sensitivity to micrococcal nuclease in
heterochromatic regions is dramatically increased, and is accompanied by a more
homogenous nuclear morphology with a loss of the distinct chromocenter and nucleolus
normally observed in wild-type strains®. These results suggest a role for dPARP in the
proper formation or maintenance of heterochromatin (Fig 1.5A).

These in vivo studies are supported by biochemical studies showing that PARP-1
can promote the formation of compact, repressive chromatin structures, in spite of PARP-
I’s clear role in supporting open chromatin in euchromatic regions. For example, in
studies with purified, reconstitute chromatin, PARP-1 promotes the compaction of
chromatin in the absence of NAD+, as demonstrated by both MNase digestion and atomic
force microscopy®. Thus, hypo- or un-PARylated PARP-1 protein, controlled ultimately
by NAD" availability®, can act to compact chromatin structure. This effect of PARP-1 in
promoting the formation of higher-order chromatin structures depends on both its DBD
domain, which mediates its binding to nucleosomes, and the catalytic domain, which
cooperates with DBD in compacting nucleosomes®. This observation may seem to be at
odds with the positive effects of PARP-1 on chromatin structure and gene regulation
reported in other systems, but may be explained by different NAD" concentrations
available in the different experiments. Physiological concentrations of NAD" may be as
high as 200 to 300 pM'® (although nuclear NAD" concentrations have yet to be measured
directly), but PARP-1 activity is tightly regulated, may be directly linked to nuclear NAD"
synthesis (see below), and may vary significantly under different physiological conditions.
In addition, depending on the chromatin environment, different pools of PARP-1 may
have varied catalytic activity and autoPARylation status, providing a potential explanation

for the apparently opposite functions of PARP-1 in different chromatin regions.

1.5.2. PARP-1, nucleolar function, and rDNA silencing

The nucleolus is a nuclear compartment where regions of the genome containing
hundreds of ribosomal RNA genes (referred to as rDNA) are localized and transcribed by
RNA polymerase I'°. The rDNA is either transcriptionally active (i.e., being transcribed

into rRNA, which is further assembled into ribosomes) or transcriptionally silent, forming
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heterochromatin structures, which are maintained during cell propagation. A nucleolar
pool of PARP-1 has long been observed by immunostaining, with about 40% of PARP-1
protein localizing in the nucleolus’’. Proteomic analyses of the nucleolus has further
confirmed a nucleolar localization of PARP-17>7*. In addition, PARP-1 has been shown
to interact with nucleolar proteins’*, including nucleophosmin/B237>"°.

In Drosophila, disrupting dPARP enzymatic activity causes abnormalities in
nucleolar structure as well as a mislocalization of nucleolar-associated proteins. This
indicates a role played by PARP-1 and its activity in the nucleolus’’. A recent study by
Guetg et al. has confirmed the functional link between PARP-1 and rDNA silencing in the
nucleolus of mammalian cells (Fig 1.5B)"". They showed that PARP-1 binds to TIPS, a
component of the nucleolar remodeling complex (NoRC), which has previously been
shown to play important role in maintaining rDNA silencing’®. The interaction between
PARP-1 and TIPS is mediated by pRNA, a noncoding RNA synthesized from active
rDNA", which is required for NoRC function. PARP-1 protein binds to silenced rDNA
and is required for the maintenance of rDNA silencing. RNAi-mediated knockdown of
PARP-1 significantly increases the levels of 45S pre-rRNA. Furthermore, the localization
of PARP-1 with rDNA occurs in mid-late S phase, after silent TtDNA are replicated,
indicating a role of PARP-1 in re-establishing heterochromatin in the rDNA locus after
DNA replication. PARylation is required for PARP-1-mediated rDNA silencing and
silent rDNA chromatin is PARylated, providing an additional link between PARP-1 and
the regulation of rDNA. More studies are needed, however, to fully understand the
detailed mechanisms of this regulation. Specifically, it is unclear whether PARP-1 and
PARylation establish or maintain rDNA silencing through direct modulation of
heterochromatin structure or by regulating the RNA polymerase I transcription machinery.
Moreover, the functional effects of PARylation on nucleolar proteins is unclear. For
example, TIP5 and other heterochromatin proteins are substrates for PARylation by
PARP-1, but the role this modification plays in rDNA silencing is unclear. Identifying the
key functional targets of PARylation in the nucleolus will provide additional mechanistic
insights into PARP-1-mediated rDNA silencing®’. On the other hand, previous high
resolution immunohistochemical studies have demonstrated that nucleolar PARP-1 is

more concentrated in dense fibrillar foci, the site of nucleolar transcription. The
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localization of PARP-1 to the nucleolus was found to be sensitive to an RNA polymerase |
inhibitor®', indicating a connection between PARP and active rDNA transcription in the
nucleolus. It remains to be determined whether these seemingly conflicting observations
are due to cell type or cell state difference in various studies. Moreover, more studies are
required to uncover the potential more complicated interplay between rDNA transcription

and PARP-1 as suggested in the studies described above.

1.5.3. PARP-1, X chromosome inactivation, and macroH2A

Inactivation of the X chromosome in female mammals (“X inactivation”) is a
process by which one of the two copies of the X chromosome is rendered transcriptionally
inactive by assembly into heterochromatin®. PARP-1 has been linked to X inactivation,
with the first evidence supporting this role coming from mouse genetic studies examining
functional interplay between PARP-1 and PARP-2. Interestingly, PARP-1""/PARP-2"
mutant mice exhibit female-specific embryonic lethality due to X chromosome
instability'>**. Additional studies have shown that PARP-1 depletion causes de-repression
of a GFP reporter gene integrated in the inactive X chromosome (Xi) in female mouse
embryonic fibroblasts®. These studies have suggested a link between PARP-1 and X
inactivation, but more studies are needed to confirm a direct role for PARP-1, as well as
the underlying mechanisms.

If PARP-1 does play a role in X inactivation, what might the potential mechanisms
be? One possibility might functional interactions with macroH2A*, a vertebrate-specific
histone variant that contains a histone region homologous to canonic histone H2AY*, as
well as a large carboxl-terminal non-histone domain called a macrodomain. The
macrodomain of the macroH2A1.1 isoform functions as a PAR-binding module, as noted
above. MacroH2A is highly enriched in hetrochromatin regions of the genome, including
the Xi and senescence-associated heterochromatin, where it plays an important role in
maintaining a compact and repressive chromatin configuration.

Recent studies have provided clues of how PARP-1 and macroH2A may functional
interact. For example, Timinszky et al. used a combination of biochemical, structural, and
cell-based assays to show that macroH2A1.1 functions as a PAR sensor, by binding PAR
through its macrodomain'’. The outcome is a rearrangement of chromatin structure,

leading to the formation of compact chromatin regions. Although these observation were
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made in the context of a DNA damage response, the underlying mechanisms may be
applicable to the regulatory mechanisms controlling X inactivation. Alternatively, PARP-
1 may act directly to compact chromatin, independent of its catalytic activity, as discussed
above. In this regard, macroH2A has been shown to be able to inhibit PARP-1 activity in
Vitr084, which is consistent with the observation that heterochromatin-associated PARP-1

tends to be less active. Further studies are needed, however, to fully test this model.
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Figure 1.6. Regulatory inputs and outputs for PARP-1
A number of distinct “regulatory inputs” modulate the activity and localization of
PARP-1 (top/blue). Likewise, PARP-1 functions to promote “regulatory outputs” that
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control a wide variety of molecular, cellular, and organismal outcomes
(bottom/green), as illustrated in the figure and described in the text.

1.6. Regulation of PARP-1 Localization and Activity in Chromatin

As discussed above, PARP-1 plays a wide variety of regulatory roles in chromatin,
which in many cases are dependent on the chromatin context and cellular state. The
appropriate activity of PARP-1 in different conditions is controlled through a variety of
mechanisms involving DNA conformations, nucleosome conformations or composition,
chromatin states (including the repertoire of histone modifications and chromatin-
associated proteins), posttranslational modifications, cellular signaling pathways, and
cellular metabolic status™®. Thus, PARP-1 and PARylation are integrated into a greater
control network, enabling context-dependent modulation of chromatin by PARP-1.
Understanding how various combinations of these different components regulate PARP-1
activity will aid in understanding the mechanisms by which PARP-1 senses and controls
the chromatin environment. In this section, we discuss about the mechanisms controlling

PARP-1 localization to chromatin and enzymatic activity.

1.6.1. Regulation of PARP-1 through interactions with nucleosomes

PARP-1’s enzymatic activity can be stimulated by interactions with nucleosomes"”,
a process that can be modulated by the presence of histone modifications, histone variants,
and higher-order nucleosome interactions (Fig. 1.6, top). One example of how histone
modifications can modulate PARP-1 catalytic activity is observed in Drosophila at the
Hsp70 promoter upon heat shock. Heat shock factor binds to its response elements in the
promoter and recruits the histone acetyltransferase Tip60 to acetylate histone H2A on
lysine 5. This stimulates the catalytic activity of promoter-localized dPARP, which
triggers it to dissociate from the promoter nucleosomes and spread across the gene body™.
Likewise, histone variants can also modulate PARP-1 catalytic activity, as discussed
above for macroH2A™. Another example is Drosophila H2Av, a homolog of mammalian
histone variants H2Az and H2Ax®’, which has been shown to colocalize with dPARP in
nuclei as shown by immunofluorescence, as well as at the Hsp70 promoter by ChIP™.
Depletion of H2Av causes a mislocalization of dPARP at the Hsp70 promoter, indicating
proper localization of dPARP requires H2Av. Furthermore, H2Av phosphorylation is
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required for dPARP activation, as well as dPARP-mediated heat shock-induced gene
transcription and genotoxic stress responses.  The signal that triggers H2Av
phosphorylation, however, is still unknown. Interestingly, results from the same studies
using biochemical assays suggest that instead of activating dPARP directly,
phosphorylated H2Av modulates dPARP activity in a nucleosome-dependent manner,
probably by modulating nucleosome conformation and facilitating interactions between
PARP and histone H4, which ultimately activates dPARP enzymatic activity. At present,
the functional links between histone H2A variants and PARP-1 have not been well
characterized in mammalian cells, but PARP-1 and H2Az both localize to gene promoters,
which would at least provide the opportunity for functional interactions.

The regulation of dPARP by H2Av indicates that nucleosome composition and
conformation can have important effects on PARP-1 binding and activity. In this regard,
it seems likely that other components of nucleosomes or modulators of nucleosome

structure may have similar effects on PARP-1.

1.6.2. Regulation of PARP-1 by non-histone protein binding partners and post-
translational modifications

Non-histone, chromatin-associated proteins can also regulate PARP-1 activity and
function, either through direct interactions with PARP-1 or by post-translationally
modifying PARP-1. For example, as discussed above, interactions with CTCF can
activate PARP-1 independent of DNA"">"_ A host of other PARP-1 interactions partners

can do the same, such as DNA binding transcription factor YY1"*

. More broadly, post-
translational modifications can regulate various aspects of PARP-1 function, including its
catalytic activity, binding affinity for other proteins or chromatin, and stability®. PARP-1
is subjected to wide array of post-translational modifications, including PARylation,
phosphorylation, acetylation, ubiquitylation, and sumoylation. These have been reviewed
extensively elsewhere (Luo and Krishnakumar reviews) ®*°; we provide a few examples
here for illustrative purposes.

PARP-1 is acetylated both in vitro and in vivo by p300*'’, a chromatin-associated

protein acetyltransferase, upon proinflammatory stimuli in macrophages. Acetylation of

PARP-1 stabilizes its interaction with the proinflammatory transcription factor p50, and is
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required for PARP-1 function as a PARylation-independent coactivator of NF-kB, as
shown by luciferase reporter assay using reporter gene driven by endogenous
proinflammatory responsive gene promoters''. Moreover, using co-immunoprecipitation,
it was shown that PARP-1 protein interacts with members of HDAC class I, and is
potentially deacetylated by HDAC1, HDAC2 or HDACS3, since overexpressing HDAC1-3
proteins decreases acetylation level of PARP-1 protein; also, the coactivator activity of
PARP-1 is negatively regulated by HDACI1-3.

PARylation of PARP-1, either through an automodification reaction or by other
PARPs, can also regulate PARP-1 function. Extensive autoPARylation of PARP-1, as
observed under conditions of DNA damage, decreases PARP-1 binding to chromatin,
although it is unclear whether the levels of auto PARylation achieved under normal
physiological condtions would be sufficient to achieve the same effect. AutoPARylation
of PARP-1 is rapidly reversed by PARG™, which acts digest PAR chains. Interestingly,

PARG shuttles between the nucleus and cytoplasm®'*

, providing a potential mechanism
for modulating its effects on PARylated PARP-1, as well as other PARylated nuclear
proteins. Accumulating evidence suggests a function for PARG in transcriptional

. 890,93
regulation™™

, in part through catabolism of PAR in the context of chromatin.

As these examples, as well as others described elsewhere, clearly illustrate, PARP-
1 activity and function can be modulated by protein binding partners and reversible post-
translational modifications. The post-translational modifications of PARP-1 are, in turn,

controlled in many cases as endpoints of cellular signaling pathways.

1.6.3.Regulation of PARP-1 by cellular signaling pathways

PARP-1 is also regulated by various cellular signaling pathways, which are
activated or inhibited in response to external or internal cues®. Kinases are critical
components of many cellular signaling pathways, functioning to transmit signals either by
directly phosphorylating downstream targets, or by interacting with them and allosterically
modulating their biochemical properties. PARP-1 is regulated by various kinases through
both mechanisms.

In human breast cancer cells, PARP-1 is phosphorylated in its catalytic domain on
Ser785 and Ser786 by the hormone-activated cyclin-dependent kinase CDK2 in response
to treatment with the synthetic progestin R5020. Phosphorylation of PARP-1 by CDK2 is
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required for the R5020-induced, rapid and transient activation of PARP-1, which in turn
enhances progestin-induced gene transcription®®. PARP-1 is also phosphorylated by the
extracellular signal-regulated kinases, ERK1/2, on Ser372 and Thr373, which potentiates
PARP-1-dependent PARylation after DNA damage’. In addition, the stress-activated
kinase JNK1 can phosphorylate PARP-1 on undetermined residues to stimulate PARP-1’s
enzymatic activity”. Phosphorylation may also have an inhibitory effect on PARP-1. For
example, phosphorylation of PARP-1 by protein kinase C causes decreased DNA binding
capacity and catalytic activity of PARP-1.

More studies are needed to explore the detailed mechanisms by which
phosphorylation of PARP-1 can alter its enzymatic activity. It may alter PARP-1’s ability
to bind NAD" or its target proteins, or it may affect its catalytic properties, both of which
may be the result of phosphorylation-induced changes in PARP-1 structure or chemistry,
or allosteric changes in PARP-1 induced by the kinase. With respect to the latter, PARP-1
activity is stimulated by association with phosphorylated ERK2%°. Interestingly, activated
PARP-1 in turn promotes phosphorylation of the transcription factor Elkl by ERKZ2,

which regulates Elk1-mediated gene transcription®*”.

This suggests a feed-back loop
between PARP-1 and kinases. Together, interactions of PARP-1 with kinases, as well as
the resulting phosphorylation of PARP-1, provides a number of avenues for the regulation

of PARP-1 activity in chromatin, as well as connections to cellular signaling pathways.

1.6.4. Modulation of PAR activity by nuclear NAD" metabolism

As shown in biochemical assays, the available NAD" concentration dramatically
affects the kinetics of PARylation by PARP-1, with higher concentrations of NAD"
promoting the length of PAR polymer synthesis. The presence of a separate nuclear pool
of NAD+ may have important regulatory functions, as implied by the exclusive nuclear
localization of the most predominant mammalian NAD+ synthase, NMNAT1. However,
largely being limited by the availability of cell imaging technology allowing a high-
resolution in vivo real-time visualization of NAD+ subcellular distribution, it remains to
be determined how NAD+ distributes under different cell states.

In addition to serving to supply NAD+ substrate, NMNAT]1 also acts to modulate
PARP-1 directly. NMNAT] has been shown to be able to bind to PARP-1 and stimulate
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its PARylation activity, while phosphorylation of NMNAT]1 by protein kinase C decreases
its effect on PARP-1. Furthermore, Zhang et al. have shown that NMNAT]1 is recruited to
gene promoters by PARP-1, where it not only locally supplies substrate for PARP-1, but
also allosterically enhances its PARylation activity in a NAD+ production-independent
manner. This interplay between NMNAT1 with PARP-1 seems to take place in a context-
dependent manner, since only a subset of genes are regulated by both factors in the same
way. Thus, it remains to understand how the recruitment of NMNAT1 by PARP-1, the
NAD+ synthase activity and its effect on PARP-1 are regulated.

Moreover, it is speculated that other NAD+-dependent nuclear enzymes, such as
protein deacetylase SIRT1, might compete with PARP-1 for NAD+ supply or protein-
protein interaction with NMNT1, thus potentially adding another layer of regulation by
nuclear NAD+ metabolism. However, the relation between PARP-1, NAD+ synthase, and

NAD+-dependent nuclear enzymes as well as the mechanisms remains to be clarified.

1.7. Conclusions

As discussed above, PARP-1 plays important role in regulating chromatin structure
in both euchromain and heterochromatin regions. It regulates gene transcription through
maintaining an open chromatin conformation by regulating various aspects of chromatin
including linker histone, core histones, histone posttranslational modification, chromatin
remodelers as well as DNA methylation. Remarkably, PARP-1 also acts as a key
modulator in heterochromatin regions. Chromatin modulation functions of PARP-1 is
affected by its chromatin environment as well as cell signaling. Although a significant
progress has been made in understanding chromatin regulation by PARP-1, more studies
are needed to fully explore the detailed mechanisms as well as their implications in
physiological contexts, such as dissecting the functions played by PARP-1 protein as well
as its catalytic activity in various biological processes, exploring the regulatory
mechanisms of a context-dependent function of PARP-1 in chromatin regulation, as well
as understanding how chromatin structure modulation is translated to effects on gene

transcription.
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PARP-1 Facilitates Sox2 Binding to Nucleosomes to Maintain a Pluripotency Gene

Expression Program in Embryonic Stem Cells
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2.1. Summary

Sox2 is a transcription factor that acts to promote a pluripotency gene expression
gene program in embryonic stem cells. Here we show using a complementary set of cell-
based genomic and biochemical assays that PARP-1, a chromatin-modulating protein,
facilitates the binding of Sox2 to a cohort of its genomic binding sites in mouse embryonic
stem cells, thus helping to maintain the Sox2 gene expression program. We find that
PARP-1-dependent Sox2 binding sites reside in closed regions of chromatin with high
nucleosome occupancy and low co-occupancy by partner transcription factors (e.g., Oct4,
Nanog). Furthermore, PARP-1 promotes Sox2 binding to nucleosomes at suboptimal sites
located in wide minor grooves facing away from the histone octamer by forming a
complex with Sox2 on the nucleosome. Our results illustrate how PARP-1 can act at the
level of the nucleosome to produce global effects on transcription factor binding and

biologically important gene expression outcomes.
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2.2. Introduction

PARP-1, or Poly(ADP-Ribose) polymerase 1, is an abundant nucleus protein that is
involved in multiple biological pathways '. Recently, multiple studies have suggested a
link between PARP-1 and pluripotency. PARP-1 is required for reprogramming somatic
cells into induced pluripotent stem cells (iPSCs) *. In addition, PARP-1 depletion in
embryonic stem cells causes decreased expression of certain pluripotency marks and
increased expression of some differentiation genes °. Despite the strong evidence of
PARP-1 playing a role in regulating pluripotency, the mechanism for this remains poorly
understood.

As a nucleosome-binding protein, PARP-1 is able to regulate gene transcription
through modulating chromatin structure *. PARP-1 blocks histone H1 binding to actively
transcribed gene promoters and maintains an open chromatin conformation > °. PARP-1
also has an inhibitory effect on histone demethylase KDM5B through PARylation ’. In
addition to functioning as a chromatin structure modulator, PARP-1 is able to function as
a coregulator as well, directly regulating sequence-specific DNA-binding transcription
factors such as NF-kB ® and E2F-1 °. It is thus important to identify which chromatin-
associating protein or transcription factor is the regulatory target of PARP-1 in embryonic
stem cells in order to better understand the mechanism of PARP-1 regulating pluripotency.

The pluripotency of embryonic stem cell is controlled by a set of “master regulators”
including Sox2, Oct4, Nanog, Klf4, etc ' The HMG box containing transcription factor
Sox2 plays fundamental role in regulating embryonic stem cell identity and differentiation.
It binds to consensus DNA sequence and regulates gene transcription ''. Regulation of
Sox2 chromatin association is thus critical for controlling the fate of ES cells. Sox2
frequently co-binds with other transcription factors such as Oct4 and BRN2 in a cell type-
specific manner '*. Association with distinct transcription factors is believed to be the
mechanism for Sox2 to achieve cell type-specific DNA binding. Despite this, one question
remains: in genomic regions where other sequence-specific DNA binding transcription
factor binding is lacking, how does Sox2 get access to its binding site, especially to those

sites with a nucleosome barrier? It was shown by previous studies that both Sox2 and Oct4
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. 13 14
are able to bind to nucleosome

. During early stages of somatic cell reprogramming,
Oct4, Sox2, and Klf4 are able to access genomic regions with a closed chromatin
conformation . In addition, Soufi et al. also showed in vitro that both Oct4 and Sox2 are
able to bind to nucleosomes, with an affinity comparable to naked DNA '*. However,
unlike Oct4, Sox2 interaction with nucleosomes is a mixture of sequence specific and non-
specific contacts. In addition, Sox2 interaction with nucleosomes can be efficiently
competed by non-specific DNA '*. Therefore, it is still not clear how Sox2 binds
specifically and stably to its target sequence in a nucleosome context.

In this study, we identified an unexpected, catalytic activity-independent function
of PARP-1 as a “pre-pioneer factor” regulating the chromatin association of Sox2. PARP-
1 is specifically required for stabilizing Sox2 binding to genomic regions with higher
nucleosome occupancy as well as lower co-localization of other transcription factors. In
addition, PARP-1 protein is able to stabilize Sox2 interaction with nucleosomes in vitro.
PARP-1 therefore safeguards the “stemness” of embryonic stem cells by controlling Sox2
chromatin association. Our study has provided a better understanding of the mechanism of
regulating ES cell pluripotency by PARP-1, as well as how the chromatin association of

Sox2 is regulated.

2.3. Results

2.3.1. PARP-1 safeguards the “stemness” of embryonic stem cells by transcriptional
regulation.

To explore the PARP-1-dependent regulation of ESC biology, we used mouse
ESCs (mESCs) with genetic deletion of the Parpl gene . Alterations in the morphology
of the undifferentiated Parpl” mESCs were not observed compared to wild type cells
(data not shown). In addition, the expression level of Rex/, which is a sensitive mark of
embryonic stem cell pluripotency state, remains unchanged (Fig. 2.1A), indicating the
stem cell identity remains essentially the same upon the loss of PARP-1. Despite this,
analysis of gene expression by RT-qPCR revealed that PARP-1 depletion results in a
significant down-regulation of some pluripotency genes including Nanog, while not
affecting the expression of other pluripotency factors such as Oct4 and Sox2 (Fig. 2.1A).

Moreover, many differentiation-related genes were found to be significantly up-regulated
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upon PARP-1 depletion (Fig. 2.1A). Importantly, when we induced ES cells to
differentiate by forming embryoid bodies, differentiation occurred significantly faster in
Parpl knockout cells as compared to wild type ES cells, as demonstrated by performing
RT-gPCR for 19 differentiation markers (Fig. 2.6C).

To investigate the effect of PARP-1 depletion on ES cell gene transcription on a
global scale, we performed RNA-seq using Parpl knockout as well as wild type ES cells.
Agreeing on the gene specific RT-qPCR results, Nanog was significantly down-regulated,
with Oct4 and Sox2 expression unchanged (Fig. 2.1B, Fig 2.2A). Furthermore,
differentiation genes like Pax6 and Gata6 were also up-regulated. H3K4me3, which is a
marker of active transcription, correlated with gene expression level changes (Fig. 2.1B).
We identified 801 genes whose expression levels were significantly increased (defined as
PARP-1 positively regulated, p < 0.01, fold > 2) in Parpl knockout ES cells, and 421
genes with a significant down-regulation (defined as PARP-1 negatively regulated, p <
0.01, fold > 2) upon PARP-1 depletion (Fig. 2.1C). Among the genes positively regulated
by PARP-1 are the pluripotency genes Klf4 and Tbx3 (Fig. 2.2C). Gene ontology analysis
showed a significant enrichment of negative regulators of differentiation as well as those
that maintain stem cell identity (Fig. 2.3). On the other hand, genes negatively regulated
by PARP-1 were enriched with those that are associated with cell differentiation (Fig. 2.3).
Consistent with this, PARP-1 negatively regulated genes were enriched with the bivalent
histone marks, H3K4me3 and H3K27me3, which is a chromatin signature of
differentiation genes in embryonic stem cells (Fig. 2.2A). Interestingly, undifferentiated
mESCs have nearly undetectable basal levels of PARP-1-mediated poly(ADP-
ribosyl)ation (Fig. 2.4A). The effects of PARP-1 on gene expression likely did not require
its catalytic activity, as the PARP inhibitor PJ34 did not promote ESC differentiation (Fig.
2.4B), suggesting non-catalytic mechanisms for PARP-1-dependent gene regulation.

Together, our results showed that PARP-1 is required for maintaining the
transcriptional program of mouse embryonic stem in a PARylation activity-independent

manncr.
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Figure 2.1. Knockout of Parpl alters the gene expression program in mESCs.

A) Effect of Parpl knockout on the expression of pluripotency-associated genes (Left) and
differentiation-associated genes (Right) in mESCs, as determined by RT-qPCR. The data
for Parpl”™ mESCs are expressed relative to WT ESCs. Each bar represents the mean
plus the SEM, n > 3. The differences observed for Nanog, Parpl, and all of the
differentiation genes are significant (Student’s t test, p-value < 0.05).

B) Genome browser tracks of mRNA-seq data (top) and H3K4me3 ChIP-seq data
(bottom) around the Nanog, Oct4, and Gata6 genes in WT and Parpl”” mESCs.

C) Volcano plot of RNA-seq data from WT and ParpI” mESCs showing genes whose
expression significantly increases upon Parpl knockout (“Negatively Regulated” by
PARP-1) or significantly decreases upon Parpl knockout (“Positively Regulated” by
PARP-1). The patterns of significant regulation are color-coded as follows: (a) Red,
negatively regulated genes with = 2-fold increase upon Parpl knockout; (b) Orange,
negatively regulated genes with < 2-fold increase upon Parpl knockout; (c) Blue,
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positively regulated genes with = 2-fold decrease upon Parpl knockout; (d) Green,
positively regulated genes with < 2-fold decrease upon Parpl knockout.

D) Numbers of genes positively or negatively regulated by PARP-1, from panel C, with
the same color coding and cutoffs.
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Figure 2.2. The promoters of genes negatively regulated by PARP-1 are enriched for
both H3K4me3 and H3K27me3.

A) Status of H3K4me3 and H3K27me3 at the promoters of PARP-1-regulated genes in
mESCs. Left, Heatmap of the relative expression levels of genes whose expression
significantly (FDR < 5%) increases upon Parpl knockout (“Negatively Regulated” by
PARP-1) or decreases upon Parpl knockout (“Positively Regulated” by PARP-1) from
RNA-seq, as in Fig. 1A. Right, Heatmaps of the relative levels of H3K4me3 and
H3K27me3 from ChIP-seq, as indicated. The ChIP-seq data are centered on the
transcription start sites of the genes (TSSs; + 2 kb). The genes are listed in the same order
top to bottom for the RNA-seq and ChIP-seq data.

B) Box plots of normalized H3K4me3 (fop) and H3K27me3 (bottom) ChIP-seq read
counts in a 1 kb window at the TSSs of genes negatively regulated by PARP-1 (n = 810)
or positively regulated by PARP-1 (n = 442), as well as all RefSeq genes binned in
quartiles based on expression levels from RNA-seq data.
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Figure 2.3. Gene expression changes in mESC upon Parp-1 depletion.
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Figure 2.4. The catalytic activity of PARP-1 is not required for the regulation of
gene expression in undifferentiated mESCs.

A) The level of PARP-1-mediated PARylation is very low in undifferentiated mESCs and
increases upon differentiation. Western blots of poly(ADP-ribose) (PAR) and PARP-1
showing their relative levels in mESCs during a 9 day time course of differentiation upon
LIF removal.

B) The expression of Nanog (a pluripotency-associated gene), as well as Pax6 and Gata6
(differentiation-associated genes), in undifferentiated (‘Day 0”) mESCs is not affected by
treatment with the PARP inhibitor PJ34. RT-qPCR was performed using total RNA
isolated from mESCs treated with 5 uM PJ34 for 24 hrs. The expression levels we
standardized to the expression of the Gapdh gene. Each bar represents the mean plus the
SEM, n > 3. The small differences are not significant.

2.3.2. PARP-1 globally co-localizes and interacts with Sox2.

To determine how PARP-1 might regulate gene expression in mESCs, we
performed a series of genomic analyses, including chromatin immunoprecipitation-
sequencing (ChIP-seq) for PARP-1. Previous genomic study of PARP-1 using ChIP-chip
in human breast cancer cell line MCF7 cells showed that PARP-1 preferentially binds to
actively transcribed gene promoters ®’. Consistent with this, when we aligned PARP-1
ChIP-seq signals to gene transcription start sites (TSS) and transcriptional termination
sites (TTS) (Fig. 2.5C), we observed an enrichment of PARP-1 signal on gene TSS
regions. Moreover, when we ranked genes based on their transcription level as shown by
RNA-seq, we observed a preferential binding of PARP-1 on the TSSs of highly
transcribed genes, while repressed genes were associated with very low levels of PARP-1
(Fig. 2.5D). Using MACS '®, we identified 23,661 high-confidence PARP-1 binding sites
(P <0.001). Surprisingly, among these significantly PARP-1 enriched sites, less than 20%
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were within 5kb of gene TSSs. More than 80% of PARP-1 peaks were distal binding sites
more than Skb away from their nearest gene TSSs (Fig. 2.5A-B).

We tested which transcription factor has the most similar genomic localization
pattern to PARP-1 by performing hierachical clustering of chromatin binding patterns?
Comparing PARP-1 and a panel of chromatin-/transcription-related factors in embryonic
stem cells. Strikingly, PARP-1 binding highly correlated with Sox2 and Oct4 (Fig. 2.6D).
Moreover, when we aligned the Sox2 binding sites with PARP-1 binding sites using our
ChIP-seq data sets, a significant correlation between Sox2 and PARP-1 occupancy was
observed. Co-occupancy between PARP-1, Sox2 and Oct4 was observed in multiple
genomic locations (Fig. 2.6E-G). Furthermore, we observed an interaction between
PARP-1 and Sox2 by co-immunoprecipitation, but not between PARP-1 and Oct4,
indicating PARP-1 directly interacts with Sox2, but not Oct4 (Fig. 2.6F). Together, these
results indicate a physical association and colocalization between PARP-1 and Sox2

across the genome in mESCs.
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Figure 2.5. PARP-1 is enriched at the promoters of highly expressed genes.

A) Distribution of significant peaks of PARP-1 binding across genomic features in mESCs
from PARP-1 ChIP-seq data.

B) Distribution of significant peaks of PARP-1 binding relative to the TSSs of all RefSeq
genes determined using the web-based bioinformatics tool GREAT .

C) PARP-1 is enriched at gene promoters in mESCs. Metagene plot showing the average
normalized read counts of PARP-1 ChIP-seq reads around the transcription start site
(TSS) and transcription termination site (TTS) for all RefSeq genes. The data were
compiled for regions + 5 kb relative to the TSS and the TTS.

D) Metagene plot showing the average normalized read counts of PARP-1 ChIP-seq reads
around the TSS for genes ranked based on expression level as determined by RNA-seq.
Five pentiles: 1* = highest 20% of expression; 5™ = lowest 20% of expression.
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Figure 2.6. PARP-1 colocalizes with Sox2 genome-wide and helps to maintain a
pluripotency gene expression program in mouse embryonic stem cells.

A) Effect of Parpl knockout on gene expression in mESCs as determined by RNA-seq.
The heatmap shows the relative expression levels of genes whose expression significantly
(FDR < 5%) increases upon Parpl knockout (“Negatively Regulated” by PARP-1) or
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decreases upon Parpl knockout (“Positively Regulated” by PARP-1). The data are
loga(Parpl”” RPKM/WT RPKM).

B) Western blots showing the relative levels of three pluripotency factors (Sox2, Oct4, and
Nanog) and PARP-1 in WT and Parpl” mESCs. Actin is used as an internal loading
control.

C) Analysis of mRNA expression for a panel of 19 differentiation-associated genes in
mESCs during a 9 day time course of differentiation upon LIF removal. The expression
levels of each mRNA are normalized to Gapdh mRNA levels. Light lines represent the
relative expression levels of individual genes. Dark lines represent the mean relative
expression levels of all 19 genes combined.

D) PARP-1 colocalizes with Sox2 genome-wide. Correlation matrix of genome-wide
enrichment for chromatin- and transcription-related factors from ChIP-seq data in mESCs.
The data are organized and ordered using hierarchical clustering.

E) Left, Heatmap of high confidence Sox2 peaks in mESCs from ChIP-seq data (n =
16,042; p-value < 107") centered on the Sox2 binding sites (+ 2 kb) and ordered top to
bottom by signal intensity. Right, PARP-1 ChIP-seq signals associated with the
corresponding Sox2 binding sites.

F) Genome browser tracks of PARP-1, Sox2 and Oct4 ChIP-seq data around the Nanog
gene in WT mESCs.

G) PARP-1 binds to Sox2, but not Oct4. Flag-tagged PARP-1 was ectopically expressed
in HEK293T cells with Sox2 and Oct4, and immunoprecipitated using a Flag antibody.
Western blots showing the relative levels of PARP-1, Sox2, and Oct4 in the input and the
co-immunoprecipitated (co-IP) material.

2.3.3. PARP-1 is required to stabilize the chromatin association of Sox2 to a subset of
genomic locations.

To explore the functional link between Sox2 and PARP-1 in more detail, we
performed Sox2 and Oct4 ChIP-seq in Parpl knockout and wild type ES cells. Knockout
of Parpl caused a significant reduction in Sox2 binding across the genome. Out of 16,042
Sox2 peaks that we detected, we identified 1,606 sites that were lost (‘PARP-1-dependent’
Sox2 binding sites) and 4,556 sites that were unchanged (‘PARP-1-independent’ Sox2
binding sites) upon Parpl knockout (Fig. 2.10B). Notably, loss of Sox2 occupancy
correlated with decreased gene expression. Specifically, PARP-1 depletion caused a
decrease of Sox2 binding on the Nanog gene promoter, while not affecting Sox2
occupancy on the Pou5fl gene (Fig. 2.10A). In addition to the Nanog gene, Kif4 as well as
Tbx3 genes positively regulated by PARP-1 were also found to be associated with Sox2
binding sites that are dependent on PARP-1 (Fig. 2.7A). To investigate whether the
changed gene expression upon PARP-1 loss is explained by the decrease of Sox2

occupancy genome-wide, we associated each Sox2 binding sites with its highly likely
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regulated genes defined based on having Sox2 peak-TSS distance smaller than 10 kb '®.
Gene set enrichment analysis (GSEA) revealed that the expression of genes associated
with PARP-1-dependent Sox2 binding sites are significantly decreased in Parpl” mESCs
compared to WT mESCs based on RNA-seq (Fig. 2.7B). Furthermore, the genes
positively regulated by PARP-1 were enriched for PARP-1-dependent Sox2 binding sites
near their TSSs (Fig. 2.7C). Importantly, although some PARP-1-dependent Sox2 binding
sites were co-occupied by Oct4 (e.g., Fig 5G, Fig. 8 and Fig. 10 B), the effects of PARP-1
on Sox2 binding were not mediated through Oct4. This is illustrated by the observation
that Sox2 binding sites without Oct4, but not Oct4 binding sites without Sox2, exhibited
PARP-1-dependent binding (Fig. 2.8). Together, these results suggest that decreased
expression of pluripotency genes upon Parpl knockout in mESCs (e.g., Fig. 2.1A) are
more likely to be a direct effect of the PARP-1-Sox2 pathway than increased expression of

differentiation genes.
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Figure 2.7. Decreased gene expression in mESCs upon Parpl knockout correlate
with decreased Sox2 binding.

A) Knockout of PARP-1 in mESCs is associated with reduced Sox2 binding at some
genomic loci. Genome browser tracks of RNA-seq data (upper tracks in each group) and
Sox2 ChIP-seq data (lower tracks in each group) in WT and Parpl” mESCs at the Thx3
(top) and Klf4 (bottom) loci.
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B) GSEA analysis showing the relationship between PARP-1-regulated Sox2 binding sites
(n = 1,606) and gene expression changes upon Parpl knockout in mESCs. Top, The
expression of genes associated with PARP-1-regulated Sox2 binding sites is significantly
decreased in Parp!” mESCs compared to WT mESCs (p-value < 0.001) based on RNA-
seq. Bottom, A randomly selected and equally sized set of genes (n = 1,606) is shown as a
control (p-value =0.36).

C) Fraction of Sox2 binding sites associated with PARP-1-regulated genes. Dep. =
PARP-1-dependent Sox2 binding sites; Ind. = PARP-1 independent Sox2 binding sites;
All = All Sox2 binding sites. Yellow, Genes whose expression significantly increases
upon Parpl knockout (“Negatively Regulated” by PARP-1). Blue, Genes whose
expression significantly decreases upon Parpl knockout (“Positively Regulated” by
PARP-1).

The results shown here suggest that decreased expression of pluripotency and related
genes upon Parpl knockout in mESCs (e.g., Fig. 2.1A) is more likely to be a direct effect
of the PARP-1-Sox2 pathway than increased expression of differentiation genes (e.g., Fig.
2.1, A and C).
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Figure 2.8. Sox2 binding sites without Oct4, but not Oct4 binding sites without Sox2,
exhibit PARP-1-dependent binding.

Normalized ChIP-seq read counts for Sox2 (left) and Oct4 (right) at (1) PARP-1-
dependent (Dep.) sites, (2) PARP-1-independent (Ind.) sites, and (3) sites with Sox2 or
Oct4 only. Asterisks indicate significant differences: Student’s t-test, p-value < 2.2 x 107'°.
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Figure 2.9. Increase of gene expression upon Parp-1 depletion is partially explained
by decreased level of Nanog.

A) GSEA analysis showing the relationship between Nanog repressed genes and gene
expression changes upon Parp-1 knockout. Nanog repressed genes are significantly
decreased in Parp-1-/- RNA-seq sample compared to WT (p-value < 0.001). Randomly
selected equal number of genes are shown as control (p-value = 0.71).

B) Rescue of Nanog expression level using MEK inhibitor PD98058 partially rescues
expression changes of differentiation genes in Parp-1-/- mESCs.
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Figure 2.10. PARP-1 is required for the binding of Sox2 to a subset of its genomic

sites in mESCs.

A) Genome browser tracks of Sox2 ChIP-seq data around the Nanog and Pousf1
(encoding Oct4) genes in WT and Parpl”” mESCs.
B) Left and middle, Heatmaps of Sox2 ChIP-seq signals in WT and Parpl”” mESCs
centered on the Sox2 binding sites (+ 2 kb) and ordered top to bottom by signal intensity.
Left, PARP-1 ChIP-seq signals in WT mESCs associated with the corresponding Sox2

binding sites.

PARP-1-dependent Sox2 binding sites are defined as those sites whose

ChIP-seq signals are significantly decreased upon PARP-1 knockout (p-value < 0.01; n =
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1,606,). PARP-1-independent Sox2 binding sites show no change upon PARP-1 knockout
(n=4,556).

C) PARP-1-independent Sox2 binding sites have a higher level of co-occupancy by other
transcription factors in mESCs. Heatmaps showing the binding of other transcription
factors at Sox2 binding sites. 7Top, Results for PARP-1-independent Sox2 binding sites.
Bottom, Results for PARP-1-dependent Sox2 binding sites. Red, significant binding;
Black: no significant binding.

D) Genome browser tracks of Sox2 ChIP-seq data and MNase-seq data around the Nanog
gene in WT and Parpl”” mESCs. The green shading highlights the relationship between
Sox2 binding and nucleosome occupancy.

E) Average MNase-seq signals surrounding PARP-1-dependent (red) and PARP-1-
independent (blue) Sox2 binding sites in mES cells. The data are centered on the Sox2
binding sites determined by ChIP-seq (= 2 kb).

F) Average DNase-seq signals surrounding PARP-1-dependent (red) and PARP-1-
independent (blue) Sox2 binding sites in mES cells. The data are centered on the Sox2
binding sites determined by ChIP-seq (+ 2 kb).

2.3.4. PARP-1-dependent Sox2 binding sites are associated with closed chromatin
conformation.

Notably, both PARP-1-dependent and -independent Sox2 binding sites were
associated with PARP-1. We asked what determines the PARP-1 dependency for Sox2.
Transcription factors frequently co-occupy with other factors across the genome, and

129 Interestingly, analysis of

cooperatively stabilize each other’s binding to chromatin
two distinct classes of Sox2 binding sites with differential PARP-1 dependency showed
that although both classes of Sox2 sites were associated with sox binding motifs, a
significantly lower fraction of PARP-1-dependent Sox2 sites contained optimal sox/pou
motifs allowing strong interaction between Sox2 and Oct4 *' (Fig. 2.12A). This indicates
that PARP-1-dependent Sox2 binding sites may have lower cooperativity with Oct4.
Indeed, Oct4 co-localized to a smaller fraction of PARP-1-dependent Sox2 binding sites
(Fig. 2.12 B-C). In addition to Oct4, 5 other transcription factors we checked including
Nanog, Tcf3, KlIf4, Esrrb and Stat3 also showed significantly lower co-occupancy with
PARP-1-dependent Sox2 sites compared to PARP-1-independent binding sites (Fig. 2.10C,
Fig. 2.12B-C, Fig 2.13). Nucleosomes function as a barrier for transcription factor binding
to chromatin **. Previous studies showed that Sox2 is able to bind to nucleosome-enriched

regions during somatic cell reprogramming . Consistent with this observation, we found

that Sox2 binds to both nucleosome-depleted and —occupied chromatin regions (Fig. 2.10
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D-E, Fig. 2.11). However, to our surprise, when we compared nucleosome occupancy
between PARP-1-dependent and —independent Sox2 binding sites, PARP-1-dependent
Sox2 sites showed significantly higher nucleosome occupancy (Fig. 2.10 D-E). Consistent
with this, DNase-seq, which assesses chromatin accessibility, shows that PARP-1-
dependent Sox2 binding sites are associated with closed chromatin structure (Fig. 2.10F).
Collectively, our genomic analyses revealed a class of Sox2 binding sites that require
PARP-1 for binding and have a specific set of features that distinguish them from PARP-
I-independent Sox2 binding sites (Fig. 2.14).
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Figure 2.11. PARP-1-dependent Sox2 binding sites exhibit higher nucleosome
occupancy and lower co-occupancy by other transcription factors than PARP-1-
independent Sox2 binding sites.

Genome browser tracks of ChIP-seq data for various transcription factors and MNase-seq
data from mESCs at the Nanog and Oct4 genomic loci.
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Figure 2.12. PARP-1-dependent Sox2 binding sites exhibit lower co-occupancy by
other transcription factors than PARP-1-independent Sox2 binding sites.

A) Fraction of PARP-1-independent (Ind.) and PARP-1-dependent (Dep.) Sox2 binding
sites associated with a Sox motif (/eft) or an optimal Sox/Pou motif (right) based on ChIP-
seq in mESCs. Asterisks indicate significant differences: Fisher’s exact test, p-value <
0.0001.

B) Fraction of PARP-1-independent (Ind.) and PARP-1-dependent (Dep.) Sox2 binding
sites from ChIP-seq data associated with the transcription factors indicated, based on
ChIP-seq from mESCs. Asterisks indicate significant differences: Fisher’s exact test, p-
value < 0.0001.

C) Normalized ChIP-seq read counts for the transcription factors indicated at PARP-1-
independent (Ind.) and PARP-1-dependent (Dep.) Sox2 binding sites based on ChIP-seq in
mESCs.  Asterisks indicate significant differences: Student’s t-test at the p-values
indicated.

D) Fraction of PARP-1-independent (Ind.) and PARP-1-dependent (Dep.) Sox2 binding
sites associated with the specified number transcription factors (TFs; 0, 1, 2, 3, >3) based
on ChIP-seq in mESCs. Asterisks indicate significant differences: Fisher’s exact test, p-
value < 0.0001.
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Figure 2.13. Parp-1 dependent Sox2 binding sites have less cooperation with other
transcription factors.

A) (1) Fractionation of genome into 24 states using ChromHMM using available histone
marks and DNA methylation data. (2) Number of Sox2 binding sites associated with each
chromatin state. (3) Number of Sox2 binding sites associated with each chromatin state
normalized to fraction of the respective chromatin state. (4) Number of Parp-1 dependent
Sox2 binding sites in each chromatin state. (5) Normalized DNasel-seq read counts around
Sox2 binding sties associated with each chromatin state. (6) Fraction of Parp-1 dependent
Sox2 binding sites associated with each chromatin state.
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B) Fraction of Sox2 binding sites associated with various numbers of transcription factors
in different chromatin states. (Grey) Total Sox2 binding sites; (Green) Parp-1 dependent
Sox2 binding sites; (Orange) Parp-1 independent Sox2 binding sites.

PARP-1-Independent PARP-1-Dependent
Sox2 Binding Sites Sox2 Binding Sites

_(m_('_m)r_

* Bound by PARP-1

* Low nucleosome occupancy ngh nucleosome occupancy
» High DNA accessibility * Low DNA accessibility
» Co-bound by many other TFs » Co-bound by few other TFs

Figure 2.14. Summary of genomic features for PARP-1-independent and PARP-1-
dependent Sox2 binding sites

Schematic representation of the genomic features for PARP-1-independent and PARP-1-
dependent Sox2 binding sites based on Figs. 1 through 12.

2.3.5. PARP-1 stabilizes Sox2 binding to nucleosomes in vitro.

The observation that PARP-1 is specifically required for stabilizing Sox2 binding
to closed chromatin regions with higher nucleosome occupancy led us to ask whether
PARP-1 is able to stabilize Sox2 binding to nucleosomes. To answer this question, we
biotin labeled the end of 601 nucleosome positioning DNA and assembled it into
nucleosomes. In order to allow sequence-specific Sox2 binding, a 15 base pair sequence in
the center of the 601 nucleosome positioning element (NPE) was replaced with a Sox-
binding motif. Altering the sequence of 601 NPE preserved its ability to position the
nucleosome (Fig. 2.15 B-C). We then immobilized the biotin-labeled nucleosome/DNA
to streptavidin-coated magnetic beads and incubated it with recombinant Sox2 in the

presence or absence of PARP-1 protein. Sox2 strongly bound to naked DNA, and adding
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PARP-1 did not affect Sox2 binding (Fig. 2.16 A, lane 2 versus lane 4). On the other hand,
Sox2 bound weakly to nucleosomes, with an affinity more than 20 fold less than to naked
DNA. Strikingly, adding PARP-1 significantly enhanced Sox2 binding to nucleosomes
(Fig. 2.16A, lane 10 versus lane 12). Interestingly, Sox2 also bound non-specifically to
601 nucleosomes without a Sox motif, although this non-specific interaction was inhibited
by adding PARP-1 (Fig. 2.16A, lane 6 versus lane 8), indicating that PARP-1 may block
non-specific nucleosome interactions of Sox2 by competing with it.

To gain insight into whether PARP-1 enhances direct interaction between Sox2 and
nucleosomal DNA, we performed a DNasel footprinting assay >. Consistent with in vitro
pull-down assay results, PARP-1 did not change Sox2 binding to naked DNA, while
significantly promoting Sox2 interaction with DNA when it was assembled into
nucleosomes (Fig. 2.16 B and C). Notably, point mutants of PARP-1 protein, which
abolishes PARP-1 interaction with DNA ° | failed to stabilize Sox2 binding to
nucleosomes (Fig. 2.18 B and C), suggesting DNA binding of PARP-1 is required for
enhancing Sox2 association with nucleosomes. Taken together, these results suggested

that PARP-1 is able to stabilize Sox2 interaction with DNA in a nucleosomal context in

vitro.
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Figure 2.15. Recombinant proteins and nucleosomes used in biochemical assays
exploring functional interactions between PARP-1 and Sox2.
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A) Coomassie-stained SDS-PAGE gels showing purified recombinant Sox2 (left) and
PARP-1 (right). Molecular weight markers in kDal are shown for comparison.

B) Native polyacrylamide gel showing biotinylated 601 nucleosome positioning element
(NPE) DNA (“DNA”) or the same DNA assembled into mononucleosomes (“Nuc.”). The
histone-DNA complex of the mononucleosome migrates more slowly than the free DNA.
Mononucleosomes were assembled with (shown) or without (not shown) linker DNA and
free DNA ends extending beyond the nucleosome core for use in nucleosome binding
assays and DNasel footprinting assays. The green diamond indicates the location of Sox
motif.

C) Native polyacrylamide gel showing free 3x 601 nucleosome positioning element (NPE)
DNA (“DNA”) or the same DNA assembled into a trinucleosome (“Nuc.”) with or
without digestion by Hhal, which cleaves within the nucleosome. The histone-DNA
complex of the mononucleosome migrates more slowly than the free DNA and is resistant
to cleavage by Hhal. The trinucleosomes were used in DNasel footprinting assays. The
green diamond indicates the location of the Sox motif, which is in the middle nucleosome.
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Figure 2.16. PARP-1 stabilizes Sox2 binding to nucleosomes.
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A) In vitro nucleosome binding assays show PARP-1-dependent binding of Sox2 to
nucleosomes, but not naked DNA. Biotin-labeled 601 NPE DNA with or without a Sox
motif (Sox+ or Sox—, respectively), or the same DNA assembled into a mononucleosome
(Nuc), was immobilized on streptavidin beads and incubated + recombinant Sox2 and
PARP-1, as indicated. After washing, the bound proteins were analyzed by Western
blotting. Sox2 binds in a PARP-1-independent manner to naked DNA containing a Sox
motif (lane 2 versus 4). PARP-1 reduces non-specific Sox2 binding to nucleosomes
lacking a Sox motif (lane 6 versus 8), but enhances Sox2 binding to nucleosomes
containing a Sox motif (lane 10 versus 12).

B) In vitro DNase I footprinting assays show PARP-1-dependent binding of Sox2 to
nucleosomes, but not naked DNA. Left, Footprinting assay with naked 3x 601 NPE DNA
containing a Sox motif. Addition of Sox2 protects the DNA template from digestion with
or without the addition of wild-type (WT) PARP-1 (lane 1 versus 2 and 3 versus 4; see the
band marked with a red asterisk). Right, Footprinting assay with a trinucleosome
containing a Sox motif located at the dyad axis of the middle nucleosome. Addition of
WT PARP-1, but not a DNA binding domain mutant PARP-1 (DBD), enhances Sox2
binding as indicated by protection from DNAase I digestion (lane 7 versus 8 and 9 versus
10; see the band marked with a red asterisk). PARP-1 binding to the nucleosome is also
evident (lanes 5 and 6 versus 7 and 8).

C) Quantification of the DNase I footprinting assays shown in panel C. The bands
marked with a red asterisk in (B) were quantified using a phosphorimager. Each bar
represents the mean plus the SEM, n = 3. Asterisks indicate significant differences:
Student’s t test, **p < 0.01 and *p < 0.05.

D) The DNA binding and BRCT domains of PARP-1 are required for enhancement of
Sox2 binding to nucleosomes. 7Top, PARP-1 deletion mutants used in the nucleosome
binding assays. Bottom, In vitro nucleosome binding assays using various PARP-1
deletion mutants, as in panel A.

E) Quantification of the nucleosome binding assay shown in panel D. The bands were
quantified by densitometry. Each bar represents the mean plus the SEM, n = 3. Asterisks
indicate significant differences: Student’s t test, **p < 0.01 and *p < 0.02.

F) PARP-1 stabilizes Sox2 binding to nucleosomes with or without linker DNA. In vitro
nucleosome binding assay, as in panel A, using 601 NPE mononucleosomes with (Nuc
207) or without (Nuc 147) linker DNA.

2.3.6. Formation of a PARP-1-Sox2 complex on the nucleosome stabilizes the
interaction between Sox2 and the nucleosome

We then tested the possibility that PARP-1-Sox2-nucleosome form a complex,
which stabilizes association of Sox2 with nucleosome. We first asked whether PARP-1
and Sox2 directly interact with each other by performing an in vitro pulldown assay.
Indeed, Sox2 efficiently co-immunoprecipitated with Sox2, indicating a strong direct
interaction between the two proteins (Fig. 2.17, A-B). Interaction between PARP-1 and
Sox2 is mediated by the BRCT domain of PARP-1, since deleting the BRCT domain
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abolishes the interaction between PARP-1 and Sox2 (Fig. 2.17, C-E). Notably, the BRCT
domain of PARP-1 is also required to stabilize Sox2 interaction with nucleosomes as
demonstrated by nucleosome binding assay (Fig. 2.16, D-E). Therefore, PARP-1 directly
interacts with Sox2 as well as nucleosomes. Abolishing the interaction between PARP-1
and Sox2 or PARP-1 and nucleosomes by BRCT deletion or DBD mutation disrupts the
formation of PARP-1-Sox2-nucleosome complex, which further interrupts the
enhancement of Sox2 binding to nucleosome by PARP-1.

Interestingly, although PARP-1 is known to interact with linker DNA when binding
to nucleosomes >**, binding assays using mononucleosomes without linker DNA showed
that linker DNA is not required for PARP-1 to enhance the binding of Sox2 (Fig. 2.16F).
In fact, interactions with Sox2 on nucleosomes may redirect PARP-1 from the linker DNA
to the adjacent sites of Sox2 binding on the nucleosome (Fig. 2.18). In the absence of
Sox2, PARP-1 binds to linker DNA of the nucleosome, as indicated by increased
protection from/resistance to cleavage by DNasel (Fig. 2.18A, a; compare lanes 1 and 3).
Adding PARP-1 enhances the binding of Sox2 to the Sox motif, as indicated by increased
protection from/resistance to cleavage by DNasel DNasel (Fig. 2.18A, ¢; compare lanes 2
and 4). Moreover, the addition of Sox2 increases the interaction of PARP-1 in regions
adjacent to the Sox motif (b), while decreasing the interaction of PARP-1 with the linker
DNA DNasel (Fig. 2.18A, a; compare lanes 3 and 4).



66

|—
A 6xHis-Tagged B PARP-1 - =

PARP-1 Protein
PARP-1 E

©

c

Ni-Beads =]
|mmobi|izel/ @l sox2 |E|

Recombinant

Sox2
Incubate
C AMD Catalytic
DBD B'R_(;T Domain
Wash WT PARP-1 [Ty e
ACAT [T =r ]
DBD-BRCT [T =3
Western DBD [
Blotting ABRCT [EET——h AT
G
D B 5 E 20 PARP-1 Binding Assay
g 2 2% 2 1.6
PARP1 2 38 8 % 25
£ £ 1.21
- ©
- < 3 0.8 .
TS| PARP-1 |p & X o4 .
S - 9 n ]
2 " - 0-
PARP1 & & 5 8 &
soxz @ o] Se82
12345 Q <
PARP-1 Binding Assay @

Figure 2.17. The PARP-1 BRCT domain mediates interactions between PARP-1 and
Sox2.

A) Flow chart for the binding assay used to examine interactions between PARP-1 and
Sox2.

B) PARP-1 interacts with Sox2 protein in vitro. Sox2 was incubated with immobilized
PARP-1 as described in panel A. Bound material was analyzed by Western blotting for
PARP-1 and Sox2, as indicated.

C) Schematic diagrams of the PARP-1 deletion proteins used in the in vitro binding assays
shown in panels D and E.

D) The PARP-1 BRCT domain mediates interactions between PARP-1 and Sox2. Sox2
was incubated with immobilized wild-type or mutant PARP-1, as described in panel A.
Bound material was analyzed by Western blotting for PARP-1 and Sox2, as indicated.

E) Quantification of the binding assays from panel D. The Sox2 bands were quantified by
densitometry and the signals were normalized to the molarity of the PARP-1 protein
immobilized on the beads. Each bar represents the mean plus the SEM, n = 3. Asterisks
indicate significant differences: Student’s t-test, *p = 0.018; **p = 0.005.
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Figure 2.18. Sox2 redirects PARP-1 binding on the nucleosome.

A) DNasel footprinting assay using a 601 NPE mononucleosome containing a Sox motif.
The location of the nucleosome and the Sox2 binding site are shown. The results show
that: (1) PARP-1 binds to linker DNA in the absence of Sox2, as we have shown
previously °, as indicated by increased protection from/resistance to cleavage by DNasel
(a; compare lanes 1 and 3); (2) The addition of PARP-1 enhances the binding of Sox2 to
the Sox motif, as indicated by increased protection from/resistance to cleavage by DNasel
(c; compare lanes 2 and 4); (3) The addition of Sox2 increases the interaction of PARP-1
in regions adjacent to the Sox motif (b), while decreasing the interaction of PARP-1 with
the linker DNA (a; compare lanes 3 and 4). These results suggest that PARP-1 stabilizes
Sox2 binding to nucleosomes by forming a complex with Sox2. In addition, these results
suggest that Sox2 may redirect PARP-1 binding from the linker DNA to adjacent to the
Sox2 binding site.

B) Schematic representation of the results from panel A, showing Sox2 redirecting PARP-
1 binding from the linker DNA to the Sox2 binding site.

2.3.7. Regulation of Sox2 interaction with nucleosome by the position of the Sox motif

The structural features of nucleosomal DNA are determined by the rotational
phasing of the DNA relative to the histone octamer. In this regard, we asked whether the
position of the Sox motif along the length of the nucleosomal DNA affects the dependency
of Sox2 on PARP-1 for binding to the nucleosome. To answer this question, we created a

set of ten nucleosomal templates, each with the Sox motif located at a different position in
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the DNA (Fig. 2.20A). Some of the Sox motifs were located in narrow minor grooves
facing toward the histone octamer, while others were located in wide minor grooves facing
away from the histone octamer (Fig. 2.20A). We observed a striking correlation of Sox2
binding to the nucleosome with the structural features of the nucleosomal DNA in which
the Sox motif was located. When the first three bases of the Sox motif, which are likely to
mediate interactions with Sox2 in the nucleosomal context *, were located in a narrow
minor groove, Sox2 bound in a PARP-1-independent manner (Fig. 2.20B, constructs 14,
27, 56, and 64; Fig. 18C). In contrast, when the first three bases of the Sox motif were
located in a wide minor groove, Sox2 bound in a PARP-1-dependent manner (Fig. 2.20B,
constructs 0, 2, 10, 32, 44, and 62; Fig. 2.20C). A similar effect of PARP-1 on the binding
of Oct4 was not observed (Fig. 2.10B). Interestingly, previous studies have shown that the
binding of arginine residues in the DBD to narrow minor grooves in DNA is an important

mode of protein-DNA recognition for many transcription factors >

, a result that may
explain our observations with Sox2. Together, our results suggest that DNA shape can
play important role in directing transcription factor binding to nucleosomes.

These results show that the enhancement of Sox2 binding to nucleosomes by
PARP-1 is limited to those sites located in wide minor grooves facing away from the
histone octamer. Furthermore, they indicate that PARP-1 acts to counteract the effects of
minor groove width on Sox2 binding (Fig. 2.20C). Interestingly, a similar effect can be
discerned for native nucleosomes examined across the genome of mESCs. We identified
Sox motifs under Sox2 ChIP-seq peaks located within nucleosomes defined by MNase-seq
(Fig. 2.20D). We then calculated the nucleosome rotational positioning (NRP) score,
which indicates the orientation of DNA with respect to the histone octamer, around each
nucleosomal Sox motif that was identified (Fig. 2.20D). A higher NRP score indicates a
greater tendency for the DNA sequence to face away from the histone octamer . Native
nucleosomal PARP-1-dependent Sox2 binding sites exhibited significantly higher NRP
scores than PARP-1-independent Sox2 binding sites, notably at the first three bases of the
Sox motif (Fig. 2.20E). These results provide a strong link between our observations
about the effects of PARP-1 on Sox2 binding to nucleosomes in vitro and with our

observations in cells.
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Figure 2.19. Assembly of mononucleosomes containing a natural Pou/Sox motif from
the Nanog promoter and binding by Oct4 to the mononucleosomes.

A) Assembly of biotinylated mononucleosomes used in the nucleosome binding assays
shown in Fig. 4B, as well as panel B below. The nucleosomes were assembled using
DNA containing the 601 NPE, as well as a natural combined Pou/Sox motif
(TTTTGCATTACAATG; red, Pou; blue, Sox) from the Nanog promoter located at the
following positions relative to the dyad axis: (1) 0, (2) 2, (3) 10, (4) 14, (5) 27, (6) 32, (7)
44, (8) 56, (9) 62, (10) 64 (numbering is relative to the “C” in the Sox motif). Native
polyacrylamide gel showing biotinylated 601 nucleosome positioning element (NPE)
DNA (“DNA”) or the same DNA assembled into mononucleosomes. The histone-DNA
complex of the mononucleosome migrates more slowly than the free DNA.

B) Oct4 binds to mononucleosomes independent of PARP-1 and irrespective of the
location of the Oct motif. The assays were performed as described in Fig. 4B using
purified recombinant Oct4. Biotin-labeled 601 NPE DNA, or the same DNA assembled
into a mononucleosome, was immobilized on streptavidin beads and incubated +
recombinant Oct4 and PARP-1, as indicated. After washing, the bound proteins were
analyzed by Western blotting.



70

mm Facing Away from the Histone Octamer PARP-1-Dependent Binding
Facing Toward the Histone Octamer PARP-1-Independent Binding
16 . . . . . . . . . . . . .

g 14
= 12
(L]
= 104

8 T T T T T T T T T T T T T

-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70

Distance from the Dyad Axis (bp)

B 0 2 10 14 27 32 44 56 62 64 Cc
PARP-1I— PR

- PARP-1 + PARP-1

T
SOX2 + + + + + + + + + + o+ + + £ + + + + + +
PARP-1| a8 wo w8 o= o= = o= o = =
Sox2 | -‘--—-----H - - - -]
H3|-—————-—..i |------- --4 ’
. 0

MGW (A) 135 131 142 95 9.7 131 1.7 104 13.7 104 9 10 M1 12 13 14 15
MGW (A)
D E 25.0
Nucleosome Rotational In Vivo Genome-Wide R-values: = PARP-1-independent

02; b = 0.04; = PARP-1-dependent

Positioning at Sox2 a=0.0
i i i ¢=0.01; d=0.005;
e=0.0

2 Binding Sites Genome-Wide 5]

3 | SoxzPeaks | Overlap witha o X4 00
& | from ChIP-seq [ nucleosome?: 8

E No—> Remove 2 24.0

s Sox motif Yes—> Calculate %

2 | closesttothe | NRP score 23.5

< center of around the Sox

the Sox2 peak | motif NACAAWRS

23.05 T
-20 -15

10 -5 0 5 10 15 20
Distance from the “C” in the Sox Motif (bp)

Figure 2.20. PARP-1 facilitates Sox2 binding to nucleosomes at Sox sites located in
wide, outward-facing minor grooves.

A) Minor groove width (MGW) along the DNA of the 601 NPE nucleosome, as
determined from high resolution X-ray crystal structures (PBD: 3LZ0, 3LZ1, 3MVD).
The position of the dyad axis is set to 0. Blue and green bars above the graph indicate
locations across the nucleosome where the minor groove is facing away from the histone
octamer (blue) or toward the histone octamer (green). Vertical grey/red shading indicates
the position of the “TAC” in the first half of the Sox motif (TACAATG) in the various
nucleosome templates tested in panel B. Grey, Sox motifs located at these positions (large
MGW, generally facing away from the histone octamer) support PARP-1-dependent
binding of Sox2; Red, Sox motifs located in these positions (small MGW, generally facing
toward the histone octamer) support PARP-1-independent binding of Sox2.

B) The location of the Sox motif determines PARP-1-dependence of Sox2 binding to
nucleosomes in vitro. In vitro nucleosome binding assays, as in Fig 3A, using a set of
nucleosome templates with a Sox motif placed in different locations across the
nucleosome, as indicated in panel A. The numbering is based on the distance of the “C”
in the first half of the Sox motif to the dyad axis of the nucleosome. The average MGW in
A for the “TAC” in the first half of the Sox motif of each nucleosome template is indicated.
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C) Correlation between Sox2 binding and the average MGW for the “TAC” in the first
half of the Sox motif. The data were quantified from a minimum of three nucleosome
binding assays like those shown in (B). Sox2 binding was normalized to histone H3.
Black, Sox2 alone; Red, Sox2 in the presence of PARP-1.

D) Pipeline for calculating the nucleosome rotational positioning (NRP) scores of Sox
motifs associated with Sox2 binding sites located in nucleosomes, as determined by ChIP-
seq in mESCs.

E) NRP scores associated with PARP-1-dependent and PARP-1-independent Sox2
binding sites in mESCs. The x-axis represents position in nucleotides of the Sox motif
associated with the Sox2 binding site, as determined by ChIP-seq, with the “C” in the first
half of the Sox motif set to 0. The y-axis represent average NRP score associated with
each nucleotide position (dark lines), with the SEM range indicated by lighter shading.
Vertical grey shading highlights regions exhibiting a significant difference in NRP score
between PARP-1-dependent and PARP-1-independent Sox2 binding sites. Higher NRP
scores indicate a greater tendency for the sequence to face away from the histone octamer.

2.4. Discussion

Our results demonstrate a potent effect of PARP-1 on the binding of Sox2 to a
subset of its genomic binding sites, which are suboptimal with respect to the chromatin
state and the location of the underlying Sox motif in the genomic DNA. The PARP-1-
dependent binding of Sox2 to these sites drives the transcription of key genes whose
expression helps to maintain the pluripotent phenotype of mESCs. Collectively, our
results show that PARP-1 promotes the binding of Sox2 to inaccessible nucleosomes
located in closed regions of chromatin co-occupied by few, if any, partner transcription
factors (Fig. 2.21, A and B). Furthermore, our results show that PARP-1 helps Sox2
overcome the barrier to interact with Sox motifs with an orientation unfavorable to Sox2
binding (Fig. 2.21, C and D). These effects are mediated, in part, by the PARP-1 DBD,
which allows PARP-1 to bind to nucleosomes, and the PARP-1 BRCT domain, which
promotes interactions between PARP-1 and Sox2. We surmise that PARP-1 may act in
two ways, which are not mutually exclusive: it may (1) fine tune the structure of the
nucleosome to make Sox motif more accessible to Sox2 or (2) alter the structure of the
Sox2 DBD to facilitate binding to Sox motifs located in nucleosomes. Our results
illustrate how the actions of a chromatin-modulating protein, such as PARP-1, can act at
the level of the nucleosome to produce global effects on transcription factor binding and

biologically important gene expression outcomes.
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2.4.1. Modulation of Oct4 and Sox2 DNA binding by nucleosome occupancy
Nucleosomes have long been considered as a barrier inhibiting transcription factor

28 29

access to its target sequence . In order for transcription factors to bind to DNA,

nucleosome needs to be either ejected or moved away by chromatin remodeling proteins

28,30 .
", Recent studies

such as SWI/SNF complex to expose the regulatory sequence
suggested that certain transcription factors such as Oct4 and Sox2 have pioneer factor
activity since they are capable of overcoming nucleosomal barrier and interact with their
binding sites >' '*. Sox2 alone is able to bind to a Lin28 nucleosome, with binding affinity
comparable to naked DNA ', In contrast, our study suggests that Sox2 alone cannot stably
bind to nucleosome. Instead, it requires PARP-1 to interact with nucleosome in a specific
and stable manner. One possible explanation to this discrepancy is that a more stringent
binding condition, 150 mM NaCl and 0.1% NP-40, is used in this study, while the
previous study used 10 mM KCI and no detergent '*. In addition, since previous study
used native Lin28 DNA sequence to assemble nucleosome, it is unknown where the Sox2
motif is positioned relative to nucleosome. In fact, our results indicate that when the Sox
motif is positioned in certain areas of nucleosome, it directs stronger and PARP-1-
independent Sox2 binding (Fig. 2.20). This is different from the case of Oct4, which binds
to its motif irrespective of where the motif sequence is located in the nucleosome (Fig.

2.19).

2.4.2. Regulation of Sox2 binding to nucleosome by position of Sox motif in the
nucleosome
The affinity of DNA binding sequence to transcription factor regulated by DNA

2 26 DNA structure,

shape feature has been characterized in a number of studies
specifically the minor groove width of the DNA sequence, acts as an independent factor in
addition to the DNA sequence itself and determines the specificity and affinity of
transcription factor association. Interestingly, in our study, we observed a strong
correlation between the position of Sox motif and its affinity with Sox2. That is, when the
first three nucleotides of Sox motif are positioned in narrow minor groove width region

facing towards histones, Sox2 binding affinity is stronger. As an explanation for this,

narrow minor groove of DNA may stabilize the interaction with the arginine residues in
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the HMG domain of Sox2. This suggests that DNA shape may play important role in
directing transcription factor binding in a nucleosomal complex.

One potential caveat for this model, however, is that when nucleosomal DNA has
a narrow minor groove width, the same DNA segment also faces towards histone, which
might hinder the interaction between transcription factor and nucleosomal DNA *2. On the
other hand, one other interpretation for the position-dependent Sox motif binding affinity
to Sox2 exists: the interaction between Sox motif and Sox2 protein is mainly determined
by the second half part of the Sox motif. Therefore, when this part of the Sox motif faces
outwards of histone, it is more accessible to Sox2. Although Soufi et al. showed using
DNase footprinting assay that instead of the second half; it is the first half part of the Sox
motif that mediates the interaction with Sox2 in a nucleosome '*, we still cannot rule out
the possibility that the second half of the Sox motif is required for interaction with Sox2.
Further analyses are needed to pin point the nucleotides mediating the interaction between
Sox motif and Sox2 in a nucleosome in order to better understand the relation between Sox

motif position in the nucleosome and its affinity to Sox2.

2.4.3. Role of PARP-1 PARylation in regulating chromatin association of Sox2
PARylation activity of PARP-1 is usually required for the function of PARP-1. For
example, regulating KDMS5B requires PARylation of KDMS5B protein, which further
inhibits the activity of KDM5B as well as blocking its association with chromatin ’. On
the other hand, PARP-1 can also function in a PARylation activity-independent manner.
One example for this is the regulation of transcription factor E2F1, where PARP-1
interacts with E2F1 independent of its DBD and catalytic domain and regulates the DNA
binding of E2F1 °. The PARyation activity-dependent or —independent mechanisms are
not mutually exclusive. Instead, signal-induced changes of PARylation activity can trigger
the switch of the mechanism used by PARP-1 to regulate the same proteins during
different cell states. In this study, we identified the function of PARP-1 as a pioneer factor
in undifferentiated embryonic stem cells, forming a complex with Sox2 and promotes the
interaction between Sox2 and nucleosome. This does not require PARP-1 enzymatic
activity, since 1) PARylation activity of PARP-1 is low in embryonic stem cells compared
to differentiating ES cells, 2) inhibiting PARP-1 activity does not have the same gene

expression changes as PARP-1 depletion, 3) deleting catalytic domain has no affect on
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PARP-1’s function in regulating Sox2 binding to nucleosome. On the other hand, PARP-1
PARylation activity dramatically increases when ES cells undergo differentiation (Fig
2.4A). Enhanced PARylation activity of PARP-1 may in turn use a different mechanism to
regulate Sox2 in differentiating ES cells. In this regard, PARylation of Sox2 has been
reported to promote Sox2 degradation in differentiating ES cells "°. In addition, increased
PARylation level of PARP-1 decreases the affinity between PARP-1 and chromatin, and
increases the affinity between PARP-1 and Sox2, which was suggested to inhibit the Sox2
interaction with chromatin *>. Therefore, under various cell states, PARP-1 with different
PARylation activity status can play different role to the same target protein. This adds one

more layer to the regulatory functions of PARP-1 in response to different cellular cues.

2.4.4. Potential mechanisms of PARP-1 regulating somatic reprogramming

The function of PARP-1 in regulating iPSC generation has been reported in multiple
studies. PARP-1 and its PARylation activity are required for efficiently reprogramming
somatic cells into induced pluripotent cells . In addition, the authors showed that PARP-1
depletion causes decreased level of histone mark H3K4me2, increased H3K27me3, as
well as decreased Oct4 chromatin binding *. However, it is not clear whether the decreased
transcription factor binding is due to changed histone mark level or it is the other way
around, especially given the fact that pluripotency factors Oct4, KIf4, and Sox2 are able to
access to closed chromatin during early stages of iPSC generation . Our study has
provided one potential explanation of how PARP-1 promotes reprogramming. That is,
PARP-1 acts as a pioneer factor facilitating Sox2 access to closed chromatin region.
However, one argument against this model is that since PARylation activity is not required
for the pioneer factor activity of PARP-1, why does blocking PARylation activity also
inhibit somatic reprogramming®? One explanation to this might be that during
reprogramming, transcription factor binding profile undergoes dynamic changes. Instead
of constantly stably binding to chromatin, OSKM factors are subject to various cellular
signaling pathways and might progressively change their binding sites. This can be
demonstrated by the dramatically different OSKM binding profile between early stage of

3

somatic reprogramming and the end point of reprogramming — iPS cells . Since

PARylation can be a mechanism of regulating chromatin association of PARP-1 and its
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target proteins, it is speculated that maintaining PARylation activity is also critical in order

to allow the dynamic chromatin binding of OSKM factors during iPS generation.
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Figure 2.21. Model for PARP-1-dependent binding of Sox2 to nucleosomes.

A and B) Frequency of (A) PARP-1-dependent and (B) PARP-1-independent Sox2
binding sites with the features indicated.

C and D) Model for the mechanism of Sox2 binding at (C) PARP-1-dependent and (D)
PARP-1-independent sites. The Sox motifs for PARP-1-dependent Sox2 binding sites
typically located in wider minor groves than the Sox motifs for PARP-1-independent Sox2
binding sites. PARP-1 interacts with nucleosomal DNA through its DBD and Sox2
through its BRCT motif.

2.5. Materials and Methods

Culture and Differentiation of Mouse Embryonic Stem Cells (mESCs)
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Parpl™" (wild-type; WT) and Parpl”” (PARP-1 KO) mESCs were kindly provided
by Dr. Zhao-Qi Wang (Leibniz Institute for Age Research, Fritz Lipmann Institute) .
The cells were maintained on a feeder layer in mESC growth medium: Dulbecco’s
modified Eagle’s medium (Gibco; 11965) containing 2 mM L-glutamine (Sigma),
supplemented with 15% (v/v) FBS (Atlanta Biologicals; S12450), 0.1 mM nonessential
amino acids (Sigma; M7145), 1 mM sodium pyruvate (Invitrogen; 11360070), 1000
units/mL mLIF (Millipore; ESG1106), penicillin and streptomycin (Invitrogen; 15140),
and 0.1 mM f-mercaptoethanol (Sigma). The cells were passaged twice to eliminate
feeder cells before being used in experiments. To differentiate the mESCs into embryoid
bodies, the cells were separated from the feeder layer before culturing in 10 cm diameter
ultra low attachment plates at a density of 4 x 10° cells per plate in mESC growth medium
containing 15% (v/v) FBS without mLIF. The medium was changed every other day prior

to collection of the cells for experiments.

Antibodies

The antibodies used for Western blotting, co-IP, and/or ChIP were as follows:
PARP-1 (previously characterized custom rabbit polyclonal antibody °; now available
from Active Motif; 39561), PAR (Trevigen; 4335-AMC), Sox2 (Santa Cruz; sc-17320),
Oct4 (Santa Cruz; sc-8628), Nanog (Abcam; ab8092), H3K4me3 (Active Motif; 3915),
H3K27me3 (Millipore; 170622), f-actin (Sigma; A5316), Flag (Sigma; F3165), histone
H3 (Abcam; ab1791).

Analysis of Protein and PARylation Levels by Western Blotting

Whole cell extracts (WCEs) were prepared from mESCs using cell lysis buffer [S0
mM Tris-HCI pH 7.5, 0.5 M NaCl, 1.0 mM EDTA, 1% NP-40, and 10% glycerol, 1x
protease inhibitor cocktail (Roche)] containing 1 uM PJ34 (to inhibits PARP activity) and
100 uM tannic acid (to inhibit PARG activity). After clarification of the WCEs by
centrifugation, aliquots containing equal amounts of total protein, as determined by a BCA
assay (Pierce), were run on 8 to 10% polyacrylamide-SDS gels, transferred to
nitrocellulose membrane, and subjected to Western blotting using the antibodies listed

above and a chemilumenescent detection system (Thermo scientific).
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RNA Extraction and RT-qPCR

RNA isolation and RT-qPCR were performed using a standard protocol, as
previously described **. Briefly, total RNA was extracted from mESCs using Trizol
reagent (Life Technologies) following the manufacturer’s instructions, reverse transcribed,
and subjected to qPCR using the gene-specific primers listed below. Unless specified, all
target gene expression levels were normalized to B-actin mRNA. All RT-qPCR assays

were performed a minimum of three times to ensure reproducibility.

RNA-seq Library Preparation

Total RNA was isolated as described above. The integrity of the RNA was
assessed and verified using an Experion Automated Electrophoresis System (Bio-Rad)
before mRNA-seq libraries were prepared using methods described previously *>. Briefly,
polyA+ RNA was enriched using Dynabeads oligo(dT)25 (Invitrogen), heat fragmented,
and reverse transcribed using random hexamers in the presence of dNTPs. Second strand
cDNA synthesis was performed with dNTPs, but replacing dTTP with dUTP. After end-
repair, dA-tailing, ligation to adaptors containing barcode sequences, and size selection
using AMPure beads (Agencourt), the synthesized second-strand was digested using uracil
DNA glycosylase (Enzymatics). A final PCR reaction was performed using Phusion high-
fidelity DNA polymerase (NEB). After library quality control assessment using a
Bioanalyzer (Agilent), the samples were subjected to 50 bp sequencing using an Illumina

HiSeq 2000 Sequencing System.

Analysis of mRNA-seq Data
mRNA-seq reads were subjected to quality-control using FastQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), trimmed to remove adapter

sequences, and aligned to the mouse reference genome (mm9) using Tophat ¢ before
transcript assembly using Cufflinks *”. The data were then converted to wiggle (WIG) file
format using PeakRanger ** for visualization using the Integrative Genomics Viewer
(IGV2.3) *. Cuffdiff *” was used to identify genes that showed significant differential
regulation upon PARP-1 depletion, with a false discovery rate (FDR) cutoff of 5%. The
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expression data were visualized in heatmaps using Java TreeView *’, ranked in order
based on the the log2 of the PARP-1-1 KO to WT RPKM ratio.

The DAVID bioinformatics tool (was used for gene ontology analysis. Gene set
enrichment analysis (GSEA) tools developed by broad institute were used for the GSEA

analyses (http://www.broadinstitute.org/gsea/index.jsp).

Chromatin Immunoprecipitation and ChIP-qPCR

mESCs were passaged twice without a feeder layer and then grown in geletin-
coated plates to ~70 to 80% confluence. The cells were cross-linked using 1%
paraformaldehyde at room temperature for 10 min., followed by quenching in 125 mM
glycine for 5 min. at 4°C. The crosslinked cells were collected, and the nuclei were
released by gentle pipetting three times in lysis buffer [10 mM Tris-HCI pH 7.5, 2 mM
MgCl,, 3 mM CaCl,, 0.5% NP-40, 10% glycerol, 1 mM DTT, Ix protease inhibitor
cocktail (Roche)]. The nuclei were collected by gentle centrifugation and resuspended in
sonication buffer [1x PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1x protease
inhibitor cocktail (Roche)]. The nuclei were then incubated in sonication buffer on ice for
10 min., and sonicated at 4°C using a Biorupter (Diagenode) high setting, three cycles of 5
min. sonication (30 seconds on/30 seconds off) with 5 min. intervals) to generate genomic
DNA fragments of 200 - 500 bp in length. The sonicated chromatin was clarified by
centrifugation and pre-cleared with agarose beads.

Aliquots of the pre-cleared chromatin were immunoprecipitated with various
antibodies at 4°C overnight, followed by collection of the immunoprecipitates using
protein A (Millipore) or G (Invitrogen) agarose beads (protein A beads for H3K4me3,
H3K27me3, and PARP-1 antibodies; protein G beads for Sox2 and Oct4 antibodies). The
beads were collected by gentle centrifugation and washed in low salt wash buffer (20 mM
Tris-HCl pH 7.9, 2 mM EDTA, 125 mM NaCl, 0.05% SDS, 1% Triton X-100, 1x protease
inhibitor cocktail), high salt wash buffer (low salt wash buffer containing 500 mM NaCl),
and LiCl wash buffer (10 mM Tris-HCI pH 7.9, 1 mM EDTA, 250 mM LiCl, 1% NP-40,
1% sodium deoxycholate, 1x protease inhibitor cocktail). The immunoprecipitated
genomic DNA was eluted and the crosslinks were reversed by incubation in elution buffer

(100 mM NaHCOs, 1% SDS) at 65°C overnight. The genomic DNA was then
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deproteinized by  digestion with  proteinase @K and  extraction  with
phenol:chloroform:isoamyl alcohol, followed by precipitation with ethanol. The ChIPed
DNA was then subjected to qPCR using the locus-specific primers listed below. All

ChIP-qPCR assays were performed a minimum of three times to ensure reproducibility.

ChIP-seq Library Preparation

Approximately 50 ng of ChIPed DNA (quantified using a NanoDrop) was used to
prepare each ChIP-seq library using methods described previously '*. Briefly, the
genomic DNA fragments were end-polished, dA-tailed, and ligated to Y-adaptors
containing barcode sequences. After agarose gel-based size selection and purification, the
DNA was amplified for 13 - 15 cycles by PCR using Phusion high-fidelity DNA
polymerase (NEB). The final ChIP-seq libraries were subjected to quality control
assessment using a Bioanalyzer (Agilent), followed by 50 bp sequencing using an Illumina

HiSeq 2000 Sequencing System.

ChIP-seq Data Analysis
Read alignment and peak calling. ChIP-seq reads were subjected to quality-control using

FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), trimmed to

remove adapter sequences, and aligned to the mouse reference genome (mm9) using
Bowtie 0.12.7 *', allowing for one mismatch during alignment. Significant peaks of
PARP-1 enrichment in WT mESCs were called using MACS 1.4.2 '°, with a p-value
cutoff of 0.001. Significant peaks of Sox2 and Oct4 enrichment in WT mESCs were
called using PeakRanger 1.1 *® with a p-value cutoff of 1 x 10”. Genomic DNA isolated
from sonicated chromatin without immunoprecipitation was used as an input control for
identifying regions of enrichment. The data were then converted to wiggle (WIG) file
format using PeakRanger ** for visualization using the Integrative Genomics Viewer
(IGV2.3) .

Generating a correlation matrix of transcription and chromatin factor enrichment. For
each of the 13 transcription and chromatin factors included in this analysis (see Fig. 1D),
significantly enriched regions were called using MACS and merged to generate a total

number of 87,487 genomic loci showing enrichment for at least one factor. Read counts
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for each factor at the 87,487 loci were determined and normalized to (1) the total number
of aligned reads for that factor and (2) the length of each locus. Pearson correlation
coefficients for all possible pairwise comparisons of factors were calculated based on the
normalized reads, which were further converted to distance values. A larger distance
value represents a lower correlation. Hierarchical clustering based on the distance values
was performed using the “hclust” function in R, using the complete linkage method. The
factors in the correlation matrix were ordered based on hiearchical clustering and the
correlation matrix was visualized using Java TreeView .

Heatmaps. ChIP-seq read densities were visualized in heatmaps using Java TreeView *.
For the heatmaps of H3K4me3 and H3K27me3, we determined the read densities in a 10
kb window (£ 5 kb) around the transcription start sites (TSSs) of the PARP-1 regulated
genes, using a 20 bp moving window. For the heatmaps of Sox2 and PARP-1, we
determined the read densities for Sox2 in a 4 kb window (+ 2 kb) around the Sox2 peak
summit using a 20 bp moving window. Corresponding PARP-1 read densities in the
corresponding regions were determined for the same windows and plotted in the same
order as the Sox2 data.

Box plots. Read intensities for H3K4me3 and H3K27me3 in a 1 kb window (+ 0.5 kb)
around the TSSs of RefSeq genes were determined and plotted using the box plot function
in R.

Determining changes in Sox2 binding. Sox2 binding sites showing altered enrichment
upon PARP-1 depletion were identified by mining the Sox2 peaks identified using
PeakRanger in WT mESCs. The read counts across those peaks in both replicates of the
Sox2 ChIP-seq data from the WT and PARP-1 KO samples were determined for a 400 bp
region (+ 200 bp) around the peak summit. Read counts were further normalized to the
total reads in sample. Sox2 and Oct4 binding regions significantly changed upon PARP-1
depletion were identified using edgeR ** with a p-value cutoff of 0.01. To define PARP-
l-independent Sox2 binding sites, Rc (Reads change) values of all Sox2 peaks were

calculated using the following formula:

Rec =log(Tp/Tw)
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where Tp and Tw represent the binding intensity in the PARP-1 KO and WT samples,
respectively'®. Peaks with the highest tercile of Rc values were defined as PARP-1-

independent binding sites.

Additional Genomic Data Analyses

Relationship between Sox2 binding and gene expression. To identify genes possibly
regulated by adjacent Sox2 binding sites, each Sox2 binding site was assigned to the
nearest RefSeq gene TSS within 10 kb (“associated genes™). For the GSEA analysis ***,
we used genes associated with PARP-1-dependent Sox2 binding sites and their associated
expression profiles from both replicates of WT and PARP-1 KO RNA-seq data. An equal
number of randomly selected genes were used as control. Gene set enrichment analysis

(GSEA) tools developed by broad institute were used for the GSEA analyses
(http://www.broadinstitute.org/gsea/index.jsp).

Motif analyses. To identify the occurrence of sox motifs under Sox2 ChIP-seq peaks, we
used the DNA sequences in 100 bp (= 50 bp) regions around the Sox2 peak summits as
input in a directed search for the consensus sox motif ACAAWRS using FIMO in the
MEME suite * with a p-value cutoff of 0.01 used to determine the association of a sox
motif with the respective peak. When multiple ACAAWRS motifs were present in one
peak, the motif with the lowest p-value and least number of mismatches was assigned to
the peak. When multiple motifs with the same p-value and number of mismatches were
found in one peak, the motif nearest to the peak summit was chosen.

To identify Sox2 peaks associated with the Sox/Pou motif, we performed a directed
search for the pou motif ATGCWRA in regions 30 bp upstream and downstream of the
sox motifs assigned to each Sox2 peak, with a p-value cutoff of 0.01 used to determine the
association of a pou motif with the respective peak. The location of the Sox/Pou motif
center within the same peak was then calculated. Optimal Sox/Pou motifs were defined as
those sox and pou motifs are on opposite strands and are separated by 1 bp.

Analysis of transcription factors located near Sox2 binding sites. Nanog, Tcf3, Klf4,
Estrb, and Stat3 ChIP-seq data sets from mESCs were obtained from public data
repositories (see below). The data were aligned and peaks called as described above for

Sox2 and Oct4. Those transcription factors with peak summit distances <100 bp for a
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Sox2 peak summit were defined as “colocalized” with Sox2 at that locus. For the heatmap
showing the extent of colocalization with Sox2, we generated a binary matrix, where “0”
indicates that there was no colocalization of the transcription factor with Sox2, while “1”
indicates that there was colocalization. The Sox2 binding sites were ranked by
hierarchical clustering using Cluster *, with an uncentered correlation similarity metric
using the single linkage method. Java TreeView *° was used for visualization.

MNase-seq and DNase-seq data analysis. MNase-seq data *” and DNase-seq data ** from
mESCs were obtained from public data repositories (see below). In both cases, the
sequencing reads were aligned to the mouse reference genome (mm9) using Bowtie 0.12.7
*1. For the MNase-seq data, uniquely aligned reads were used to call nucleosome
occupancy using DANPOS-2.1.2 ¥, Metaplots of nucleosome occupancy were generated
by calculating the average nucleosome density for a 4 kb (+ 2 kb) region around all Sox2
peak summits using a moving window of 20 bp. For the DNase-seq data, the metaplots
were generated by calculating the average read counts for a 4 kb (+ 2 kb) region around all
Sox2 peak summits using a moving window of 20 bp.

Predicting nucleosome phasing of Sox motifs by calculating nucleosome rotational
positioning (NRP) scores. To calculate NRP scores based on DNA sequences, Sox motifs
associated with Sox2 binding sites from ChIP-seq data (within 20 bp of the Sox2 peak)
were searched as described above. The Sox motifs located within a nucleosome, as
determined from MNase-seq data, were then selected for further analysis. To calculate the
NRP score of a particular nucleotide at position 7, we took the DNA sequence from n—73
to n+73 into consideration. We then defined 14 minor-groove bending sites (n+4~n+7,
ntld4d~nxl7, nt24~n+27, n+34~n+37, nt45~n+48, n+t56~n+59, n+66~n+69) and 12
major-groove bending sites (n£9~n+12, n+19~n+22, n+29~n+32, n+39~n+42, n+50~n+53,
n+61~n+64), as described previously *°. The NRP score of a certain sequence motif x was
calculated by summing the counts Ci for the motifs occurring at all minor groove or major

groove bending sites:

S(n) = Li21wiCi,
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where w; is the weight of bending site i. NRP scores of sequence motifs WW, WWW, SS,
SSS, YR, YYRR, RYRY were calculated and summed to determine the NRP score at

7

position 7 *’. The higher the NRP score of a particular nucleotide, the more likely it is to

. . 2
bend into major groove®’..

Protein Co-immunoprecipitation Assays

To explore potential interactions of PARP-1 with Sox2 and Oct4, HEK293T cells
were transiently transfected with a plasmid for expressing Flag-tagged PARP-1 together
with a plasmid for expressing either Sox2 or Oct4. The cells were collected and lysed by
incubating on ice for 30 min in lysis buffer [25 mM Tris-HCI pH 7.5, 150 mM NacCl, 1%
NP-40, 10% glycerol, 1x protease inhibitor cocktail (Roche)] with intermittent gentle
inversion. After clarification of the lysates by centrifugation, aliquots containing equal
amounts of protein were subjected to PARP-1 co-immunoprecipitation in the same buffer
by adding 5 ul Flag monoclonal antibody (Sigma) and incubating in 4°C overnight. The
immunoprecipates were collected by incubation with protein A/G agarose beads for 2
hours at 4°C. The beads were collected by gentle centrifugation, washed three times using
wash buffer [25 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.5% NP-40, 10% glycerol, 1x
protease inhibitor cocktail (Roche)], and boiled in SDS-PAGE loading solution. The
eluted immunoprecipates were run on 8% polyacrylamide-SDS gels, transferred to
nitrocellulose, and subjected to Western blotting using antibodies to PARP-1, Sox2, and

Oct4 and a chemilumenescent detection system (Thermo Scientific).

Expression and Purification of Recombinant PARP-1 and Sox2
Purification of proteins expressed in insect cells. Flag tagged human PARP-1 proteins
(wild-type and DBD point mutant) were expressed in insect cells using a baculovirus
expression system and purified by using Flag-affinity purification, as described previously
Briefly, Sf9 cells infected with a baculovirus vector for expression of recombinant
PARP-1 were collected, resuspended in lysis buffer (20 mM Tris-HCI pH 7.5, 0.5 M NacCl,
1.5 mM MgCl,, 0.2 mM EDTA, 20% glycerol, 2 mM DTT, 1 mM PMSF, 20 ug/ml
leupeptin, 20 ug/ml aprotinin), and homogenized by douncing 15 times on ice using a

tight pestle. After clarifying the lysate by centrifugation, the supernatant was collected
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and mixed with an equal volume of dilution buffer (20 mM Tris-HCI pH 7.5, 1.5 mM
MgCl,, 0.2 mM EDTA, 10% glycerol, 2 mM DTT, 1 mM PMSF, 20 ug/ml leupeptin, 20
ug/ml aprotinin). The diluted supernatant was mixed with a-Flag M2 affinity resin
(Sigma) and incubated for 3 hours at 4°C. The resin was then collected by gentle
centrifugation and washed four times in wash buffer (20 mM Tris-HCI pH 7.5, 1 M NaCl,
10% glycerol, 0.2 mM EDTA, 1.5 mM MgCl,, 0.2% IGEPAL, 2mM DTT, 1 mM PMSF;
the high salt concentration removes nucleic acids that are bound by the PARP-1 protein.
Purified PARP-1 was eluted using elution buffer (20 mM Tris-HCI, 100 mM NaCl, 15%
glycerol, 0.2 mM EDTA, 2 mM DTT, 0.2 mg/ml Flag peptide, 0.5 mg/ml recombinant
human insulin), quantified using a BCA assay (Pierce), and stored in aliquots at -80°C.
Flag-tagged human Sox2 was expressed in Sf9 cells and purified using the same method
as described above for PARP-1.

Purification of proteins expressed in bacteria. His-tagged human PARP-1 proteins
(wild-type and deletion mutants) were expressed in bacteria (BL21 cells) using a plasmid
for IPTG-inducible expression °'. Bacteria transformed with the expression plasmid were
cultured to an OD of 0.4 and induced with 1 mM IPTG for 2 hours at 37°C. The cell
pellets were collected by centrifugation and the cells were lysed using lysis buffer (10 mM
Tris-HCI pH 7.5, 0.5 M NaCl, 0.5 mM EDTA, 0.1% NP-40, 10% glycerol, 10 mM
imidazole; 1 mM PMSF, 2 mM DTT, 20 ug/ml leupeptin, 20 ug/ml aprotinin) with
sonication. After clarification by centrifugation, the cell lysates were incubated with Ni-
NTA agarose beads (Qiagen) at 4°C for 2 hours, followed by multiple washes with wash
buffer (10 mM Tris-HCI pH 7.5, 1 M NaCl, 0.2% NP-40, 10% glycerol, 10 mM imidazole,
1 mM PMSF). The purified proteins were eluted using elution buffer (10 mM Tris-HCl
pH 7.5, 200 mM NaCl, 0.1% NP-40, 10% glycerol, 500 mM imidazole, 1 mM PMSF, 2
mM DTT), dialysed into elution buffer without imidazole, and concentrated using a
centrifugal concentrator (Millipore). The purified proteins were quantified using a BCA

assay (Pierce) and stored in aliquots at -80°C.

PARP-1-Sox2 Interaction Assays
Three ug of 6xHis-tagged human PARP-1 protein purified from bacteria was
incubated with 1 ug of human Sox2 protein (Abcam; Ab169843) in 1 mL of binding
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buffer (20 mM HEPES pH 7.9, 150 mM NaCl, 0.2 mM EDTA, 20% glycerol, 0.1% NP-
40, 0.1 ng/uL sonicated salmon sperm DNA, 1 mM DTT, and 1x complete protease
inhibitor cocktail) for 2 h at 4°C in the presence of 30 ul of Ni-NTA agarose beads
(Qiagen). After 3 washes each with 1 mL of binding buffer, the beads were collected and
boiled in 2x SDS loading dye. The eluted material was analyzed by Western blotting.

Nucleosome Assembly

Assembly of trinucleosomes. Core histones were prepared from HeLa cells as described
previously °. To prepare a DNA template for the assembly of trinucleosomes, a pGEM-
based plasmid carrying three tandem copies of the 601 nucleosome positioning element
(NPE) ** with the middle NPE containing a natural composite Pou/Sox motif from the
Nanog gene (sequence 5’-TTTTGCATTACAATG-3’; red, Pou; blue, Sox), was amplified
in E. coli and purified using the PureLink HiPure plasmid filter maxiprep kit (Invitrogen).
The purified plasmid DNA was digested using the EcoRV restriction enzyme to release the
three NPE cassette with blunt ends, followed by selective precipitation of the plasmid
backbone using 5% PEG and 10 mM MgCl,. The three NPE cassette was then
precipitated using 10% PEG and 10 mM MgCl,, collected by centrifugation, and dissolved
in 1x TE. To prepare a DNA template for the assembly of mononucleosomes, a DNA
fragment containing the 601 NPE with or without a Sox2 binding site plus 30 bp of
flanking linker DNA sequence was amplified by PCR. The Amplified DNA was
subjected to phenol-chloroform extraction, followed by ethanol precipitation. Tri-
nucleosomes and mono nucleosomes were assembled by salt gradient dialysis as described
3. The efficiency of assembly and the quality of assembled nucleosomes were checked by
running aliquots of the assembled product on native 4% PAGE gels run in 0.25x TBE
buffer, followed by staining with SYBR Gold (Life Technologies).

Assembly of mononucleosomes. Mononucleosomes with 5’ biotinylated DNA were
assembled by salt gradient dialysis as described above using 601 NPE DNA (with or
without a composite Pou/Sox motif) that was amplified by PCR with 5’ biotinylated

primers (Sigma).

DNase I Footprinting Assays
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Footprinting with trinucleosomes. Sox2 binding to naked DNA or the reconstituted
trinucleosome templates described above was assayed by DNase I footprinting. For these
assays (see Fig. 3B), 46 ng of the three NPE cassette as naked DNA or reconstituted into
trinucleosomes was incubated with 25 nM of Sox2 protein (purchased from Abcam;
ab169843) in the presence or absence of 10 nM of purified PARP-1 protein in a 20 puL
reaction for 1 hour at 30°C under the following buffer conditions: 15 mM Tris-HCI pH 7.5,
0.3 mM EDTA, 0.2 mM DTT, 2% glycerol, 50 mM NaCl, 150 ng/uL. BSA, 1x protease
inhibitor cocktail (Roche). The DNA was digested by the addition of 0.1 unit (for naked
DNA) or 1 unit (for nucleosomal DNA) of amplification grade DNase I (Invitrogen) for 5
min. at 25°C. Digestion was stopped by addition of an equal volume of DNasel stop
solution containing 20 mM Tris-Cl pH 7.5, 50 mM EDTA, 2% SDS, 0.2 mg/ml proteinase
K, 300 ng/uL glycogen with incubation for 1 hour at 55°C. The digested DNA was
extracted with phenol:chloroform:isoamyl alcohol, precipitated with ethanol, dissolved in
1x TE, and subjected to 10 cycles of primer extension using a >°P end-labeled primer that
anneals to the linker region (5’-CCATGGAAGCTTCAGGTCACAGTGCTCGAG-3’).
The resulting DNA fragments were run on an 8% PAGE-urea buffer-gradient gel in TBE.
The gel was dried, exposed to a phosphoimager screen, and visualized using PharosFX
system (Bio-Rad).

Footprinting with mononucleosomes. Sox2 binding to the reconstituted
mononucleosome templates described above was assayed by DNase I footprinting. For
these assays (see Fig. S7), mononucleosomes corresponding to 375 ng of DNA were
incubated with 300 ng of Sox2 protein with or without 600 ng of His-tagged human
PARP-1 in 50 uL of binding buffer (25 mM HEPES pH 7.5, 100 mM KClI, 20% glycerol,
0.1% NP-40, 10 uM ZnSO4, 1 mM DTT, 1x complete protease inhibitor cocktail) for 1
hour at 30°C, followed by the addition of 5 U of DNasel (Worthington; DPFF grade,
diluted in 50 uL of digestion buffer containing 10 mM MgCl, and 5 mM CaCl,) and
incubated at 25°C for 5 min. The digestion reactions were stopped by the addition of 100
uL of DNasel stop solution (20 mM Tris-HCI pH 7.5, 50 mM EDTA, 2% SDS, 0.2 mg/ml
proteinase K, 300 ng/uL glycogen) with incubation for 1 hour at 55°C. The digested
DNA was then extracted with phenol:chloroform:isoamyl alcohol, precipitated with

ethanol, dissolved in 1x TE, and subjected to 9 cycles of primer extension using an Alexa
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488 fluorescent end-labeled primer that anneals near the edge of the nucleosome ( 5°-
CTGGAGAATCCCGGTGCCGAGGCC-3’). The resulting DNA fragments were run on
an 8% PAGE denaturing buffer-gradient gel in TBE. The gel was dried, exposed to a

phosphoimager screen, and visualized using PharosFX system (Bio-Rad).

Sox2 Nucleosome Binding Assays

Nucleosome binding “pulldown” assays were performed as previously described >*,
with slight modification. Briefly, biotinylated mononucleosomes corresponding to 500 ng
of DNA were immobilized on 30 ul of Dynabeads Streptavidin MyOne T1 (Invitrogen) in
reconstitution buffer (10 mM Tris-HCI1 pH 7.5, 250 mM KCI, 1 mM EDTA, 0.1 % NP-40,
1 mM DTT) and incubated with 300 ng of Sox2 protein purchased from Abcam (Abcam,;
Ab169843) or purified from Sf9 cells as describe above with or without 600 ng of His-
tagged human PARP-1 in 1 ml of binding buffer (20 mM HEPES pH 7.9, 150 mM NaCl,
0.2 mM EDTA, 20% glycerol, 0.1% NP-40, 1 mM DTT, and Ix complete protease
inhibitor cocktail) for 2 h at room temperature. After 3 washes each with 1 ml of binding
buffer, the beads were boiled in 2x SDS loading dye and the proteins were analyzed by
Western blotting.

Determining DNA Shape Parameters

The 3DNA web-based tool >* was used to determine the DNA shape parameters
associated with the Sox motif located at different positions in the 601 nucleosome (see Fig.
4A) from high resolution X-ray crystal structures. Minor groove widths (MGWs) of three
601 nucleosome structures (PBD: 3LZ0, 3LZ1, 3MVD 555 6), including two different
orientations (3LZ0 and 3LZ1), were measured and compared. The MGWs determined
from all three nucleosome structures were similar. The data in Fig. 4A were plotted based

on the 3MVD structure.

Oligonucleotide Sequences for RT-qPCR and ChIP-qPCR
The oligonucleotide primers listed below were used for RT-qPCR and ChIP-qPCR

assays, as well as amplifying DNA for assembly into mononucleosomes.



* Primers for RT-qPCR (listed 5’ to 3°)

Nanog Forward:
Nanog Reverse:
Sox2 Forward:
Sox2 Reverse:
Oct4 Forward:
Oct4 Reverse:
Parpl Forward:
Parpl Reverse:
p-actin Forward:
p-actin Reverse:
Cdx2 Forward:
Cdx2 Reverse:
Krt8 Forward:
Krt8 Reverse:
Krt18 Forward:
Krtl8 Reverse:
Pax6 Forward:
Pax6 Reverse:
Handl Forward:
Handl Reverse:
Wnt8a Forward:
Wnt8a Reverse:
Gdf1 Forward:
Gdf1 Reverse:
Punc Forward:

Punc Reverse:

Cyp26al Forward:
Cyp26al Reverse:

Sox1 Forward:

Sox! Reverse:

CACCCACCCATGCTAGTCTT
ACCCTCAAACTCCTGGTCCT
CCGTTTTCGTGGTCTTGTTT
TCAACCTGCATGGACATTTT
CCAGAAGGGCAAAAGATCAA
CTGGGAAAGGTGTCCCTGTA
TGTTTGCCTCTTGTGGTGAG
AGCGTTCCTTCCTTTGGTCT
CACAGGGGAGGTGATAGCAT
CTCAAGTTGGGGGACAAAAA
AAGACCGGAATTGTTTGCTG
AAGGCTTGTTTGGCTCGTTA
ACTCACTAGCCCTGGCTTCA
TCTTCACAACCACAGCCTTG
CTTGCTGGAGGATGGAGAAG
CTGCACAGTTTGCATGGAGT
GGCGGTTAGAAGCACTTCAC
TACGCAAAGGTCCTTGGTTC
CCCTCTTCCGTCCTCTTACC
ATTCAGCAACGAATGGGAAC
TGCCTAGTTGCAGGACAGTG
CTACAGGCCAACCCTGTGAT
CCATCTCCGTGCTCTTCTTC
TCCACCACCATGTCTTCGTA
GGGTTCTCAAACCACAGGAA
AGGGAGATGCCTTGCTTGTA
AGCTGGCTAGGCACTGTGAT
GTGGGGCTTGTCTTCATTGT
CGCGAGATGATCAGCATGTA
GTAGTGCTGTGGCAGCGAGT
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Noggin Forward:

Noggin Reverse:
Foxl1 Forward:

Foxll Reverse:

Brachyury Forward:
Brachyury Reverse:

Map?2 Forward:
Map?2 Reverse:
Gata6 Forward:
Gata6 Reverse:
Sox7 Forward:
Sox7 Reverse:
Gata4 Forward:
Gata4 Reverse:
Sox17 Forward:
Sox17 Reverse:
Cdhl13 Forward:
Cdhli3 Reverse:

TGTACGCGTGGAATGACCTA
GTGAGGTGCACAGACTTGGA
CTGGGGTGGTTTCTTTTCAA
GACAGGGCAGATCACCCTAA
GGCAACAAGGGAGGACATTA
GTCCACCCCCTGTCCTACTT
GAGGGACTTGGGCTCAATCT
TGGAAAAGGCAAATTTCAGG
TGGTACAGGCGTCAAGAGTG
CAACACAGTCCCCGTTCTTT
CACCCCAGACATTTCCATTC
TCCAAGGGCAGACAAGAGTC
TTGTCCTCATCACCCACAGA
CTCTGCTACGGCCAGTAAGG
ATCTCGACACCTGCCAAAAG
TGGGAAGTGGGATCAAGACT
CACACACAGTGGCACAAACA
AGAGCAGCGTGTGGATCTCT

* Primers for ChIP-qPCR (listed 5’ to 3°)
Nanog_promoter Forward: CCAATGTGAAGAGCAAGCAA
Nanog promoter Reverse: GACCTTGCTGCCAAAGTCTC

&9

* Primers for amplifying 601 NPE DNA for assembly into mononucleosomes (listed 5’

to 3’)

601 MN Forward:
601 MN Reverse:

Genomic Data Sets

CCATGGAAGCTTCAGGTCACAGTGCTCGAG
GGCGGCCGGATCCCGCTGTTCAATACATGC

The new RNA-seq and ChIP-seq data sets generated specifically for this study can be

accessed from

NCBI’'s Gene Expression Omnibus

repository
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(http://www.ncbi.nlm.nih.gov/geo/) using the series accession numbers GSE74111,

GSE74112, as well as the individual accession numbers listed below. In addition, all of
the published RNA-seq and ChIP-seq data sets from mESCs used in this study can be
accessed through the GEO repository or the ENCODE Project repository

(https://www.encodeproject.org) using the accession numbers listed below.

Data Set Source/Reference Accession Number(s)

WT RNA-seq This study GSM1910630/GSM 1910631
Parpl”” RNA-seq This study GSM1910632/GSM1910633
H3K4me3 ChIP-seq This study GSM1910636/GSM 1910637

GSM1910634/GSM1910635
GSM1910638/GSM1910639
GSM1910640/GSM 1910642
GSM1910641/GSM1910643
GSM1910644/GSM 1910646
GSM1910645/GSM 1910647
GSM1910648/GSM 1910650
GSM1910649/GSM 1910651

H3K27me3 ChlP-seq  This study
PARP-1 ChIP-seq
WT Sox2 ChIP-seq This study
Parpl”” Sox2 ChIP-seq This study
WT Oct4 ChIP-seq This study
Parpl”” Oct4 ChIP-seq This study
WT ChIP-seq Input
Parpl”” ChIP-seq Input This study

This study

This study

CTCF ChlIP-seq Chen et al., 2008 GSM288351

Smcla ChIP-seq Kagey et al., 2010 GSM560341

Smc3 ChIP-seq Kagey et al., 2010 GSM560343

Ezh2 ChIP-seq Mikkelsen et al., 2008 GSM327668

Med1 ChIP-seq Kagey et al., 2010 GSM560347

Med12 ChIP-seq Kagey et al., 2010 GSM560346

TBP ChIP-seq Liu et al., 2011 GSM774944

Polll ChIP-seq Liuetal., 2011 GSM774946

c-Myc ChIP-seq Chen et al., 2008 GSM288356

n-Myc ChIP-seq Chen et al., 2008 GSM288357

Nanog ChIP-seq Marson et al., 2008 GSM307140/GSM307141
Tcf3 ChIP-seq Marson et al., 2008 GSM307142/GSM307143
Klf4 ChIP-seq Chen et al., 2008 GSM288354



Esrrb ChIP-seq
Stat3 ChIP-seq
MNase-seq
DNase-Seq

Chen et al., 2008
Chen et al., 2008
Lietal, 2012
ENCODE/UW, 2011

91

GSM288355
GSM288353
E-MTAB-1302
ENCSRO00COH
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3.1. Summary

Triple-negative breast cancer (TNBC) is a breast cancer subtype that imposes
challenges for treatment. Patients with TNBC frequently have poor prognoses and
outcomes. Therefore, identifying novel genes and pathways that cause that progression of
TNBC will be of great help for designing therapies for treatment. Various studies have
suggested that Sox2 might be responsible for mediating the progression and metastasis of
TNBC. In this study, we investigated the function of Sox2 in regulating gene expression
program in triple negative breast cancer cells. We found that Sox2 regulates the
transcription of genes mediating cell migration by occupying distal regulatory regions of
these genes. In addition, we explored the potential regulatory effect of Sox2 genomic
localization by inhibiting PARylation activity in TNBC. Surprisingly, blocking PAR
activity alters Sox2 genomic binding pattern as well as Sox2 mediated gene transcription
program. Therefore, we have uncovered a functional link between PARP, PARylation

activity and Sox2 in triple negative breast cancer cells.
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3.2. Introduction

Triple-negative breast cancer (TNBC) is a subtype that imposes challenges for
treatment, in part due to its lack of chemotherapeutic target proteins such as ER, PR,
HER2 '. Patients with TNBC frequently have poor prognoses and outcomes. Therefore,
identifying novel genes and pathways that cause that progression of TNBC will be of great
help for designing therapies for treatment >. TNBC tumors have been known to be highly
heterogeneous. Various different TNBC sub-types with distinct gene expression profiles
have been identified by analyzing gene transcription patterns using datasets from patient
tumor samples °. In addition, TNBC tumors are composed of multiple different cell
subpopulations. Among these subpopulations, a small population of stem-like cells, or
cancer stem cells (CSC), have been proposed to be responsible for mediating metastasis as
well as resistance to cancer therapy *.

The function of Sox2 in mediating tumorigenesis as well as cancer progression has
been reported in various studies °. Sox2 controls tumor initiation as well as cancer stem-
cell functions in squamous-cell carcinoma °. In addition, Sox2 has been found to be
involved in multiple different cancers including small-cell lung cancer ', pancreatic cancer

10 11,12 . .
, as well as breast cancer ' °. Sox2 gene is either

5, prostate cancer °, glioblastoma
amplified or transcriptionally up-regulated in 9% of breast cancer patients in The Cancer
Genome Atlas (TCGA) database " '*. Its expression level greatly elevates in sub-
populations with stem cell-like features, and significantly correlates with triple negative
breast cancer as determined by immunohistochemistry in multiple breast cancer patient
samples . Moreover, Sox2 was identified to be over-expressed in lymph node-metastased
breast cancer tumors as compared to primary tumors using expression microarray '°.
Therefore, Sox2 is a potential regulator of triple negative breast cancer. Sox2 expresses in
a heterogeneous manner in TNBC. It was found to be highly expressed in a sub-population

of cells containing surface marks CD44"/CD24"e"%

in triple negative breast cancer cell
line as well as dissociated primary breast cancer cultures. These cells, compared to
CD44'/CD24  cells, are more tumorigenic and show greater motility. Consequently, a
small population of Sox2" cells might act as “cancer stem cells” and mediate tumor

initiation as well as metastasis .
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As a transcription factor, Sox2 influences cell phenotypes through altering gene
expression profile. It regulates multiple cellular pathways which in turn control cell
growth, survival, differentiation, or migration >, As an example, Sox2 has been shown to
inhibit the expression of multiple genes in the Wnt signaling pathway, which is required
for the transition from self-renewing stem cell state into differentiated state in the
osteoblast lineage '*. In addition, Sox2 was also shown to promote cell proliferation
through enhancing cyclinD3 (CCND3) expression in pancreatic cancer cells °.
Furthermore, Sox2 is implicated as playing a role in regulating cell migration and invasion
in melanoma, through regulating the expression of matrix metalloproteinase (MMP)-3 '°.
In breast cancer, on the other hand, ectopic Sox2 expression was shown to promote the
expression of P-catenin and enhance Wnt signals, which in turn increases cell migration ''.
Despite the multifaceted roles of Sox2, it seems that Sox2 functions in a cell type-specific
manner. For example, although Sox2 promotes cell growth in pancreatic cancer, it inhibits
cell proliferation in gastric cancers *°. In addition, how Sox2 regulates certain signaling
pathway such as Wnt signals is also dependent on specific cancer cell types. Therefore, it
is important to determine the context-specific role of Sox2 in order to understand its
function in a given cancer type.

The cell type-specific manner of Sox2 function is in part due to the distinct
chromatin binding patterns of Sox2 in different cell types, which is further determined by
the expression of cell type-specific transcription factors which cooperate with Sox2
binding to the genome *'. Consequently, identifying breast cancer-specific transcription
factor responsible for mediating Sox2 transcriptional regulation activity will greatly help
to understand the specific function of Sox2 in triple negative breast cancer.

Due to the fact that only a small population of cells are Sox2 positive in many triple
negative breast cancer cell lines '/, it is difficult to directly study the function as well as to
identify regulatory targets of Sox2. In order to overcome this difficulty and dissect the role
of Sox2 in triple negative breast cancer, we ectopically expressed Sox2 in TNBC cell lines
including MDA-MB-231 and HCC1143 ''. We found that Sox2-expressing TNBC cells
proliferate slower, and are more invasive. Gene transcription profile regulated by Sox2 is
consistent with the cellular phenotype caused by Sox2 expression. ChIP-seq was also

performed to analyze the genome-wide binding pattern of Sox2. Finally, we explored the
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potential effect of inhibiting PARylation activity on Sox2 chromatin binding as well as

Sox2-mediated gene transcription regulation.

3.3. Results

3.3.1. Sox2-expressing TNBC cells proliferate slower and are more invasive.
To explore the potential function of Sox2 in regulating breast cancer, we first
examined the correlation between Sox2 expression level and distal metastatic free survival

(DMEFS) rate in breast cancer patients using the online-based Kaplan-Meier plotter

(http://kmplot.com/analysis/) . Interestingly, high expression of Sox2 correlates with
poor prognosis outcome only in triple negative breast cancer patients, but not in ER/PR
positive breast cancer patients (Fig 1A). The TNBC-specific correlation between Sox2
expression level and prognosis outcome led us to hypothesize that Sox2 may play a role in
regulating tumor progression in triple negative breast cancer. To test this hypothesis, we
created a doxycycline (Dox)-inducible Sox2 expression cell line in human triple negative
breast cancer cells MDA-MB-231 as well as HCC1143. Sox2 protein level is undetectable
in both cell lines without doxycycline treatment. Upon adding Dox to cell culture media,
Sox2 expression is robustly induced (Fig 3.1B, Fig 2A). We first used these cell lines to
examine the effect of ectopic Sox2 expression on cell proliferation. Sox2-expressing
MDA-MB-231 and HCC1143 cells grow more slowly as compared to control cells (Fig
3.1C, Fig 2B). We then examined the cell migration using Sox2-expessing MDA-MB-231
cells. Consistent with previous report ', ectopic Sox2 expression drives more cell
migration in wound healing assay (Fig 3.1D). This is consistent with the clinical data in
triple negative breast cancer patients, where higher Sox2 level correlates with lower distal

metastatic free survival (DMSF) rate (Fig 3.1A).
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Figure 3.1. Sox2 promotes metastasis in triple negative breast cancer.

A) Kaplan-Meier survival analyses of the relation between Sox2 expression level and
distal metastasis free survival (DMFS) rate in different breast cancer subtypes. The breast
cancer gzutcorne-related gene expression data was accessed using online tool Kaplan-Meier
Plotter .

B) Western Blotting analysis of Dox-induced Sox2 expression in MDA-MB-231 cells.
SNRNP70 was used as an internal loading control.

C) MDA-MB-231 cell proliferation assay examining the effect of ectopic Sox2 expression
on cell growth. Each data point represents the mean +SEM, n = 3. 250 ng/mL Dox was
added to induce Sox2 expression. The difference in cell growth between Sox2-expressing
cells and control cells are significant (t-test, p < 0.01).

D) Cell migration assay in MDA-MB-231 cells.
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Figure 3.2. Ectopic Sox2 expression inhibits cell growth in HCC1143 cells.

A) Western Blotting analysis of Dox-induced Sox2 expression in HCC1143 cells.
SNRNP70 was used as an internal loading control.

B) HCC1143 cell proliferation assay examining the effect of ectopic Sox2 expression on
cell growth. Each data point represents the mean =SEM, n = 3. 250 ng/mL Dox was
added to induce Sox2 expression. The difference in cell growth between Sox2-expressing
cells and control cells are significant (t-test, p < 0.01).

3.3.2. Ectopic Sox2 expression alters gene transcription through chromatin association
in MDA-MB-231 cells.

We hypothesize that the phenotype observed in Sox2-expressing cells is due to
altered gene transcription profile regulated by Sox2. To test this hypothesis, we performed
RNA-seq to identify genes that are regulated upon the induction of Sox2 expression.
Following 72 hours of Dox-induced Sox2 expression, A total of 4,975 genes were
significantly regulated in Sox2-expressing cells as compared to empty vector control cells
(FDR<5%, p-val < 0.01), among which 2,302 genes were up-regulated, while 2,673 genes
down-regulated (Fig 3.3A). We examined the identity of Sox2-regulated genes by
performing gene ontology analysis >* **. Consistent with cellular phenotype, the top gene
ontology terms for up-regulated genes include genes involved in cell migration and cell
motion pathways (Fig 3.3A), such as FNI and MMP1. On the other hand, down-regulated
genes are enriched with genes regulating cell cycle and mitosis pathways (Fig 3.3A).

Genes that are responsible for mediating lung or brain metastasis in triple negative
breast cancer have been identified by comparing gene expression between metastasized

cancer cells and parental cells within MDA-MB-231 cells injected into immunodeficient
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mice

. To determine whether Sox2 regulates genes that mediate tumor metastasis, we
performed gene set enrichment analysis (GSEA) using previously defined lung or brain
metastasized tumor-enriched genes as input gene list >’. These genes are significantly up-
regulated upon ectopic Sox2 expression in GSEA analysis, with a normalized enrichment
score (NES) of 1.18, and p-value <0.001 (Fig 3.3B). Therefore, Sox2 causes an up-
regulation of genes involved in cell migration and metastasis. This is consistent with
observed cellular phenotype that cell migration increases upon Sox2 expression, as well as

with the Kaplan-Meier survival analysis that a higher Sox2 expression level correlates

with poor prognosis outcome in TNBC patients.
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Figure 3.3. Ectopic Sox2 expression alters global gene expression in MDA-MB-231
cells.

A) (Left) Effect of Sox2 expression on gene expression in MDA-MB-231 cells as
determined by RNA-seq. The heatmap shows the relative expression levels of genes
whose expression significantly (FDR < 5%) increases upon Sox2 expression (Up-
regulated genes) or decreases upon Sox2 expression (Down-regulated genes). The data
are represented as logx(Sox2 RPKM/EV RPKM). (Right) Top terms of gene ontology
analysis for up-regulated and down-regulated genes upon Sox2 expression.

B) Gene Set Enrichment Analysis (GSEA) using genes that are enriched in brain or lung-
metastasized MDA-MB-231 cells as input gene list. Genes were ranked based on fold
change between Sox2 expression and empty vector control as determined by RNA-seq.
Brain or lung metastasis-enriched genes are up-regulated upon Sox2 expression.
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3.3.3. Sox2 regulates gene transcription by direct association with distal regulatory
elements

To explore the mechanism of gene transcription regulation by Sox2, we performed
Sox2 ChIP-seq following 72 hours of Dox-induced Sox2 expression in MDA-MB-231
cells. A total of 12,788 high confident Sox2 binding sites were identified (p < 107).
Similar to Sox2 binding profile in other cell types like embryonic stem cell (ESC) and
neural progenitor cells (NPC) *!, a small fraction of Sox2 bind to gene promoters, while
majority of Sox2 bind to either gene body or intergenic regions (Fig 3.5A, Fig 3.4A).
Canonical Sox2 binding DNA sequence is enriched in Sox2 binding sites (Fig 3.5B),
indicating the Sox2 peaks identified in our ChIP-seq are biologically relevant. We then
explored the chromatin states associated with Sox2 binding sites in MDA-MB-231 cells
using chromHMM to annotate the genomic regions occupied by Sox2 **. ChIP-seq data
sets for histone marks H3K27me3, H3K4me3, H3K27ac, H3K4mel, H3K36me3 were
included in the annotation. Interestingly, although Sox2 preferably occupy active enhancer
regions with high level of H3K27ac and H3K4mel marks, majority of Sox2 binding sites
are located in basal chromatin regions where active histone marks are lacking (Fig 3.5C).
This is consistent with the previous report that during early stage of somatic

reprogramming, pluripotency factors including Sox2 bind to closed chromatin regions .
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Figure 3.4. Sox2 directly binds to distal regions and regulates gene expression.

A) Distribution of Sox2 peaks relative to the TSSs of all RefSeq genes determined using
the web-based bioinformatics tool GREAT *°.

B) Fraction of Sox2-regulated genes occupied by Sox2 within a 100 kb (£ 50 kb) region
surrounding TSSs. Up-regulated = genes whose expression significantly increases upon
Sox2 expression; Down-regulated = genes whose expression significantly decreases upon
Sox2 expression; Unregulated = genes whose expression does not significantly change
upon Sox2 expression. Yellow: Genes with Sox2 binding. Blue: genes without Sox2
binding.

C) Genome browser tracks of RNA-seq and Sox2 ChIP-seq data showing examples of
genes up-regulated upon Sox2 expression and are occupied by Sox2.
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Figure 3.5. Characterization of chromatin features of Sox2 peaks in MDA-MB-231
cells.

A) Distribution of Sox2 peaks across genomic features in MDA-MB-231 cells from Sox2
ChIP-seq data.

B) Motif Analysis using MEME suite showing the enrichment of Sox2 motifs in Sox2
peaks in MDA-MB-231 cells.

C) Different chromatin states as determined by ChromHMM using histone marks in
MDA-MB-231 cell. (1) Number of Sox2 binding sites associated with respective
chromatin state. (2) Number of Sox2 binding sites associated with each chromatin state
normalized to fraction of the respective chromatin state. Majority of Sox2 binding sites
localize in inactive chromatin region in MDA-MB-231 cell.

D) Genome browser tracks of RNA-seq and Sox2 ChIP-seq data showing examples of
genes up-regulated upon Sox2 expression and are occupied by Sox2.

To find direct Sox2 target genes whose expression is affected in response to Sox2
expression, we compared ChIP-seq and RNA-seq data sets in MDA-MB-231 cells. To do
this, we searched for Sox2 binding within a 100 kb region (£50 kb) of gene transcription
start sites (TSSs) for genes whose expression is either up-regulate, down-regulated, or
unregulated upon ectopic Sox2 expression. We then calculated the fraction of genes that
are associated Sox2 binding, defined by >1 Sox2 peaks found within 100 kb TSS region.
Compared to unregulated genes, a majority of up-regulated genes are associated with Sox2,

while a smaller fraction of down-regulated genes are associated with Sox2 binding (Fig
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3.4B-C, Fig 3.5D). Therefore, a large fraction of genes regulated by Sox2 can be
explained by Sox2 occupancy. In addition, it seems that up regulation of gene expression

is more likely a direct consequence of Sox2 binding.

3.3.4. Sox2 binds to a distinct cohort of genomic locations in triple negative breast
cancer compared to embryonic stem cells

The repertoire of genes regulated by Sox2 in triple negative breast cancer cells is
completely different from Sox2 regulatory targets in embryonic stem cells. We
hypothesize that this is due to cell type specific genomic binding of Sox2. Genomic
binding of Sox2 has been known to be highly cell type specific, which is due to
association of Sox2 with distinct transcription factors expressed in a cell type specific
manner. This phenomenon was demonstrated by comparison of Sox2 ChIP-seq data in
embryonic stem cell and neural precursor cells *'. We thus compared Sox2 binding profile
between MDA-MB-231 cells and human embryonic stem cells °'. Consistent with our
hypothesis, a minimum number of overlapped Sox2 binding sites in both cell lines were
observed. Out of a total of 76,852 Sox2 peaks that is observed in either hESC or MDA-
MB-231 cells, only 798 sites were observed in both cell types. The rest were either ESC-
specific (n = 4,064) or MDA-MB-231 cell specific (n = 12,590) (Fig 3.6A-B).
Consequently, Sox2 binds to a distinct cohort of genomic locations in triple negative

breast cancer cells and regulates breast cancer-specific gene expression program.
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Figure 3.6. Sox2 binds to a distinct cohort of genomic locations in triple negative
breast cancer compared to embryonic stem cells.

A) Genome browser tracks of Sox2 ChIP-seq in MDA-MB-231 cells and human
embryonic stem cells showing cell type-specific Sox2 occupancy.

B) Heatmap showing cell type-specific Sox2 binding in MDA-MB-231 cells and hESC.
ESC-only Sox2 peaks: Sox2 binding sites that is only present in hESC but not in MDA-
MB-231 cells. Peaks are ordered top to bottom by signal intensity. Overlapped Sox2
peaks: Sox2 binding sites that is present in both hESC and MDA-MB-231 ells. 231-only
Sox2 peaks: Sox2 binding sites that is only present in MDA-MB-231 cells but not in
hESC.

3.3.5. Regulation of Sox2 chromatin association by PARP-1

Our previous study has identified a PARP-1-Sox2 regulatory pathway in mouse
embryonic stem cells. PARP-1 is required to stabilize Sox2 binding to closed chromatin
regions. In addition, PARP-1 also enhances Sox2 binding to nucleosome in biochemical
assay. In TNBC, majority of Sox2 binding sites are in closed chromatin regions (Fig 3.5C).
Therefore, we asked whether PARP-1 is also required to stabilize chromatin association of
Sox2 in MDA-MB-231 cells. To answer this question, we used shRNA to knockdown
PARP-1 in MDA-MB-231 cells. We then isolated different cellular fractions including

nuclei plasma and chromatin, and analyzed the level of Sox2 associated with each fraction.
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Although total level of Sox2 is unchanged upon PARP-1 knockdown, PARP-1 depletion
significantly decreased the amount of Sox2 associated with chromatin fraction, while does
not change the level of Sox2 in nuclei plasma fraction (Fig 3.7). Therefore, similar to
embryonic stem cells, PARP-1 is required for stabilizing the chromatin association of

Sox2 in triple negative breast cancer cells.
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Figure 3.7. Sox2 association with chromatin requires PARP-1.
Western blotting analysis of Sox2 in different cell fractions upon PARP-1 knockdown.
Sox2 in the chromatin fraction decreases with PARP-1 depletion.
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Figure 3.8. Inhibition of PARP-1 activity using PJ34.
A) Time course of inducing Sox2 expression and PJ34 treatment before cells were
collected for experiments.
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B) Western blotting analysis of PARylation level and PARP-1, Sox2 protein levels upon
PJ34 treatment. PARP-1 and Sox2 protein were pulled down separately using PARP-1 or
Sox2 antibody before loaded onto SDS-PAGE gel and analyze protein as well as
PARylation level.

3.3.6. Blocking PARylation activity reshapes Sox2 genomic localization profile
Various clinical trials have been undergoing using a combination of PARP inhibitor

and chemotherapy to treat triple negative breast cancer ** *°

. Multiple studies have
indicated a beneficial effect in inhibiting PARP enzymatic activity to TNBC patients >*.
The interplay between PARP-1 and Sox2 lead us to question whether PAR inhibition can
also have a regulatory effect on chromatin association of Sox2 as well as Sox2 mediated
transcription regulation. To answer this question, we used PARylation inhibitor PJ-34 to
treat MDA-MB-231 cells with or without Sox2 expression (Fig 3.8A-B). Blocking PARP-
1 enzymatic activity does not change Sox2 expression level (Fig 3.8B). In addition, we did
not detect PARylation signal in pulled down Sox2 protein (Fig 3.8B), indicating that in
contrary to previously reported Sox2 PARylated by PARP-1 in embryonic stem cells *,
Sox2 is not modified by PARP-1 in MDA-MB-231 cells. We then examined whether
PARylation activity inhibition alters chromatin association of Sox2 by analyzing the
protein level of Sox2 in different cellular fractions. Strikingly, Sox2 level in the chromatin
fraction dramatically increased upon PJ34 treatment, indicating chromatin association of
Sox2 is enhanced (Fig 3.9A). We further performed Sox2 ChIP-seq with PJ34 treatment in
MDA-MB-231 cells to analyze genomic localization profile of Sox2 upon PAR inhibition.
Consistent with cellular fractionation results, PJ34 treatment causes Sox2 to gain access to
almost twice as many binding sites compared to (/2,083 gained peaks), compared to the
original /2,783 Sox2 peaks without PAR inhibition.

In embryonic stem cells, PARP-1 specifically regulates chromatin association of
Sox2 in closed chromatin regions. We wonder what chromatin features are associated with
the newly gained Sox2 sites upon blocking PARylation activity. To answer this question,
we compared FAIREseq signals between newly gained Sox2 binding sites and maintained
Sox2 peaks in MDA-MB-231 cells *°. Interestingly, compared to maintained peaks, newly
gained Sox2 binding sites are associated with lower FAIREseq signal, indicating that these

Sox2 peaks are associated with closed chromatin regions (Fig 3.10A-B). Therefore,
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blocking PAR activity surprisingly redirects Sox2 genomic localization, exposing

tremendous numbers of novel Sox2 binding sites in the genome with closed chromatin

conformation.
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Figure 3.9. Blocking PARP-1 activity promotes chromatin association of Sox2.

A) Western blotting analysis of Sox2 in different cell fractions upon PAR inhibition. Sox2
in the chromatin fraction increases with blocking PARylation activity.

B) Genome browser tracks of Sox2 ChIP-seq data in MDA-MB-231 cells showing
increased Sox2 binding upon PARylation inhibition.

B) Heatmap of high confidence Sox2 peaks in MDA-MB-231 cells from ChIP-seq data (p-
value < 10™) centered on the Sox2 binding sites (+ 2 kb) and segregated based on their
change upon PARylation activity inhibition. Peaks are ordered top to bottom by signal
intensity.
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Figure 3.10. Newly gained Sox2 binding upon PAR inhibition are associated with
closed chromatin.

A) Average FAIRE-seq signals surrounding newly gained (red) and maintained (blue)
Sox2 binding sites upon PJ34 treatment in MDA-MB-231 cells. The data are centered on
the Sox2 binding sites determined by ChIP-seq (+ 2 kb).

B) Box plot showing the normalized FAIRE-seq signals surrounding newly gained (red)
and maintained (blue) Sox2 binding sites upon PJ34 treatment in MDA-MB-231 cells in
SOq6bp window. Asterisks indicate significant differences: Student’s t-test, p-value < 2.2 x
107

3.3.7. Modulation of Sox2-mediated gene transcription regulation through PAR
inhibition.

The massive gained chromatin association of Sox2 upon PARylation inhibition led
us to ask whether Sox2-mediated gene transcription profile is also reshaped by PJ34
treatment. We tackled this question by performing RNA-seq in MDA-MB-231 cells
combining Sox2 expression and PJ34 treatment. Notably, the transcription profile
regulated by Sox2 expression is extensively altered by PJ34 treatment, leading to the up-
or down-regulation of a new set of genes whose expression were not changed by either
Sox2 expression or PJ34 treatment alone, but significantly regulated upon the combination
of the two conditions (7,708 newly regulated genes) (Fig 3.11 A-B). Importantly, this
gained gene transcription regulation correlates with gained Sox2 occupancy upon PJ34

treatment, with more than 40% newly regulated genes associated with a newly gained
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Sox2 binding within 100kb around their TSSs. Therefore, blocking PARylation activity

caused Sox2 to access to new binding sites and regulate gene transcription profile.

Sox2+/PJ34+

0.46
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Figure 3.11. Modulation of Sox2-mediated gene transcription regulation through
PAR inhibition.

A) Heatmap showing the effect of Sox2 expression and PJ34 treatment on gene expression
in MDA-MB-231 cells as determined by RNA-seq. The changes in expression were
centered relative to the control (empty vector, vehicle treatment) condition.

B) Venn diagram showing the number of regulated genes under different treatment
conditions as compared to empty vector non-treatment control condition.
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Figure 3.12. Modulation of Sox2-mediated gene transcription regulation through
PAR inhibition.

A) Fraction of Sox2-regulated genes occupied by a newly gained Sox2 binding upon PAR
inhibition within a 50 kb region surrounding TSSs. Syn-Up = genes whose expression is
synergistically up-regulated by Sox2 and PARylation inhibition; Syn-down = genes whose
expression is synergistically down-regulated by Sox2 and PARylation inhibition.

B) Genome browser tracks of RNA-seq and Sox2 ChIP-seq data showing examples of
genes synergistically up-regulated by Sox2 and PAR inhibition which have newly gained
Sox2 binding upon PAR inhibition.

Next, we explored the potential physiological effect by the combination of Sox2
expression and PAR inhibition through performing gene ontology analysis for genes that
are synergistically regulated. Interestingly, the top GO terms of synergistically up-
regulated genes include genes involved in cell apoptosis pathways and cell death pathways
(Fig 3.13). On the other hand, synergistically down-regulated genes are enriched with cell
cycle pathways (Fig 3.13). Blocking the PARylation activity thus exposes latent genomic
binding sites of Sox2 and alters gene expression profile that may cause increased cell
apoptosis, as well as slowed cell proliferation. This is a potential novel mechanism of the
beneficial effects by using PAR inhibitor in treating Sox2 positive triple negative breast

cancer.
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Figure 3.13. Modulation of Sox2-mediated gene transcription regulation through
PAR inhibition.

(Left) Heatmap showing the effect of Sox2 expression and PJ34 treatment on gene
expression in MDA-MB-231 cells as determined by RNA-seq. The changes in expression
were centered relative to the control (empty vector, vehicle treatment) condition. Genes
that are synergistically up-regulated (Upper) and down-regulated (lower) by Sox2
expression and PJ34 treatment are shown.

(Right) Top GO terms from gene ontology analysis for genes that are synergistically up-
regulated (Upper) and down-regulated (lower) by Sox2 expression and PJ34 treatment.

3.4. Discussion

In this study, we have analyzed the function of Sox2 in driving triple negative
breast cancer progression and metastasis. Interestingly, although Sox2-expressing TNBC
cells grow slowly, they have higher potential to migration. This cellular phenotype of
increased cell metastasis may explain the poor prognosis outcome for high Sox2

expression in triple negative breast cancer patients. Analysis of gene transcription profile
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and genomic Sox2 binding profile helps us to gain better mechanistic insight of regulating
TNBC by Sox2. Finally, by studying the interplay between PARylation inhibitor and Sox2
expression, we uncovered a potential novel mechanism of the beneficial role in using PAR

inhibitor to treat TNBC patients.

3.4.1. Potential regulators mediating cell type-specific function of Sox2 in triple
negative breast cancer

The mechanisms of cell type-specific genomic localization and function of Sox2
has been investigated in multiple studies. By associating with transcription factors that
express in a cell type-specific manner, Sox2 achieves distinct chromatin association
pattern in different cell types. This is demonstrated by the co-occupancy of Oct4 with
Sox2 in embryonic stem cells, as well as BRN2 with Sox2 in neural progenitor cells *'. In
addition, p63 interacts with Sox2 at genetic loci in squamous cell carcinomas and is
required for mediating Sox2-regulated gene transcription *’. In this study, we explored the
cell type-specific genomic binding pattern of Sox2 by comparing Sox2 ChIP-seq in TNBC
cells and human embryonic stem cells. Sox2 genomic localization in MDA-MB-231 cells
is significantly different from in hES cells. Performing motif search in Sox2-enriched sites
in TNBC provided several candidates that potentially co-occupy with Sox2 and regulated
Sox2 genomic localization. Specifically, Sox4 motif and Hbpl motif were identified to be
the top most enriched motifs associated with Sox2 peaks. Interestingly, similar to Sox2,
Sox4 has been found to play a critical role in mediating EMT process in breast cancer.
Further studies are needed to uncover the functional link between Sox4 and Sox2 in triple

negative breast cancer cells.

3.4.2. Interplay between PAR inhibition and Sox2 in gene transcription regulation
The regulatory roles of PARP-1 and PARylation on Sox2 function have been
explored by multiple studies in embryonic stem cells. Our previous study identified a
PARylation activity-independent function of PARP-1 as a pioneer factor stabilizing Sox2
bind to nucleosomes and regulate the transcriptional activity of Sox2 in undifferentiated
ES cells. Upon differentiation, PARylation level of PARP-1 dramatically increases.
Enhanced PARylation activity of PARP-1 was found to promote the interaction between

PARP-1 and Sox2, as well as potentially decrease chromatin binding of PARP-1 **. This
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leads to dissociation of Sox2 from chromatin, which thus decreases the activity of Sox2 in
differentiating ES cells. In contrary, another group showed that PARP-1 is able to directly
PARylate Sox2 during embryonic stem cell differentiation **. This further decreases Sox2
protein stability, which is required for proper differentiation of ESC. These studies
indicate a double-faced role of PARP-1 in regulating embryonic stem cell pluripotency
depending on its enzymatic activity. That is, PARP-1 with a hypo-PARylation status in
undifferentiated ES cells promotes Sox2 activity, while PARP-1 with a hyper-PARylation
status in differentiating ES cells inhibits Sox2 function.

In this study, we explored the potential interplay between PARP-1 and Sox2 in the
context of triple negative breast cancer. Consistent with the case in undifferentiated
embryonic stem cell, depleting PARP-1 decreases Sox2 association with chromatin,
suggesting that PARP-1 is able to promote Sox2 activity in TNBC. Interestingly, we
observed a dramatic increase of Sox2 binding to a great number of genomic locations
upon blocking PARylating activity in the same cell line. This may be due to increased
chromatin association of PARP-1 by PARylation inhibition, which recruits Sox2 to novel
binding sites. Consistent with this hypothesis, depleting PARP-1 protein abolishes the
effect of PARylation inhibition, indicating that the effect of PJ34 on Sox2 chromatin
binding is due to hypo-PARylated PARP-1 protein (Fig 3.14). This observation suggests
an interesting feature of PARP-1 in regulating Sox2: in addition to double-faced function
in different cell physiological conditions, PARP-1 and PARylation also play multifaceted
roles in the same cell state. Local chromatin environment may cause different PARylation
status of PARP-1, which in turn results in different response of Sox2 association on
PARP-1 depletion and PARylation inhibiton. Further studies are needed to uncover the
signals that determine differential PARylation status in various chromatin environments in

the same cells.
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Figure 3.14. Model for regulation of Sox2 chromatin association by modulating
PARylation activity.

3.4.3. Potential beneficial role of PAR inhibitor in treating Sox2-positive TNBC
Due to the well-studied functions of PARP-1 in mediating DNA damage response

pathways ** *

, a large number of clinical studies have been conducted using PAR inhibitor
in DNA repair-deficient cancers *'. Treating these cancer patients with PAR inhibitor was
found to sensitize the tumors to chemotherapy as well as radiation therapy **. Interestingly,
many studies have shown that PARP inhibitor also inhibits the growth of cancers without
BRCA1/2 mutations. This indicates a DNA damage pathway-independent manner of

41,43

PARP inhibitor functioning in cancer . However, the underlying mechanism for this

remains unclear. In this study, we used MDA-MB-231, a BRCA1/2 wild type triple
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negative breast cancer cell line, as our model system. Surprisingly, we found a synergistic
effect of PJ34 treatment and Sox2 expression on the gene expression profile in MDA-MB-
231 cells through the PJ34 treatment-enhanced chromatin association of Sox2. Enhanced
Sox2 chromatin association upon PJ34 treatment drives the “reprogramming” of gene
expression profile, with increased expression of genes involved in cell death pathways and
decreased expression of genes regulating cell cycle pathways. This may in turn reshape
cell physiology, causing increased cell apoptosis and further slowed cell proliferation in
TNBC cells. Further studies are needed to investigate the cellular phenotype in TNBC
upon the combination of Sox2 expression and PJ34 treatment. If the effect of PAR
inhibition on cell phenotype of Sox2-positive TNBC cells is consistent with gene
expression changes, PAR inhibitor may have the potential to treat triple negative breast
cancer using a novel mechanism, where it turns the transcription factor Sox2 into an
inducer of cell apoptosis, promoting cell death in tumor cells.

Despite of this, caution is required when considering using PAR inhibitor to treat
Sox2-positive cancers. More in-depth studies are needed in order to understand how
PARylation inhibitor regulates Sox2 in a context-dependent manner. Specifically, since
Sox2 is able to bind to and regulate genes responsible for cell migration and tumor
metastasis, we need to have a better understanding of what determines the regulatory
targets of Sox2. This is important for controlling the function of Sox2 using therapeutic

drug like PAR inhibitor in treating breast cancer.

3.5. Materials and Methods

Kaplan-Meier Analysis
To examine the prognostic effect of Sox2 expression on breast cancer patients,
Kaplan-Meier  estimators were generated wusing the Kaplan-Meier Plotter

(http://kmplot.com/analysis/) **.

Culturing Human Triple Negative Breast Cancer Cell Lines
Human triple negative breast cancer cell lines MDA-MB-231 and HCC1143 were
obtained from ATCC. Both MDA-MB-231 and HCC1143 cells were maintained in RPMI-



121

1640 medium (Sigma; R5886) supplemented with 10% (v/v) FBS (Sigma) and penicillin
and streptomycin (Invitrogen; 15140).

Inducible Ectopic Expression of hSox2 in Cells

A doxocycline (Dox)-inducible lentiviral vector for inducible expression of hSox2
in MDA-MB-231 and HCC1143 cells was generated. cDNA of hSox2 was inserted into
pInducer20 **, and delivered into cells using lentivirus system. Cells stably infected were
selected using neomycin/G418. Empty vector pInducer20 without hSox2 inserted was
used as negative control. To induce ectopic expression of hSox2, 250 ng/mL Dox was
added to cell culture medium. After 72 hours of induction, cells were collected and

checked for Sox2 expression using Western Blotting.

Cell Proliferation Assay

MDA-MB-231 or HCC1143 cells were plated at a density of 2 x 10* cells per well
in 6-well plates, with 250 ng/mL Dox added to culturing medium to induce Sox2
expression. The cells were collected every 2 days. Collected cells were washed with 1 x
PBS, fixed with 10% formaldehyde, stained with 0.1% crystal violet containing 200 mM
phosphoric acid, washed with water, and destained with 1 mL 10% acetic acid. The acetic
acid destain was then collected and read at absorbance 595 nm. The results were expressed

as cell growth *.

Wound Healing Assay

MDA-MB-231 or HCC1143 cells were plated in 6-well plate, and cultured in the
presence of 250 ng/mL Dox to induce Sox2 expression. 48 hours after Dox was added,
wound was created by scratching the plate with a 200 uL pipette tip. 24 hours after wound

was created, cell migration was observed using bright-field microscope.

Antibodies
The antibodies used for Western Blotting, co-IP or ChIP were as follows: Sox2
(Santa Cruz; sc-17320), Hbpl (Santa Cruz; sc-8488), SNRNP70, PARP-1 (previously
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characterized custom rabbit polyclonal antibody; now available from Active Motif;

39561), PAR (home-made).

Analysis of Protein Levels by Western Blotting

Whole cell extracts (WCEs) were prepared from MDA-MB-231 cells using cell
lysis buffer [S0 mM Tris-HCI pH 7.5, 0.5 M NaCl, 1.0 mM EDTA, 1% NP-40, and 10%
glycerol, 1x protease inhibitor cocktail (Roche)]. When checking PARylation levels, 1 uM
PJ34 (to inhibits PARP activity) and 100 uM tannic acid (to inhibit PARG activity) were
added to lysis buffer. After clarification of the WCEs by centrifugation, aliquots
containing equal amounts of total protein, as determined by a BCA assay (Pierce), were
run on 8 to 10% polyacrylamide-SDS gels, transferred to nitrocellulose membrane, and
subjected to Western blotting using the antibodies listed above and a chemilumenescent

detection system (Thermo scientific).

Subcellular Fractionation and Analysis

MDA-MB-231 cells were grown in 15cm plate to a 75% confluence. Cells were
harvested and resuspended in 1X isotonic lysis buffer (10 mM Tris-HCI pH 7.5, 2 mM
MgCl,, 3 mM CacCl,, 0.3 M Sucrose, | mM DTT, and 1x protease inhibitor cocktail),
followed by incubation on ice for 15 min.. NP-40 was then added to cell suspension to a
final concentration of 0.6%, and vortexed vigorously for 10 seconds, followed by
centrifuging. Supernatant containing the cytoplasmic fraction was then removed.
Remaining ellet containing nuclei fraction was then extracted using buffer containing 20
mM HEPES pH 7.9, 1.5 mM MgCl,, 0.42 M NaCl, 0.2 mM EDTA, 25% (v/v) Glycerol, 1
mM DTT, and 1x protease inhibitor cocktail, followed by vigorous vortexing. The
supernatant containing nuclear extract was collected by centrifuging at maximum speed.
The pellet was then resuspended in chromatin extraction buffer [1% SDS, 10 mM HEPES,
2 mM MgCl,, 1 mM DTT, 1x protease inhibitor cocktail, and 50 U of benzonase (Sigma;
E8263)], followed by incubation at 37°C for 1 hr with vigorous pipetting every 15 min..
The samples were then diluted in 1x SDS sample buffer and analyzed using Western

Blotting.
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RNA Extraction and RT-qPCR

RNA isolation and RT-qPCR were performed using a standard protocol, as
previously described *. Briefly, total RNA was extracted from MDA-MB-231 cells using
TRI reagent (Sigma; T9424) following the manufacturer’s instructions, reverse transcribed,
and subjected to qPCR using the gene-specific primers listed below. Unless specified, all
target gene expression levels were normalized to B-actin mRNA. All RT-qPCR assays

were performed a minimum of three times to ensure reproducibility.

RNA-seq Library Preparation

MDA-MB-231 cells with both empty vector control and Dox-inducible Sox2
expression were cultured in the presence of 250 ng/mL Dox for 72 hours before cells were
harvested. Total RNA was isolated using RNeasy Mini Kit (Qiagen, 74104) following the
manufacturer’s instructions. The integrity of the RNA was assessed and verified using an
Agilent 2200 TapeStation system (Agilent Technologies) before mRNA-seq libraries were
prepared using methods described previously. Briefly, polyA+ RNA was enriched using
Dynabeads oligo(dT)25 (Invitrogen), heat fragmented, and reverse transcribed using
random hexamers in the presence of dNTPs. Second strand cDNA synthesis was
performed with dNTPs, but replacing dTTP with dUTP. After end-repair, dA-tailing,
ligation to adaptors containing barcode sequences, and size selection using AMPure beads
(Agencourt), the synthesized second-strand was digested using uracil DNA glycosylase
(Enzymatics). A final PCR reaction was performed using Phusion high-fidelity DNA
polymerase (NEB). After library quality control assessment using a Bioanalyzer (Agilent),
the samples were subjected to 50 bp sequencing using an [llumina HiSeq 2000 Sequencing

System.

Analysis of mRNA-seq Data
mRNA-seq reads were subjected to quality-control using FastQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), trimmed to remove adapter

sequences, and aligned to the human reference genome (hgl9) using Tophat®’ before
transcript assembly using Cufflinks **. The data were then converted to wiggle (WIG) file

format using PeakRanger for visualization using the Integrative Genomics Viewer
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(IGV2.3) ¥ Cuffdiff > was used to identify genes that showed significant differential
regulation upon Sox2 expression, with a false discovery rate (FDR) cutoff of 5%. The
expression data were visualized in heatmaps using Java TreeView °°, ranked in order
based on the log2 of the Sox2+ to Sox2- ratio.

The DAVID bioinformatics tool was used for gene ontology analysis . Gene set
enrichment analysis (GSEA) tools developed by broad institute were used for the GSEA

analyses (http://www.broadinstitute.org/gsea/index.jsp) 27

Chromatin Immunoprecipitation and ChIP-qPCR

MDA-MB-231 cells with both empty vector control and Dox-inducible Sox2
expression were cultured in the presence of 250 ng/mL Dox for 72 hours before cells were
harvested. The cells were cross-linked using 1% paraformaldehyde at room temperature
for 10 min., followed by quenching in 125 mM glycine for 5 min. at 4°C. The crosslinked
cells were collected, and resuspended in 300 uL lysis buffer [1% SDS, 10 mM EDTA, 50
mM Tris-HCI (pH 7.9), 1 mM DTT, Ix protease inhibitor cocktail (Roche)]. The
resuspended cells were incubated on ice for 10 min. before sonicated at 4°C using a
Biorupter (Diagenode) high setting, three cycles of 5 min. sonication (30 seconds on/30
seconds off with 5 min. intervals) to generate genomic DNA fragments of 200 - 500 bp in
length. The sonicated chromatin was clarified by centrifugation and diluted 10 times by
adding 2.7 mL dilution buffer (0.5% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH7.9,
150 mM NaCl, 1 mM DTT, 1x protease inhibitor cocktail) and pre-cleared with agarose
beads.

Aliquots of the pre-cleared chromatin were immunoprecipitated with Sox2 or Hbp1
antibodies at 4°C overnight, followed by collection of the immunoprecipitates using
protein G (Invitrogen) agarose beads. The beads were collected by gentle centrifugation
and washed in low salt wash buffer (20 mM Tris-HCI pH 7.9, 2 mM EDTA, 125 mM
NacCl, 0.05% SDS, 1% Triton X-100, 1x protease inhibitor cocktail), high salt wash buffer
(low salt wash buffer containing 500 mM NaCl), and LiCl wash buffer (10 mM Tris-HCI
pH 7.9, 1 mM EDTA, 250 mM LiCl, 1% NP-40, 1% sodium deoxycholate, 1x protease
inhibitor cocktail). The immunoprecipitated genomic DNA was eluted and the crosslinks

were reversed by incubation in elution buffer (100 mM NaHCOs;, 1% SDS) at 65°C
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overnight. The genomic DNA was then deproteinized by digestion with proteinase K and
extraction with phenol:chloroform:isoamyl alcohol, followed by precipitation with ethanol.
The ChIPed DNA was then subjected to qPCR using the locus-specific primers listed
below. All ChIP-qPCR assays were performed a minimum of three times to ensure

reproducibility.

ChIP-seq Library Preparation

ChIPed DNA was quantified using Qubit (Thermo). 10ng of ChIPed DNA was
used to prepare each ChIP-seq library using methods described previously. Briefly, the
genomic DNA fragments were end-polished, dA-tailed, and ligated to Y-adaptors
containing barcode sequences. After agarose gel-based size selection and purification, the
DNA was amplified for 13 - 15 cycles by PCR using Phusion high-fidelity DNA
polymerase (NEB). The final ChIP-seq libraries were subjected to quality control
assessment using a Bioanalyzer (Agilent), followed by 50 bp sequencing using an Illumina

HiSeq 2000 Sequencing System.

ChIP-seq Data Analysis
Read alignment and peak calling. ChIP-seq reads were subjected to quality-control using

FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), trimmed to remove

adapter sequences, and aligned to the human reference genome (hgl9) using Bowtie
0.12.7 >, allowing for one mismatch during alignment. Significant peaks of Sox2 were
called using PeakRanger-1.1 with a p-value cutoff of 1 x 10, Genomic DNA isolated
from sonicated chromatin without immunoprecipitation was used as an input control for
identifying regions of enrichment. The data were then converted to wiggle (WIG) file
format using PeakRanger >* for visualization using the Integrative Genomics Viewer

(IGV2.3) ™.

Annotating the Sox2 Peaks. To analyze the relation between Sox2 binding sites with
RefSeq genes, bed file containing Sox2 peak location information was imported to the

online ChIP data analysis tool ChIPseek (http://chipseek.cgu.edu.tw) > To examine the

distance between Sox2 binding sites and the TSSs of RefSeq genes, the online



126

bioinformatics tool GREAT (http://bejerano.stanford.edu/great/public/html/) ** was used

In order to explore the effects of PARylation inhibition on Sox2 binding, peak locations
called by PeakRanger (Sox2 alone or Sox2 plus PJ34 treatment) were combined. The
Sox2 peaks that were gained, maintained and lost upon PJ34 treatment were identified as
described below. The reads under the combined pool of peaks for Sox2 were calculated
for Sox2 alone (T1) and Sox2 plus PJ34 (T2). Rc was calculated using the following
formula:
Rc =1og(T1/T2)

Where a larger Rc value means increased Sox2 binding upon PJ34-treatment, while
smaller Rc values indicate decreased Sox2 binding. Median absolute deviation (MAD)
was calculated for the Rc values and used as a cutoff to define gained (Rc > xXMAD) and
lost (Rc < -xMAD) peaks. A cut off of 4MAD was used to define changed ChIP-seq

peaks™.

Determining the Relation Between Sox2 Binding and Gene Expression Changes. To
determine the relation between Sox2 occupancy and gene expression changes upon Sox2
expression, a 100 kb window (£ 50 kb) surrounding the TSSs of RefSeq genes was
searched for Sox2 binding as determined by ChIPseq. If at least one Sox2 peak is presence
within the 100 kb region, the gene is defined as associated with Sox2. The fraction of

genes associated with Sox2 was then calculated.

Determining the Relation Between Sox2 Binding in hESCs and MDA-MB-231 cell.
Significant peaks of Sox2 in hESC were called using PeakRanger-1.1 with a p-value
cutoff of 1 x 10, If the distance of Sox2 binding sites in hESCs and MDA-MB-231 cells
is within 100 bp, we defined peaks as overlap between hESC and MDA-MB-231 cells.

Heatmaps. ChIP-seq read densities were visualized in heatmaps using Java TreeView >°.
For the heatmaps of Sox2, we determined the read densities for Sox2 in a 4 kb window (+

2 kb) around the Sox2 peak summit using a 20 bp moving window.

Determining the Chromatin States of Sox2 Binding Sites. ChromHMM ** was used to
determine chromatin states of MDA-MB-231 cell genome, using ChlPseq data sets of
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histone marks H3K27me3, H3K4me3, H3K9ac, H4K8ac, H3K4mel, H3K27ac, and
H3K36me3. We then defined the chromatin state that overlaps with the center of a Sox2
binding site as the chromatin state associated with the Sox2 binding site.

Motif Analsis. Motif analysis tool MEME-ChIP >’ was used to identify motifs enriched in
Sox2 binding sites. 200 bp DNA sequence surrounding Sox2 ChIP-seq peak center was

used as input to search for enriched DNA sequences.
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