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Abstract

Pluripotent stem cells are a special population of stem cell with indefinitely self-
renewal and unlimited differentiation capability, which makes them an attractive avenue
for regenerative medicine and disease modeling. Therefore, it is important to
understanding the fundamental mechanisms that govern and maintain their pluripotent
state. A phenomenon termed mitotic bookmarking has recently been suggested as a
potential mechanism involved in the stable propagation of cellular identity through the
cell cycles. Candidate-based studies have identified mitotic bookmarking factors that are
retained on the mitotic chromatin and preserve the transcriptional memory of the cell.
Nevertheless, there is a poor understanding of which proteins can serve as mitotic
bookmarks, as well as the chromatin dynamics of bookmarked sites during mitosis and
the start of the G1 phase. We have previously identified a list of putative mitotic
bookmarking factors in pluripotent stem cells, from which we tested the role of PARP1,
HDGF, and PSIP1 as potential bookmarks for the propagation of the pluripotent state
through mitosis. Here we showed that the absence of PARP1 at the M-G1 transition
impairs self-renewal capability of pluripotent stem cells without affecting the
proliferation and cell cycle progression. Conclusive evidence that establishes a role for
HDGF or PSIP1 in mitotic bookmarking of pluripotent stem cells has yet to emerge.
However, our work provides a new avenue for exploring the functional importance of
mitotic bookmarks in pluripotent maintenance.
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Preface

My thesis focuses on the role mitotic bookmarks plays in cell fate regulation and
maintenance in pluripotent stem cells. It can be divided into two parts based on the factors
studied.

The first part examines the mitotic bookmarking role of PARP1 in pluripotent
maintenance through mitosis. PARP1 was identified in our mitotic bookmarking screen
data, and the literature describes PARP1 acting as a bookmarking factor in HEK 293 lines.
Our study focuses on how PARP1 bookmarking activity during mitosis is related to the
pluripotent state of pluripotent stem cells. Several people have contributed toward various
portions of the study. The design and plan of the project were carried out by Dr. Sonam
Bhatia, Dr. Jon Draper and myself. | generated PARP1 knockout lines, performed the
characterization assays, assisted in the collection of material for mitotic release experiments,
and performed majority of the data analysis. The RT-qPCR for accessing transcriptional
reactivation of PARP1 knockouts was completed by Sonam, and she has assisted in setting
CIC assay for the PARP1 rescue lines, contributing to Figure 7 and 10. Mohammad (Ish)
Alam (Dr. Draper’s lab) assisted with the fluorescence loss in photobleaching experiments,
contributing to Figure 9.

In the second part, we have studied another group of putative mitotic bookmarks,
the PWWP-containing factors, HDGF and PSIP. The basis of selecting this group of factors
is due to the well-characterized DNA and histone binding activity of the PWWP domain.
Although both HDGF and PSIP1 are well studied in term of their role in different tissues,

they have yet to be examined in relation to their mitotic bookmarking activity or their role
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in pluripotency. | have designed and planned this part along with input from Dr. Jon Draper,
and carried out the majority of the experiments. Amanda Hrenczuk generated the HDGF
and PSIP1 knockout mESC lines. Mohammad Alam assisted in setting up the CIC assay
for HDGF rescue lines and cross-linked chromatin immunoprecipitation, contribution to

Figure 12 and 13.

Xi
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1.1 Introduction

1.1.1 Introduction to pluripotency and cell cycle

Pluripotent stem cells (PSCs) are derived from the inner cell mass of a blastocyst-
stage embryo and can be defined by their unique ability to indefinitely self-renewal while
retaining the potential to differentiate into all three germ lineages: endoderm, mesoderm,
and ectoderm® 2. The self-renewal and differentiation capability of PSCs make them a
powerful tool for various applications, including drug discovery and disease modeling.
Since the discovery of PSCs, researchers have invested in decoding the molecular basis of
pluripotency, as it is fundamental to the understanding of stem cell biology, embryonic
development, and possible clinical application of regenerative medicine. Studies have
gradually revealed that a complex network of factors, including transcription factors and
epigenetic regulators, is responsible for regulating pluripotency through multiple signaling
transduction pathways. The generally accepted core pluripotency factors include OCT4?,
NANOG*, and SOX2°, as reintroducing these factors can induce a pluripotent state in
somatic cells®. Current evidence suggests that reprogramming of somatic cells requires cell
division’, and a high proliferation rate® is directly linked to increasing reprogramming
efficiency, suggesting the important role cell cycle regulation plays in the establishing the
pluripotent identity.

The eukaryotic cell cycle is consist of four tightly regulated distinct phases (G1, S,
G2, M) dedicated to the replication and transmission of genetic material from the parental

cell to its progeny®. The synthesis (S) phase and mitosis (M) are periods where DNA
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replication and transmission occurs, respectively. The two gap phases (G1 and G2)
temporally separate S from M phase, allowing the cell to make decision and preparation to
undergo cell division. The G1, S, and G2 phase comprise the transcriptional active
interphase, and M phase is where the cell division occurs. Cell division and cell cycle
progression are precisely controlled by mechanisms that ensure the chromosomal DNA are
faithfully replicated, and then distributed equally to each daughter cell. Two classes of
molecules®*3, cyclin-dependent kinases (Cdks), a family of serine/threonine kinases, and
their binding partners, cyclins, play a key role to ensure that the four cell cycle phases are
maintained in the correct temporal order. The cell cycle progression can be characterized
by overlapping waves of phase-specific Cdk activities®®, which then activate or inactivate
target proteins to promote cell cycle progression. For instance, the M phase Cdk1-cycle B!
complexes drive mitosis but inhibit cytokinesis and DNA replication. The activation of Cdk
activity requires the assembly of Cdk with its regulatory cyclin partner*?*3, Cyclins are
unstable proteins that are synthesized and degraded at precise times during the cell cycle,
thus generating waves of Cdk activity!®. Therefore, the precise timing of cyclin
accumulation is critical for normal cell cycle progression, and dysregulation can adversely
affect genomic integrity and growth control.

In contrast to most somatic cells, PSCs, including mouse embryonic stem cells
(MESCs) and human embryonic stems cells (hESCs)*/, exhibit unusually cell cycle
features compare to their differentiated counterparts. During the cell cycle, PSCs undergo
symmetric self-renewal, which generates two daughter cells, each of which retains

pluripotent identity. It has been shown that PSCs devote approximately 60% of time to
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the S phase and lack a fully formed G1 phase. Since most differentiated cell types spend
the majority of their time in G1 phase, the shorter G1 phase of mMESCs can account for their
rapid rate of cell division®®. By structuring the pluripotent cell cycle so that it lacks
extensive gap phases and consists mainly of alternating rounds of DNA replication (during
S phase) and chromosome segregation (during M), the PSCs retain its characteristic rapid
self-renewal capacity. Studies have shown that most cyclins and Cdks are functionally
redundant during mouse development as demonstrated by knockout studies!®?%. The
exceptions are cyclin A%*, with homozygous null mutants surviving only until 5.5 dpc and
cyclin B1%, with no homozygous null mutant survived to birth. Although the expression of
the majority of cyclins has been described in PSCs, with the exception of the mitotic
regulator cyclin B, all cyclins expressed in PSCs are present at significantly higher but
equivalent amounts through the cell cycle®®. This dramatically contrasts the strict, temporal-
manner fluctuation of cyclin levels responsible for regulating somatic cell cycle progression.
Similar, with the exception of Cdkl-cyclin B ® complexes, most Cdk are active
throughout the pluripotent cell cycle, and with much higher activities compare to somatic
cell types. Experiments suggest that the unusually high level of Cdk activity in PSCs can
account for their rapid cell division rate since suppressing Cdk activity reduces the rate of
PSCs cell division®® 28, Although inhibition of Cdk activity slows down the pluripotent cell
cycle, it does not alter the general cell cycle structure of PSCs'®, suggesting the unusual
cell cycle feature of PSCs is related more to the absence of Cdk periodicity. The lack of
Cdk periodicity in PSCs also inactivates the pRb-E2F (Retinoblastoma protein and E2F

transcription factor) pathway in PSCs6. In somatic cells, the activation of E2F target genes
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is tightly linked to the temporal activation of G1 Cdks activity?’, and are crucial in
establishing the full length of the G1 phase before progression to the S phase. The elevated
activity of G1 Cdks in PSCs lead to hyperphosphorylation of pRb and prevent its interaction
with the E2F transcription factor, eliminating the cell cycle-dependent gene expression of
E2F targets®®. Therefore, the inactivated pRb-E2F pathway may contribute to the shortened
G1 phase of PSCs.

Studies have also shown that the elevated and constitutive Cdk expression is
characteristic of PSCs, and as differentiation occurs®3!, Cdk activity collapses and
becomes cell cycle-dependent. Thus, there is some obvious connection between the cell
cycle machinery and unique characteristics of PSCs. PSCs, defined by their capacity to
indefinably self-renewal and differentiate into all three germ layers, exhibit immense
potential for disease modeling and regenerative therapy. However, the effective utilization
of PSCs requires an in-depth understanding of the mechanisms that establish their cellular
identity. The regulation of pluripotency maintenance and fate commitment is intimately
connected to the cell cycle, with the M phase being particularly critical for cells to choose
between alternative fates. The M phase is the privileged window for reprogramming and
rewiring the transcriptional programs*®, and several decades of investigation have tried to
reveal the underlying mechanism, from the mitotic chromatin structure to the chromatin

association factors that might be involved in fate maintenance.
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1.1.2 The mitotic chromatin

Chromatin structure and organization changes dramatically during mitosis. It is
generally accepted the chromatin conformation transforms from a cell type-specific to a
universal condense organization®?3* where major components of transcription machinery
are dissociated from their interphase binding sites and new histone modifications specific
for mitosis are deposited. After mitosis, chromatin returns to its uncondensed cell type-
specific shape, chromatin factors and interphase specific histone modification are re-
established onto the appropriate site. Despite this upheaval, the cell type-specific gene
expression and epigenetic profiles exhibited by the parental cells are faithfully transmitted
to the daughter cells as they enter the G1 phase. Although it has been known for a long time
that the structural and physical organization, in addition to the nucleotide sequence, of the
chromosomes carries important information related to multiple processes, including the
gene expression regulation, and is in part specific for cellular identity, the detailed
mechanism underlying the inheritance of transcriptional memory is not fully understood.

Although the folding characteristics of interphase chromatin appear to be almost
completely lost during mitosis, it does not mean the condensed mitotic chromatin has no
higher order organizations®2. The prevailing model for mitotic chromosome architecture is
that chromosomes fold as longitudinally compressed arrays or stochastically position
consecutive chromatin loops®. At the level of the nucleosome, the forces on the chromatin
fiber during the condensation process causes the nucleosomes to reattribute along the
condensed chromatin. Together, the mitotic chromatin exhibit distinct three-dimensional

organization compare to the interphase chromatin. It is known that the interphase
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chromosomes are compartmentalized into topologically associated domains (TADs)®, a
contiguous chromosomal region that largely interacts with itself and is relatively insulated
from its direct genomic neighbours. However, the locus-dependent and cell-type specific
TADs are mostly lost in metaphase, where the chromatin displays a universal cell-type and
locus invariant mitotic conformation.

Despite the condensation and extensive reorganization of chromatin during mitosis,
recent studies have shown that DNA accessibility is largely maintained during mitosis®-28,
Through DNase | sensitivity assay coupled to high-throughput sequencing (DNase-seq),
certain elements, particularly the promoters, remain sensitive to DNase | digestion during
mitosis. An overall mild reduction in accessibility during mitosis is found to be
concentrated among a small fraction of the “peak”, or narrow sites of hypersensitivity,
mostly at the distal regulatory, whereas the “hotspots”, or broader regions of sensitivity,
are stable and unchanged through mitosis®®. This observation suggested that large-scale,
indiscriminate steric occlusion is unlikely to produce such site-specific and spatially
confined changes in chromatin accessibility. Rather, Hsiung et al.%® hypothesized that
transcription factor binding could generate a narrow DNase peak by evicting the
nucleosomes in the vicinity of the binding site, while also recruiting factors capable of
spreading along and remodeling chromatin to generate the broader accessibility pattern of
the DNase hotspot. During mitosis, the reduced affinity of trans-acting factors at distal
regulatory elements, partly due to mitosis-specific phosphorylation, could explain the
preferential loss of DNase sensitivity at DNase peaks. In contrast, patterns of generalized

accessibility across hotspots, are likely attributable to mitotically stable chromatin features,
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including histone modifications and DNA methylation patterns which are retained on
mitotic chromatin. The maintenance of chromatin accessibility suggests there must be
chromatin features that are present in interphase chromatin are also present in mitotic
chromatin, keeping the promoter sites accessible during mitosis®” 3. Accessibility of
promoter sites during mitosis also implies that the locus, although temporarily less stable
bound by factors, maintain their open conformation, and are accessible for these factors
upon mitotic exit. Furthermore, this locus-specific reduction in accessibility appears to be
different between cell types, and thus, might play an important role in transmitting cell
type-specific transcriptional memory through mitosis. Therefore, the exact mechanism that
enables the maintenance of chromatin accessibility might be different for individual loci

and remains largely unsolved.

1.1.3 Mitotic bookmarking as a mechanism for transmitting cell fate through mitosis

Even though most transcription activity ceases and at least a subset of proteins are
dissociated from the chromosomes during mitosis, cells are capable of rearranging their
chromosomes back into cell type-specific confirmation and re-establish the cell type-
specific transcription patterns. This suggests that the information required to rearrange
chromosomes and re-establish interphase transcriptional activity is contained in the mitotic
chromatin. Group of researchers has proposed the concept of mitotic bookmarking as a
potential mechanism involved in maintaining cell type-specific information through
mitosis®>#2, It is stemmed from two main observations in the late 1990s. The first is that a

greater proportion of mitotic chromatin had single-stranded DNA compared to interphase
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chromatin®®, and the second revealed this single-stranded nature was correlative with the
expression profiles of active gene*. These observations suggest that there must be
molecular “bookmarks” that are retained at crucial sites on the mitotic chromatin to regulate
chromatin conformation and preserve the transcriptional state during mitosis. With further
studies, researchers propose that mitotic bookmarks might have two distinct functions*®-4,
First, they exert a function during mitosis, including regulating chromatin conformation.
Secondly, mitotic bookmarks assist the transmission of epigenetic memory by providing
the daughter cells with a blueprint of what genes to turn on or off upon mitotic exit. The
previously known mitotically stable epigenetic regulatory mechanisms*"4?, including DNA
methylation, mitotically stable histone variants, open chromatin confirmations at gene
promoters, and mitotically retained transcription factors can be classified as subcategories
of mitotic bookmarking.

Over the past decade, studies have focused on identifying mitotically retained
factors that might function as a mitotic bookmark, and multiple transcription factors and
chromatin regulators retained on the mitotic chromatin has been shown to play a role in
mitotic bookmarking. For instance, Mixed Lineage Leukemia (MLL)%*, a histone
methyltransferase, was one of the first components of the chromatin-remodeling complex
identified as a mitotic bookmark. The mitotic retention of MLL was correlated with rapid
transcriptional reactivation of the genes bookmarked by MLL during mitosis in HeLa cells.
Later studies have revealed that the mitotic bookmarking marking activity is not limited to

chromatin-modifying enzymes, multiple transcription factors including GATA1%,
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FOXA1*, PARP1%, ESSRB*, SOX2%, and KLF4%, have been shown to act as mitotic
bookmarks that facilitate a rapid transcriptional program of bookmarked genes.

In addition to affecting transcriptional kinetics, the bookmarking factor UHRF1°2
is involved in the maintenance of DNA methylation during mitosis, while OCT4 and
SOX2% are required during M-G1 phase transition for maintenance of pluripotency. In a
very recent study, the link between mitotic specific retention of SOX2%° and the
differentiation efficiency of PSCs has been investigated. As a member of the “core”
transcriptional regulatory circuitry, SOX2 is strictly required for the maintenance of the
pluripotent state while also playing a role in differentiation by favouring neuroectodermal
commitment. Through the aid of the mitotic degradation domain (MD) of cyclin B1, which
has been shown to induce mitotic specific degradation of linked proteins, Deluz et al.>®
demonstrated that the presence of SOX2 during the mitosis to G1 transition is required for
its ability to drive neuroectodermal differentiation in mESCs. Through a similar technique,
Liu et al.®® showed that the mitotic specific degradation of OCT4 leads to increasing

number of partially or completely different colonies in culture.

1.1.4 ChIP-MS reveals putative pluripotency-associated mitotic bookmarks
Although several factors have been successfully identified as mitotic bookmarks
based on a single protein targeted approach, the present studies have not yet shown a
reliable method to identify mitotic bookmarking factors at a global proteome level. In
addition, the functional relevance of the genomic sites specifically bound by MBFs during

mitosis in relation to pluripotency and differentiation have not been examined.
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Our lab had developed a novel chromatin immunoprecipitation followed by mass
spectrometry (ChIP-MS) protocol to identify factors that are retained on mitotic
chromosomes in PSCs®3. The ChIP-MS approach utilized antibodies against histone 3 (H3)
or a mitotic specific histone modification, phosphorylated serine 10 on histone 3 (H3S10P)
to pull down proteins associated with global chromosomes or mitotic chromatin,
respectively. Immunoprecipitated proteins were subsequently identified by mass spectra
analysis and de novo sequencing (Figure 1a). Since the normal PSC culture only contains
a small fraction of mitotic cells, PSCs were enriched with nocodazole and verified using
MPM?2 antibody®*, which recognizes the phosphorylated version of a peptide sequence that
is present in over 40 different eukaryotic proteins present at the onset of mitosis.

Peptide sequences obtained from mass spectrometry were filtered based on a series
of threshold values and candidates common amongst all three biological replicates that
exhibit both global (H3 fraction) and mitotic (H3S10P fraction) chromatin association were
selected for follow-up (Fig 1b left)®3. Using previously published RNA-sequencing (RNA-
seq) datasets, the putative mitotic bookmarking factors were classified based on their
expression level in mESCs under different culturing conditions: mESCs medium with
leukemia inhibitory factor (LIF) or differentiation medium with retinoic acid (RA)%.
Putative bookmarking factors were grouped into three categories: the RA-specific
bookmarks, generic bookmarks, and pluripotency-specific bookmarks (Fig 1b right). In
addition, the bookmarking factors that previously known to cause mitotic defects or DNA
damage upon knockout were discarded, leaving a final list of 31 putative bookmarking

factors which were validated using immunofluorescence to confirm their association with

10
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mitotic chromosomes. Several proteins from our final list, including UTF1, DNMT3a,
UHRF1, and PARP1, have previously been described to be retained on the mitotic
chromatin. Amongst them, PARP1 was recently shown to be a mitotic bookmark that is
associated with rapid reactivation of genes upon mitotic exit in HEK293 cells*®. Our ChIP-
MS data provided a pool of candidate mitotic bookmark that requires further study to reveal
their roles in chromatin remodeling, epigenetic inheritance, and gene expression during
mitosis in PSCs.
1.1.5 ATAC-seq reveals bookmarked sites during mitosis

To supplement the ChIP-MS screen, our lab has also established the chromatin
accessibility profiles of PSCs in interphase (asynchronous sample), during mitosis (G2M
sample), and upon mitotic exit into G1 (G1t20 sample and G1t35 sample) using the assay
for transposase-accessibility chromatin followed by sequencing (ATAC-seq). The ATAC-
seq assay involves treating cells with a hyperactive Tn5 transposase and DNA adapters®®.
Upon encountering a genomic site that is unprotected, Tn5 cleaves the DNA and results in
the insertion of DNA adapters, which can later be sequenced to identify regions of high
accessibly. We defined mitotically bookmarked site as genomic regions that maintained
their chromatin accessibility state throughout mitosis into G1 (Figure 2a)®. Consistently
with previous data, we found that majority of the sites were shared between interphase and
mitotic population, and these putative bookmarked sites are mostly located within gene
promoters and at the distal intergenic region. In addition, our data also suggested that while

a significant portion of the genome retains the same mitotic chromatin accessibly signature,
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as during interphase, there is a large percentage that losses accessibility during mitosis and
early G1 phase.

Recently, Liu et al.>! had shown that the H3K27Ac epigenetic mark is retained on
mitotic chromatin and is highly correlated to the mitotic binding site of OCT4, SX02, and
KLF4. We examined the overlapped between our proposed putative bookmarked site
identified in ATAC-seq with the mitotic specific site of H3K27Ac, as well as the known
binding sites of several putative mitotic bookmarks (Figure 2b). We found a strong
colocalization between H3K27Ac marks only with our putative bookmarked sites but not
non-mitotically bookmarked sites identified using ATAC-seq™. Majority of the H3K27Ac
bookmarked sites did not co-localize with any of the other mitotic bookmarks, while the
two highest co-occupancy occur with KLF4 and PARP1. A comparison of expression of
the genes bookmarked by H3K27Ac, KLF4, and PARP1 in differentiation vs. pluripotency
condition identifies a group of genes that show higher expression in pluripotency®,
suggesting that, in addition to known pluripotent mitotic bookmarks KLF4, PARP1 is

highly likely to play a role in pluripotency maintenance through mitotic bookmarking.
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1.2 Functional analysis of the mitotic bookmarking capability of PARP1

1.2.1 Background

PARP1, or poly(ADP ribose) polymerase I, belongs to the poly(ADP-ribose)
polymerase family®®, which are proteins catalyzes the transfer of ADP-ribosyl group from
NAD? to various substrates. Poly(ADP-ribose) polymers (pADPr) serves as an important
post-translation protein modification, and thus PARP1 play an important role in a variety
of processes including DNA damage response, regulation of chromatin structure,
differentiation, and transcription regulation®’. PARP1, as a founding family member, is
conserved among eukaryotes except in yeast and has the highest expression level in PSCs®®.
The structure-function relationship of PARP1 is well understood, four out of six domains
have been assigned a particular function: (1) a DNA-binding domain composed of two
zinc-finger structures, (2) a nuclear localization signal (NLS) domain, (3) a protein
interaction domain containing BRCT motif, and (4) a catalytic domain.

The role of PARPL1 in facilitating DNA repair has been clearly demonstrated by the
generation of PARP1 deficient mouse model®>”®°, which exhibit normal development but
showed hypersensitivity to ionizing radiation and alkylating agents. Numerous studies have
shown chromatin association of PARP1, and extensive binding of PARP1 makes chromatin
denser and more compact®™ 2, thus preventing the transcription machinery from initiation
gene transcription. In vitro studies confirm PARP1 ability to regulated chromatin structure,
as adding recombinant PARP1 to purified chromatin changes its conformation of the

chromatin from an open state to a more condensed state®?. Meanwhile, in vivo studies
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suggested mouse PARP1 is necessary for stable gene silencing on the inactive X
chromosomes®’. PARP1 is also shown to localize to other constitutive heterochromatin
regions, including centromeres and telomeres. Due to its chromatin remodeling activity, it
is not surprising that PARP1 was reported as an important factor specifically for the early
stages of induced PSC reprograming®®. Roper et al.5 observed a downregulation in both
PARP1 and PARP7 upon PSCs differentiation. Both PARP1 and PARP7 deficient PSCS
exhibited significant downregulation of multiple pluripotency markers, including OCT4,
NANOG, and SOX2. Although PARP1 deficient mice are viable and fertile, subcutaneous
injection of PARPL1 deficient PSCs formed cells with trophoblast giant cell-like
morphology®®%’. Further studies showed an increased propensity to differentiate into
trophoblast lineage in PARP1 deficient PSCs both in vivo and in vitro. The exact
mechanism underlying the ability for PARP1 to regulate pluripotency has been liked to its
ability to interact with and regulates SOX2 activity®'°. In response to fibroblast growth
factor (FGF)/extracellular signal-regulated kinase (ERK) signaling, PARP1 auto-poly
ADP-ribosylation enhances SOX2-PARPL1 interaction, which subsequently inhibits SOX2
binding to OCT4/SOX2 enhancers stimulating proper differentiation. In addition to the
ribosylation function, Lodhi et al.*® have demonstrated that PARP1 is retained at certain
gene promoters in HEK293 cells through chromatin immunoprecipitation with sequencing
(ChIP-seq). Using a knockdown approach, they have also demonstrated that PARP1 is
important for the rapid transcriptional reaction of its mitotic target genes in early G1 phase,

confirming its role as a mitotic bookmarking factor in HEK293.
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1.2.2 Summary of Intent

Since PARP1 is identified as a putative mitotic bookmark in PSCs from our ChIP-
MS screen®3, and its mitotic occupancy exhibit extensive overlap with the genomic locus
bookmarked by H3K27Ac®, it represented a suitable pilot study to examine the mitotic
bookmarking function of PARP1 within the context of PSCs. The first part of my research
project aimed to explore the mitotic bookmarking function of PARPL in relation to its
ability to maintain pluripotent identity in PSCs. Our research was carried out using
E14Tg2a mESCs due to their robust self-renewal capacity. Based on the evidence in
previous studies, we hypothesized that the presence of PARP1 on mitotic chromatin is
necessary for optimal self-renewal in pluripotent stem cells. The following research aims
were formulated to help test our hypothesis:

Aim 1: Generate and characterize PARP1 knockout PSCs

Aim 2: Evaluate the effect of mitotic-specific loss of PARP1 on the self-renewal of
PSCs

Aim 1 was addressed by generating and selecting PARP1 knockout PSCs using
CRISPR/Cas9 technique to completely ablate the DNA binding activity of PARP1. The
confirmed PARP1 knockout clones were utilized to exploit the effect of PARP1 deficient
on cell cycle progress, proliferation, self-renewal capacity, and gene expression pattern. In
addition, the chromatin interaction dynamic of PARP1 during mitosis and interphase were
compared using fluorescence loss in photobleaching (FLIP).

Aim 2 was addressed by using recombinant Parpl construct fused with a mitotic

degradation domain from Cyclin B, which is previously employed by multiple groups to
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study the functional relevance of mitotic bookmarks in cell fate decisions. PARP1 rescue
lines with PARP1 expression selectively eliminated from specific phases of the cell cycle
were generated by introducing wild-type Parpl or MD-fusion constructs into the PARP1
knockout clones characterized in Aim 1. The self-renewal capacity of each PARP1 rescue
lines was then explored to reveal the effect of mitotic specific perturbation of PARP1 on
cell fate.

Together, this study was designed as a systematic survey of the functional relevance
mitotic bookmarking activity of PARP1 in PSCs. It compressively examined how the
chromatin association of PARP1 is related to pluripotency, how the PARP1-chromatin
interaction dynamic changes from interphase to mitosis, and what are the phenotypic

outcomes of perturbing PARP1 chromatin association during M-G1 transition.
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1.2.3 Material and methods

Cell culture: E14TG2A mouse embryonic stem cells were cultured on 0.1% gelatin-coated
culture dishes in mESC media: DMEM (Sigma Aldrich, D5796), 15% FBS, 1X non-
essential amino acids (Life technologies: 11140-050), 1X glutamax (Life technologies:
35050-061), 1X sodium pyruvate (Life technologies: 11360-070), and 1X
betamercaptoethanol (Gibco: 21985-023). Media was further supplemented with 1000
U/mL LIF (Amsbio, AMS-263-100) after filter-sterilization with a 0.22um filter (Sigma)
Cells were maintained at 37°C, 5% CO: and passage every three days using accutase®
(Sigma Aldrich: A6964). PARP1 knockout cells were routinely maintained on a layer of x-
ray irradiated mouse embryonic fibroblasts (XMEFs) seeded at a density of 1x10° cells/60

cm?. mESCs were pre-plated on gelatin-coated dishes for 30 minutes to deplete XMEFs.

Cell proliferation assay: 1X10° mESCs/well, were seeded in 24-well plates and cultured
for 48 hrs. The cells were then trypsinized into single cell suspension using accutase®
(Sigma Aldrich: A6964) and automatically counted using the Automated Cell Counter
Countess Il (ThermoFisher). To avoid quantification of XMEFs, mESCs were pre-plated

on gelatin-coated dishes for 30 minutes to deplete xXMEFs. Proliferation rates or cell

(t—tg)log2

, Where
logN—logNy

doubling time (DT) was calculated using the following formulate: DT =

t, to indicate time points at counting and initial plating, respectively; and N, No indicate the
number of cells at respective time points. Results are presented as mean doubling time =+

SD of 5 consecutive passages.
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Colony initiation cell assay: mESCs were seeded at a density of 250 cells/well onto a well
of a 12-well plate with x-MEFs at a density of 1x10° cells/plate. For each experiment, cells
were seeded in a technical triplicate and cultured for 5 days. At day 5, colonies were fixed
in the dish with 250 ul of 4% PFA (Electron microscopy sciences, Cat # 15710) for 1-
2minutes and washed with water. Alkaline phosphatase (AP) staining was performed as
described in Sigma AP staining kit (86R-1KT, Sigma). Plates were scanned on EPSON
Scanner with 3200 dpi and 24-bit colour and analyzed on ImageJ (Schneider et al., 2012).
Dense colonies with intense AP staining were characterized as AP positive (AP+) while
the less dense ones with dispersed pink staining around the edges were characterized as

mixed colonies.

Fluorescence loss in photobleaching (FLIP): FLIP experiments were performed on Leica
SP5 confocal microscopy at McMaster Biophotonics Facility. mESCs with stable PARP1-
mKO2 expression was imaged and bleached using a 561-nm laser. To reduce background
fluorescence, the cell culture medium was exchanged before imaging for mESC media
made with DMEM lacking phenol red (Gibco™). In mitotic cells, we measured time traces
of average fluorescence from a square region in the area containing condensed
chromosomes while continuously bleaching another region containing condensed
chromosomes within the same cell. In interphase cells, both bleaching and measurement

regions were inside the nucleus.
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Flow cytometry: Cell cycle profiles were established by fixing cells at various time points
using the BD fixation and permeabilization Kit (Cat # 554714). The fixation solution was
diluted with 3 parts PBS to achieve a final paraformaldehyde (PFA) concentration of 1%,
and cells were fixed for 10minutes at room temperature. Cells were Hoechst (Life
technologies: H1399) for DNA and MPM2 (05-368, Millipore) as a mitotic marker.
Donkey anti-mouse Alexa Fluor 647 (Thermo Fisher A-31571) was used as a secondary
antibody. Samples were acquired on the MACSQuant® analyzer (Milteny Biotech), and

analyzed using FlowJo.

Generation of PARP1 knockout: PARP1 knockout mouse ES lines were generated by
using guide RNAs again exon 2 of mouse Parpl gene. Guide RNAs were designed using
Benchling and cloned into CRISPR/Cas9 backbone, pSpCas9(BB)-2APuro (PX459) V2.0
(a gift from Feng Zhang (Addgene plasmid # 62988)) (Ran et al., 2013). 10 ug of the cloned
CRISPR/Cas9 plasmid was used to transfect a well of 6-well plate of wild-type ES cells
(p6). Cells were selected with 2ug/ml of Puromycin for 72 hours and colonies were allowed
to form. Individual colonies were hand-picked and screen by western blot with the anti-
PARP1 antibody (Abcam ab194586). Positive clones were amplified around the targeted

region using genomic DNA primers (Table 1) and sequenced using Sanger sequencing.

Mitotic degron construct: The DNA sequence encoding the peptide corresponding to
residues 13-91 of murine cyclin B1 (Kadauke et al.) was subcloned into pPCAG-mKO?2

using MD primers (Table 1) to generate the mitotic degron construct (MD). The MD and
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inactive mutant MDR%?A (Kadauke et al.) were fused to the C-terminus of pCAG-PARP1-

mKO?2 to create pPCAG-PARP1-mKO2-MD and pCAG-PARP1-mKO2-MDR4?A,

Mitotic enrichment and release: WT and PARP1KO mESCs were seeded at a density of
2.5M per T75 0.1% gelatin-coated tissue culture flasks. Each flask was supplemented with
0.5M x-ray irradiated MEFs (mouse embryonic fibroblasts). mESCs were enriched using a
double thymidine and nocodazole block (Teves et al. 2016). Mitotic cells were collected
by mitotic shake off and were released (M-released) into regular mESC media after
washing off nocodazole (1X with PBS) for 20mins at 37C. M-released cells (G1t20) were
kept cold from this point on and were resuspended in PBS with 2%BSA, 5mM EDTA and
7AAD (BD 559925 at 1:100). A fraction of G1t20 cells were washed and resuspended
gently in mESC media and release back into G1 at 37°C for 15mins. Cells were then
collected for G1t35. Collected cells from each fraction (Interphase, G2M, G1t20, and

G1t35) were cryopreserved in 15% FBS and 10% DMSO.

gRT-PCR: RNA was isolated using TrizolTM LS (Thermo Fisher 10296028) according
to manufacturer's protocols. For nascent RNA g-RT-PCR, RNA was DNasel treated in
solution and purified using Qiagen RNeasy Micro Kit (Qiagen Cat # 74004). cDNA was
prepared for 1ug of RNA using SensiFAST cDNA Synthesis Kit (Froggabio BIO-65054),
and g-PCR was performed using SensiFAST SYBR No-ROX Kit (Froggabio CSA-01194).
Primers were designed to capture nascent transcripts (Table 2) CFX ManagerTM was used

to analyze the data (Biorad, Software #1845000).
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Statistical analysis: All statistical analyses were performed using Prism 7 (GraphPad) and
Microsoft Excel software. Error bars reflect the standard error of the mean unless otherwise
stated. The paired two-tailed Student’s t-test was used to compute all p-values in cell
tracking experiments for comparison of the intensities under distinct channels for
individually tracked cells; all other p-values were computed with the unpaired two-tailed
student’s t-test. Unless otherwise stated error bars represent standard error of the mean and

alpha of 0.05 was used as a cut-off for statistical significance.

Western blot: Single-cell suspensions harvested during the passage of mESC cultures were
lysed in 1X radioimmunoprecipitation assay buffer (RIPA, Sigma) with 1X Protease
Inhibitor Cocktail (Roche). The protein concentrations were quantified using the DC
Protein Assay kit (Biorad) with the bovine serum albumin standard curve ranging from 0
to 2 mg/ml concentrations. The quantified protein extracts were transferred into 1X
NuPAGE LDS Sample Buffer (Thermo Fisher) with 15% Bond-Breaker TM TCEP
Solution (Thermo Fisher). The prepared extracts were heated at 95°C for 5 minutes and
separated on a 12% polyacrylamide gel at 180V for 45 minutes. The separated protein was
transferred onto a PVDF membrane using constant-current electrophoresis at 200 mA for
2 hours, followed by blocking in 5% milk in 1X TBS. The proteins were then blotted with
monoclonal antibodies (Table 3) in 3% milk in 1X Tris-buffered saline (TBS) containing
0.1 % Tween20 (1X TBST; Bio Shop) at 4°C overnight. After washing, the blot was
incubated with the secondary anti-rabbit HRP-conjugated antibody (1:20,000; Biorad) in

3% milk in 1X TBST for 1 hour at RT and was developed for 10 minutes using an HRP
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substrate (1:5 diluted in ultrapure water; Lumina). The blot was visualized using the
ChemiDoc™ MP Imaging System (BioRad) with its associated Imagelab analysis

software (Biorad).
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1.2.4 Results and Discussions
Knocking out PARPL1 did not affect the cell cycle progress and proliferation rate of mESCs

Using CRISPR/Cas9, we generated PARP1 knockout mESC lines by disrupting
exon 2 within the DNA-binding domain of PARP1 (Figure 3a). Two clones of PARP1
knockout mESC lines were selected, where PARP1KO8 had independent mutations in both
the alleles and PARP1KO24 had a homozygous mutation (Figure 3b). In both cases, the
open reading frame of PARP1 was disrupted and lead to a complete loss of detection of
protein product (Figure 3c).

The initiation characterization of PARP1 knockout lines involved gquantifying the
growth rate and cell cycle profile of selected knockouts. Our data showed that both PARP1
knockouts and wild-type mESCs had a doubling time of 16-18 hours (Figure 4a),
suggesting the proliferation rate of mMESCs was not significantly affected by knockout out
PARP1. Moreover, using Hoechst and MPM-2 antibodies, we were able to quantify the
percentage of MESCs in different stages of the cell cycle (Figure 4b). Since the cell cycle
profile of asynchronous PARP1 knockouts was unchanged compared to wild-type ES cells,
we concluded that the association of PARP1 with mitotic chromatin was not involved

regulation of cell cycle progression.

The transcript level of pluripotency-related genes remained unchanged in the stable
PARP1 knockout
Roper et al.%* have previously reported that in the PARP1 deficient mESCs exhibit

a decrease in ground state pluripotency and a higher propensity to differentiate, as they
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display a significant reduction in transcript level of Nanog and Stella but significant
increase in transcript level of Cdx2. To examine the transcription profile, RT-gPCR was
carried out on genes previously shown to change in expression by knocking out PARP1.
Surprisingly, we initially observed a significant decrease in the transcript level of Stella in
the PARP1 knockout (Figure 5a), but it was eventually returned to a similar level as the
wild-type control over 12 passages (Figure 5b). Based on the RT-qPCR results in later
passages, the transcript level of all gene tested did not exhibit significant changes between
the knockout and the wild-type controls. The inconsistent results we obtained compare to
Roper et al. might be related to the different techniques used to generate PARP1 knockouts.
Roper et al. obtained the PARP1 knockout line from Wang et al.”*, who originally
inactivated Parpl gene in mESC through homologous recombination, inserting a PGK-neo
cassette in exon 4 of the Parpl. Successfully targeted mESCs were injected into mouse
blastocysts to generated heterozygous mice, which were then intercrossed to produce
homozygous mouse completely devoid of PARP1 expression. Since their PARP1 knockout
mESCs were isolated from the PARP1 null mice, there might be the inherent difference
from our knockout lines, which were directly generated via non-homologous end joining
from the wild-type mESC targeting the second exon of Parpl.

Moreover, there are also previous reports that suggest compensation of lost PARP1
activity from PARP2 might occur in PARP1 stable knockout®. PARP2 is discovered as a
result of the presence of residual DNA-dependent PARP activity in embryonic fibroblasts
derived from PARP1 deficient mice’?. PARP2 exhibits strong structure resemblance in its

catalytic domain with PARP1 but a slightly different DNA-binding domain. Studies have
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shown that PARP2 interacts with PARP1 and shares common partners involved in DNA
repair and chromatin structure’. PARP2 deficient mouse displays phenotypes both similar
to PARP1 deficient mouse and unique to PARP2 deficiency, indicating that PARP1 and
PARP2 functions are complementary but do not fully overlap. Mice with PARP1 and
PARP2 double knockout are not viable and die at the onset of gastrulation but not with
either single knockout suggest that PARP1 and PARP2 might compensate each other for
its lost function, and the presence of either PARP1 and PARP2 are sufficient for normal
embryonic development. Lai et al.®® have shown that in PSCs, PARP2 was upregulated in
PARP1-depleted cells and PARP1 was upregulated in PARP2-depleted cells, suggesting a
reciprocal compensation between PARP1 and PARP2 in PSCs (Figure 6). Contradictory to
other reports, they also found that the stable knockdown of PARP1 and PARP2 resulted in
slightly different gene expression pattern comparing to transient knockdown, where the
expression of Nanog and KIlf4 become less significantly upregulated. Additionally, Ogino
et al’® have also reported that changes in the expression of pluripotency genes are minimal
in PARP1 knockout cells. The differences in gene expression pattern observed between
stable PARP1 knockouts or knockdowns and transient PARP1 knockdowns suggest there
might be a time-dependent transcription feedback loops in PSCs that gradually adjust

expression of pluripotency-related genes to the normal levels.
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Transcriptional reactivation profile of PARP1 targets was mostly unchanged in PARP1
knockouts

To examine the gene transcription profiles of PARP1 target genes upon mitotic exit,
we utilized a mitotic enrichment protocol consisting of a double thymidine block followed
by a nocodazole treatment’ (Figure 7a top). The mitotic cells (t0) were collected by mitotic
shake-off and release into G1 for 20 minutes, 35 minutes, and 45 minutes. We also collected
G2 fraction that remained adherent after mitotic shake-off. The cell cycle profile of each
collected samples was confirmed by flow cytometry (Figure 7a bottom). We quantified the
nascent RNA transcript level of PARP1 targets’® that were also differentially accessible by
our ATAC-seq data® using RT-qPCR. Although minimal differences were observed in the
result, the mitotically enriched PARP1 targets, Eda2r and Kdm6a, seemed to be slightly
upregulated in mid- to late-G1 phase for knockout compare to wild-type control (Figure
7b), suggesting PARP1 may be acting as a repressor for these genes upon mitotic exit into
G1 for maintaining normal PSCs expression profile.

Due to experimental constraints, we were only able to measure a very small fraction
of the total PARP1 bookmarked sites, and further characterization of other PARP1 targets
are required before ruling out the role of PARPL in assisting transcript reactivation upon
mitotic exit. Additionally, recent studies suggest that mitotic bookmarks may have
additional functions other than rapidly re-establish transcription activity during M-G1
transition. For instance, SOX2%°, mitotic bookmarks crucial for maintaining pluripotency,
does not seem to alter its target gene transcription upon mitotic exit. Since the small

population of PARPL targets tested was insufficient to represent the phenotypical definition
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of pluripotency, we decided to directly test the self-renewal capacity of PARP1 knockout

using colony initiation cell (CIC) assay.

Knocking out PARP1 significantly reduced the self-renewal capability of PSCs

The CIC assay utilizes alkaline phosphatase (AP)’® staining which has been shown
to specifically recognize undifferentiated populations within a culture. Overall, knocking
out PARP1 significantly decreased the number of AP-positive colonies formed compared
to the WT controls (Figure 8), suggesting a possible role of PARP1 in pluripotency
maintenance. Since CIC assay was able to provide us with a consistent and evident
phenotypical measure of self-renewal, we decided to use CIC assay as a primary approach

for test whether abrogation of PARP1 during M-G1 transition would impair pluripotency.

PARP1 displayed distinct mobility on mitotic chromosomes

To examine the dynamics of PARP1 chromatin association, we performed
fluorescence loss in photobleaching (FLIP) experiment, which mainly reflects interactions
with the nonspecific binding site. The wild-type and PARP1 knockout were transfected
with the Parp1-mKQO2 expression construct and FLIP was conducted on both the interphase
and mitotic mMESC populations to quantify the mobility of PARPL1 at different stages of the
cell cycle. Overall, we observed a slower fluorescence loss in mitosis comparing with the
interphase for both wild-type and knockout lines (Figure 9), suggesting PARPL are
exchanged less between mitotic chromosomes and the mitotic cytoplasm than within the

interphase nucleus. This lower exchange rate might be due to a stronger affinity of
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molecules bound to mitotic chromosomes, revealing PARP1 might exhibit a differential
chromatin interaction during mitosis comparing to interphase. Deluz et al.*° have observed
a similar reduction in mobility during mitosis comparing to interphase with SOX2,
suggesting this enhanced mitotic chromatin binding affinity might be one of the

characteristics of mitotic bookmarks.

Presence of PARP1 during M-G1 phase transition was required for optimal self-renew

Previous studies have shown that PSCs do not display the distinct oscillation of
phase-specific cyclin-dependent kinases normally observed in differentiated cell types,
except the mitotic regulatory Cdk1-cyclin B%. The Cdk1-cyclin B activity in PSCs is highly
correlated with mitosis where it increases at the onset of mitosis and declines rapidly when
PSCs enter the G1 phase. Based on this observation, Kadauke et al.** have fused the mitotic
degradation domain (MD) of cyclin B1 to the coding sequencing of GATAL, which has
successfully induced the mitotic specific degradation of GATAL during the metaphase-
anaphase transition. Later, Deluz et al.>° have adopted this approach to examine the role
SOX2 plays during the M-GL1 transition.

Using a similar approach, we generated MD construct by fusing the MD and an
inactive MD (MDR*?A) at the 3” end of the Parp1 coding sequence. Together with the wild-
type Parpl construct, they were transfected into both wild-type and PARP1 knockout to
generated rescue lines (Figure 10a). Combining with the previously established CIC assay,
we were able to examine the self-renewal of each rescue lines. From the result, both the

wild-type Parpl and Parp1-MDR*?A constructs were able to restore the self-renewal of KO
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to an optimal level similar to the wild-type control, but the Parp1-MD construct failed to
do so (Figure 10b). This result confirmed our hypothesis that the presence of PARP1 on
mitotic chromatin is necessary for optimal self-renewal in pluripotent stem cells. In addition,
we also observed a significant reduction in colony sizes with PARP1 knockouts, however,
this reduction was not rescued by any Parpl constructs we have tested (Figure 10c). The
inability for wild-type Parpl constructs to rescue the reduced size of PARP1 knockout
colonies suggesting that cells lacking PARP1 might develop irreversible damages that
cannot be compensated by other PARP proteins or rescued by re-introducing PARP1.
Whether this irreversible damage is related to PARP1 mitotic bookmarking ability cannot
be confirmed in our assay, and further study is necessary to reveal the link between colony

size and pluripotent identity.
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1.2.5 Conclusions

The aim of this project was to develop a systematic approach to examine the
functional relevance mitotic bookmarking activity of PARP1 in PSCs. To that end, we first
examined the effect of knocking out PARP1 on the pluripotent state. Although several
studies have reported changes in transcript level of pluripotency marks in PARP knockouts,
the results are not consistent depending on the method used to generate PARP1 knock and
the length of time the cells are depleted of PARPL1. Similar results were observed in our
study, where the transcript level of Stella was initially downregulated but returned to a level
comparable to wild-type control in later passages of PARP1 knockout. Whether this
adjustment in transcript level in the stable PARP1 knockout is due to PARP2 compensation
or other selective pressure in PSCs is beyond our scope of the study. However, to examine
the pluripotent state beyond the level of transcript expression, we showed that knockout
out PARP1 did reduce self-renewal in PSCs using CIC assay without affect proliferation
and cell cycle progression. In addition, using the FLIP experiment, we showed that a
significantly reduced mobility of PARP1 bound to mitotic chromosomes compare to
interphase chromosomes suggesting PARP1 may exhibit higher affinity for nonspecific
sequences on nucleosomal DNA.

To investigated the mitotic bookmarking role of PARP1, we initially used the
traditional approach by checking the transcriptional reactivation profile of PARP1 target”
upon mitotic release in PARP1 knockout and wild-type controls. Although Eda2r and
Kdme6a seemed to be slightly upregulated in mid- to later-G1 in PARP1 knockout, minimal

differences were observed in most PARP1 targets. It is worth mentioning that the targets
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we tested represent only a very limited fraction of the total sites bookmarked by PARP1,
and further characterization of other gene loci are required to make a statistically relevant
conclusion on the ability of PARP1 to regulated transcription reactivation. As an attempt
to study the bookmarking function of PARP1 on fate decision, we assayed the effects of
rescuing PARP1 knockouts with a modified PARP1 protein (PARP1-MD) that will be
degraded during the M-G1 phase transition. Our results showed both wild-type PARP1 and
inactive PARP1-MDR*A were able to rescue the colony forming defects observed in
PARP1 knockouts, but knockout rescued with PARP1-MD retained the reduce self-renewal
confirmed that the presence of PARP1 during M-G1 phase transition was essential for the
optimal self-renewal of PSCs.

In conclusion, using PARP1 as a model, we demonstrated an effective approach for
examining the phenotypic effects of perturbation of mitotic bookmarks during late mitosis.
In the next section, we would be confirming that this approach can be adapted to study
other putative mitotic bookmarks identified by our ChIP-MS screen by examining the

mitotic bookmarking role of HDGF and PSIP1 in PSCs.
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1.3 Assaying the mitotic bookmarking capability of PWWP domain-containing

factors

1.3.1 Background

To follow up on our model developed with PARP1, we decided to focus on a group
of factor identified from our ChIP-MS data that contain the PWWP domain. The PWWP
domain containing proteins serves a particular interest, as they have been previously shown to
exhibit dual function, binding both DNA and methlysine histones’’""°. The PWWP domain is
named for its conserved Proline-Tryptophan-Tryptophan-Proline motif, and structural analysis
revealed the PWWP domain forms a prominent positively charged surface rich in lysine and
arginine, suggesting a potential role in DNA binding. Several groups have revealed that
residues potentially involved in DNA binding are centered on the patch of highly positively
charged surface’’, suggesting the PWWP domain interacts with the phosphate backbone of
DNA through electrostatic interaction and thus lacking sequence specificity. On the other hand,
the structural similarity between the PWWP domain and other Royal superfamily members®,
which can recognize methylated lysine and arginine, signifying the PWWP domain might also
interact with histones. In vitro studies demonstrated that multiple PWWP domain-containing
proteins, including DNMT3a and HDGF2, preferentially bind to di- and tri-methylated lysine
on histones.

We identified two PWWP domain-containing proteins from our list of putative mitotic
bookmarks, the hepatoma-derived growth factor (HDGF)"” and PC4 and SFRS1 interacting
protein (PSIP1)®. Due to the high sequence homology between their PWWP domains, HDGF

and PSIP1 are categories into the HDGF subfamily. Members of this subfamily share a highly
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conserved N-terminal region containing the PWWP domain that preferentially interacts with
H3K36me3, H3K79me3 and H4K20me3"’. Both proteins are expressed in a wide range of cell
types and have been identified as having a number of putative roles. HDGF is a nuclear protein
with mitogenic and heparin binding activity®:®. It is highly expressed in developing heart and
fetal gut, and as a growth factor®*®’, HDGF has been implicated in organ development and
tissue differentiation of the intestine, kidney, liver, and cardiovascular system. Generation of
mice from HDGF deficient ES cells suggests HDGF is dispensable in mouse development as
mice are viable with no phenotypic abnormalities, and fibroblasts isolated from the HDGF
knockout mice revealed no alteration in proliferation and cell cycle distributions®. Interaction
studies reveal that the PWWP domain is indispensable for HDGF interactions including both
protein-protein and protein-DNA interaction’”. In addition, gene expression profiling analysis
showed that HDGF was predominately a transcriptional repressor, by modulating chromatin
structure and acting together with transcriptional corepressors®. As an HDGF-related protein
(HRP)™8, PSIP1 has been extensively studied and implicated in transcriptional regulation of
stress-related genes, alternative splicing, DNA repair, and integration of HIV into the host
genome®®3, PSIP1 encodes two protein isoforms, p52 and p75 which differ in expression
among tissues’® & % Generation of mice deficient for PSIP1 revealed homeotic skeletal
transformations® %, consistent with those observed in mice missing various Hox genes.
Transcriptional profiling of PSIP1 deficient cells revealed no significant changes in Hox gene
expression in mouse embryonic fibroblasts but did demonstrate dysregulation of these genes in
human embryonic kidney cells, suggesting dysregulation of Hox genes by the loss of PSIP1 is

lineage specific.
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1.3.2 Summary of Intent

Although HDGF and PSIP1 have been studied extensively regarding their function in
various tissue, they have not yet been examined in relation to their mitotic bookmarking
function. Since both factors were found to be strongly associated with the mitotic chromatin,
we would like to characterize their role in maintaining the cellular identity of PSCs through
mitotic bookmarking. Based on our observation with PARP1, we hypothesize that HDGF and
PSIP1 are retained on a subset of its interphase binding site during mitosis, and the presence
of HDGF or PSIP1 on mitotic chromatin is necessary for optimal self-renewal in pluripotent
stem cells. The following research aims were formulated to help test our hypothesis:

Aim 1: Characterize the self-renewal of HDGF and PSIP1 knockouts, and evaluate
the effect of mitosis-specific loss of HDGF and PSIP1 on the self-renewal of pluripotent
stem cells

Aim 2: ldentify the global interphase and mitotic chromatin-specific binding sites
of HDGF and PSIP1

Aim 1 was addressed by adopting the methodology we developed for studying the
mitotic bookmarking capability of PARP1, which induced the mitotic specific degradation
of the protein of interest in PSCs and examined the changes in self-renewal using CIC assay.

Aim 2 was addressed by performing ChIP following by high-throughput sequencing
on interphase and mitotic population to identify the genomic loci that are bookmarked by
HDGF and PSIP1 during mitosis. Since it has been previously reported that
paraformaldehyde (PFA) fixation might lead to exclusion of mitotic bookmarks from the

mitotic binding site with weak binding affinity, we decided to conduct ChlP-seq experiment
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using both fixed and native cells to ensure an unbiased capture of HDGF and PSIP1
associated sites.

Together, this study was designed to confirm the methodology we have developed
with PARPL1 can be applied to study other mitotic bookmarks in PSCs in terms of their
ability to regulate self-renewal. In addition, through comparative analysis using the ATAC-
seq datasets generated previously by our lab, we would like to obtain a better understanding
of the relationship between the mitotic assessable sites and genomic regions bookmarked

by different factors.
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1.3.3 Material and methods

Cell culture: E14TG2A mouse embryonic stem cells were cultured on 0.1% gelatin-coated
culture dishes in mESC media: DMEM (Sigma Aldrich, D5796), 15% FBS, 1X non-
essential amino acids (Life technologies: 11140-050), 1X glutamax (Life technologies:
35050-061), 1X sodium pyruvate (Life technologies: 11360-070), and 1X
betamercaptoethanol (Gibco: 21985-023). Media was further supplemented with 1000
U/mL LIF (Amsbio, AMS-263-100) after filter-sterilization with a 0.22um filter (Sigma)
Cells were maintained at 37°C, 5% CO: and passage every three days using accutase®
(Sigma Aldrich: A6964). PARP1 knockout cells were routinely maintained on a layer of x-
ray irradiated mouse embryonic fibroblasts (XMEFs) seeded at a density of 1x10° cells/60

cm?. mESCs were pre-plated on gelatin-coated dishes for 30 minutes to deplete XMEFs.

Cross-linked chromatin immunoprecipitation: 1x10” mESCs were used per IP with
1ug/1x107 cells of antibody. Cells were cross-linked in 1% paraformaldehyde (PFA) for 10
minutes at room temperature with shaking and then washed 2X in large volumes of PBS.
Cross-linked cells were lysed in RIPA buffer (50mM Tris-Cl pH7.45, 50mM NacCl,
0.1%SDS, 2%NP-40, 1% Sodium deoxycholate) supplemented with protease inhibitors
(11836153001 cOmpleteTM mini-tablets Roche, Sigma) for 30 at 4°C. Nuclear and
chromatin pellet was collected by gentle centrifugation at 2500 g for 5min at 4C. The pellet
was resuspended in RIPA dilution buffer (RDB, 50mM Tris-Cl pH7.45, 150mM NaCl) and

supplemented with protease inhibitors, and homogenized with an 18G needle. The lysate
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was gently sonicated to release shearing chromatin (6 pulses each with 20s ON, 30s OFF
at 30% amplitude). Sheared chromatin supernatant was collected by spinning at 10,000 g
for 10 min at 4°C. Chromatin was diluted in RDB to get a final SDS concentration of 0.025%
to assist in IP. The samples were reverse cross-linked at 95°C for 10 min, and run on a

precast 10% bis-tris gel (Cat# NP0322, ThermoFisher) following the western blot protocol.

Colony initiation cell assay: mESCs were seeded at a density of 250 cells/well onto a well
of a 12-well plate with x-MEFs at a density of 1x10° cells/plate. For each experiment, cells
were seeded in a technical triplicate and cultured for 5 days. At day 5, colonies were fixed
in the dish with 250 ul of 4% PFA (Electron microscopy sciences, Cat # 15710) for 1-
2minutes and washed with water. Alkaline phosphatase (AP) staining was performed as
described in Sigma AP staining kit (86R-1KT, Sigma). Plates were scanned on EPSON
Scanner with 3200 dpi and 24-bit colour and analyzed on ImageJ (Schneider et al., 2012).
Dense colonies with intense AP staining were characterized as AP positive (AP+) while
the less dense ones with dispersed pink staining around the edges were characterized as

mixed colonies.

Flow cytometry: Cell cycle profiles were established by fixing cells at various time points
using the BD fixation and permeabilization kit (Cat # 554714). The fixation solution was
diluted with 3 parts PBS to achieve a final paraformaldehyde (PFA) concentration of 1%,
and cells were fixed for 10minutes at room temperature. Cells were Hoechst (Life

technologies: H1399) for DNA and MPM2 (05-368, Millipore) as a mitotic marker.
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Donkey anti-mouse Alexa Fluor 647 (Thermo Fisher A-31571) was used as a secondary
antibody. Samples were acquired on the MACSQuant® analyzer (Milteny Biotech) and

analyzed using FlowJo.

Mitotic degron constructs: The DNA sequence encoding the peptide corresponding to
residues 13-91 of murine cyclin B1 (Kadauke et al.) was subcloned into pPCAG-mKO2
using MD primers (Table 1) to generate the mitotic degron construct (MD). The (MD) and
inactive mutant MDR4?A (Kadauke et al.) were fused to the C-terminus of pCAG-HDGF-

mKO2 and pCAG-PSIP1-mKO?2 to create MD and MDR?*A construct.

Statistical analysis: All statistical analyses were performed using Prism 7 (GraphPad) and
Microsoft Excel software. Error bars reflect the standard error of the mean, unless otherwise
stated. The paired two-tailed Student’s t-test was used to compute all p-values in cell
tracking experiments for comparison of the intensities under distinct channels for
individually tracked cells; all other p-values were computed with the unpaired two-tailed
student’s t-test. Unless otherwise stated error bars represent standard error of the mean and

alpha of 0.05 was used as a cut-off for statistical significance.

Western blot: Single-cell suspensions harvested during passage of mESC cultures were
lysed in 1X radioimmunoprecipitation assay buffer (RIPA, Sigma) with 1X Protease
Inhibitor Cocktail (Roche). The protein concentrations were quantified using the DC

Protein Assay kit (Biorad) with the bovine serum albumin standard curve ranging from 0
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to 2 mg/ml concentrations. The quantified protein extracts were transferred into 1X
NuPAGE LDS Sample Buffer (Thermo Fisher) with 15% Bond-Breaker TM TCEP
Solution (Thermo Fisher). The prepared extracts were heated at 95°C for 5 minutes and
separated on a 12% polyacrylamide gel at 180V for 45 minutes. The separated protein was
transferred onto a PVDF membrane using constant-current electrophoresis at 200 mA for
2 hours, followed by blocking in 5% milk in 1X TBS. The proteins were then blotted with
monoclonal antibodies (Table 3) in 3% milk in 1X Tris-buffered saline (TBS) containing
0.1 % Tween20 (1X TBST; Bio Shop) at 4°C overnight. After washing, the blot was
incubated with the secondary anti-rabbit HRP-conjugated antibody (1:20,000; Biorad) in
3% milk in 1X TBST for 1 hour at RT and was developedped for 10 minutes using an HRP
substrate (1:5 diluted in ultrapure water; Lumina). The blot was visualized using the
ChemiDoc™ MP Imaging System (BioRad) with its associated ImageLab analysis

software (Biorad).
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1.3.4 Results and Discussions
HDGF and PSIP1 knockout PSCs displayed reduced self-renewal

Using CRISPR/Cas9, we generated HDGF and PSIP1 knockout mESC lines by
disrupting exon 1 of HDGF and exon 3 of PSIP1, located within the PWWP domain. The
loss of expression of HDGF and PSIP1 was confirmed by western blot (Figure 11a).
Morphologically, our knockout cell lines were identical to wild-type, consistent with what is
described in the literature. Although previous studies have shown that the proliferation and cell-
cycle profile were not altered in fibroblast isolated from HDGF and PSIP1 deficient mice® %,
none has examined changes in pluripotent state. As both HDGF and PSIP1 were classified as
generic mitotic bookmarks based on RNA-seq data, we need to determine whether ablation of
HDGF and PSIP has influenced pluripotency. Therefore, CIC assay was used to test the self-
renewal of HDGF and PSIP1 knockouts. We observed a significant reduction in AP-positive
colonies form with both HDGF or PSIP1 knockouts compare to the WT control (Figure 11b),

suggesting HDGF and PSIP1 do play a role in regulating pluripotency.

Mitotic specific degradation of HDGF did not alter the self-renewal of PSCs

Since we confirmed that knocking out HDGF negatively affected the self-renewal of
PSCs, we next tested whether the absence of HDGF during M-G1 transition was responsible
for this observation. Adopting the approach developed from studying PARPL1 in part 1, we
generated rescue constructs where the coding sequence of Hdgf where either fused with MD or
MDR*A The wild-type and HDGF knockouts were rescued using the wild-type Hdgf, Hdgf-
MD, or Hdgf-MDR*?A constructs, and western blot was performed to ensure each rescue line

was expressing the correct construct (Figure 12a). The CIC assay performed on rescue lines

40



M.Sc. Thesis — X. Deng McMaster University - Biochemistry

suggested that the presence of HDGF during M-G1 transition was not essential for optimal self-
renewal, as the number of AP-positive colonies formed in all rescue condition was not
significantly different compared to the wild-type control (Figure 12b). Therefore, the reduced
self-renewal observed with HDGF knockout might not be directly related to the mitotic
bookmarking activity of HDGF. It is possible that the reduced self-renewal is more connected
with the growth factor characteristic of HDGF®2®® as it is a complex protein with multiple roles
in different cell types. To our surprise, we also observed a significant difference between the
numbers of AP-positive colonies form in HDGF knockouts when we initially set up CIC assay
(Figure 11b) comparing to the rescue experiment (Figure 12b). The defective self-renewal
capability originally observed with HDGF knockouts seemed to be slowly returning to wild-
type level, although the rescue experiments still resulted in a significant difference between the
HDGF knockout and the wild-type controls. Our observation was somewhat consistent with
previously reports, which suggest that the HDGF knockdown but not HDGF stable knockout
exhibit a reduced proliferation®, signifying there might be long-term adaptive compensation
from other HRP. In addition, studies have shown HDGF is released from necrotic cells,
signaling cell and tissue damage, suggesting HDGF acts as a trophic factor or signaling
molecules only under abnormal conditions. Therefore, our results does not necessarily suggest
HDGF does not function as a mitotic bookmark in PSCs as CIC assay only test a specific aspect
of pluripotency, the self-renewal capability. It is important to note that the ability for PSCs to

differentiate into various tissues cannot be accessed simply from CIC assay.
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Identifying the global interphase and mitotic chromatin-specific binding sites of HDGF and
PSIP1

Very limited number of studies have examined the DNA binding activity of HDGF and
PSIP1, and studies have yet described DNA-binding profile of HDGF and PSIP1 in PSCs.
Therefore, it is important for us to sequence the genomic loci that are bound HDGF and PSIP1
during interphase and mitosis to identify regions they bookmarked during mitosis. To address
the previously reported artifacts associated with PFA fixation™, we could compare the
efficiency of cross-linked ChIP and native ChIP for identifying sites bound by HDGF and
PSIP1. Based on previous experience and an initial experiment, we derived a sonication
parameter that produces DNA fragments ranging from 300-500 bp (Figure 13a). The pull-down
efficiency for antibody against HDGF or PSIP1 was tested using ChIP followed by western
blot (Figure 13b). The results showed clean bands at expected size for both PSIP1 and HDGF,
and there were very minimum protein present in the supernatant or unbound fraction, confirm

the specificity and high efficiency for HDGF and PSIP1 antibodies for ChIP experiment.
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1.3.5 Conclusion and future directions

Supplementing the missing gaps in the field of mitotic bookmarking, we generated
a list of putative mitotic bookmarks that have not yet been fully explored in the context of
their bookmarking role. Using PARP1 as a model, we demonstrated an effective approach
to examine the mitotic bookmarking activity of molecular bookmarks in pluripotency
maintenance, and this approach can be applied to examine other factors that are retained on
the mitotic chromatin, as shown with the HDGF and PSIP1 example. However, there are
several experiments need to be completed before any conclusion can be drawn for the
mitotic bookmarking activity of HDGF and PSIP1. Due to cloning issues, there is a delay
in PSIP1 rescue experiment and we are currently generating the rescue lines with stable
expression of wild-type Psip1, Psip1-MD, or Psip1-MDR?*A construct. After confirming the
expression of each rescue lines, CIC assay will be performed to test the mitotic
bookmarking role of PSIP1 in self-renewal. Meanwhile, the pull-down efficiency needs to
be examined in native ChIP using non-crosslinked cells. After successfully establishing the
optimal condition for cross-linked and native ChIP, we will perform a preliminary test of
HDGF and PSIP1 chromatin association using know HDGF and PSIP1 targets, including
Smyd1°* and HoxA®? genes. The official ChIP-seq sample would be prepared using mitotic
enrichment protocol and optimized pull-down condition. Once we have obtained the ChIP-
seq data, we will be able to use comparative bioinformatics to identify sites that are
differentially bound during mitosis compare to interphase. Combining with the ATAC-seq

data® and previously published ChIP-seq data of known mitotic bookmarks, we can further
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characterize the identified bookmarked sites that do not co-related with the binding site of
currently know mitotic bookmarks.

There are several questions that have raised from our data. With regarding both
PARP1 and HDGF, differences have been observed with short-term knockdown and long-
term knockout suggesting these factors are not necessary for embryonic development and
adaptive compensation mechanisms do exist in mammalian cells. Therefore, it is possible
that there is redundancy in mitotic bookmarks as multiple factors might be involved in
bookmarking the same genomic loci. In addition, there might be the long-term effect of
losing specific groups of mitotic bookmarks as the cell differentiation towards specific
lineages, which cannot be tested using CIC assay or single differentiation assays. Moreover,
the exact relationship between mitotic bookmarked sites, the transcription reactive profiles
of bookmarked genes, and the transmission of cellular identity remain largely unexplored.
It is a challenging gap to address as most mitotic bookmarks function in a non-sequence
specific manner when interacting with the mitotic chromatin and a massive number of
genomic regions are occupied by various factors during mitosis. Perhaps more advanced
techniques that allow for highly sensitive and specific RNA sequencing over multiple
developmental lineages can help link the transcriptional profile with the long-term mitotic

bookmarking activities.

44



M.Sc. Thesis — X. Deng McMaster University - Biochemistry
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Figure 1. Identification of putative mitotic bookmarking factors from ChIP-MS data.
a) The strategy used to identify putative mitotic bookmarks from the ChlIP-MS screen. b)
The classification of mitotic bookmarks based on their expression level in pluripotent

conditions. (Figure adapted from Sonam Bhatia)
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Figure 2. ATAC-seq reveals putatively bookmarked gene loci. a) Venn diagram (top)
and representative signal track (bottom) showing the sites common between G2M, G1t20
and G1lt25 (G2M&G1 common) and interphase, identifying the bookmarked and
nonbookmarked site. B) UpSet plot showing the relationship between occupancy of
bookmarked sites with the mitotic specific binding of key pluripotency-related factors, an
epigenetic modification associated bookmarked sites, and a hit identified in ChIP-MS
screen. Filled circles represent the overlap between the different datasets. Set size indicates
the total size of the data set. The inset Venn diagram shows the extensive overlap between
mitotic PARP1 binding, bookmarked site, and mitotic H3K27Ac occupancy. (Figure

adapted from Sonam Bhatia)
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Figure 3. Generation and characterization of PARP1 knockout mouse ES lines. a)
Protein structure mmParpl (not to scale). b) The genomic sequence of the wild-type and
two PARP1 knockout clones generated. Red arrow diagrammatically represents the site
targeting by CRISPR/Cas9. Sequences highlined in green correspond to the binding site for
guide RNA. c¢) Western blot showing the protein expression of PARP1, OCT4 and loading

control histone H3 in WT and PARP1 knockout lines. (Figure generated using Illustrator)
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Figure 4. Proliferation rate and cell cycle profile for PARP1 knockouts. a) Proliferation
rate, or the doubling time (DT), was calculated using biological triplicates (n=3). Results
are plotted using mean doubling time of four consecutive passages with standard error. b)
Flow experiment was performed using biological triplicates (n=3), and the average
percentage of MESCs in each stage of cell cycles was plotted with standard error. (Figure

generated using FlowJo and GraphPad)
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Figure 5. RT-gPCR analysis on pluripotency-related genes. Housekeeping genes,
Rpl13a and Tbp, were to control for a baseline. Biological replicates (n=3) with three
technical replicates per biological replicate were plotted with a standard error of the mean.
a) An experiment carried out on KO lines at passage 18-20. B) An experiment carried out
on KO lines at passage 30-32. Statistically significant as assessed by multiple t-tests, * p <

0.01, ** p <0.001. (Figure generated using GraphPad)

50



M.Sc. Thesis — X. Deng McMaster University - Biochemistry

m Parp1 shRNA
m Parp2 shRNA
Parp1+2 shRNAs

Relative expression

=] < - ™ b =t + b o — o
S - % — [ — b9 e
285 =288 & 5§
Oct'S;* ESC Parp
targe related related
genes genes

Figure 6. Transient knockdown of PARP1 and PARP2 repress OCT-SOX targets.
PARP2 was upregulated in PARP1-depleted cells and PARP1 was upregulated in PARP2-
depleted cells, suggesting a reciprocal compensation between PARP1 and PARP2 in PSCs.
Expression levels are shown relative to the control shRNA. All mean values for
experimental vs. control samples were significant at p < 0.05. (Figure adapted from Ref.

69)
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Figure 7. Transcriptional profile of PARP1 targets upon mitotic

PARP1KOS8. a) Mitotic enrichment protocol containing a double

exit in WT and

thymidine block

followed by a single nocodazole treatment. Mitotically shack-off cells are released for 20

minutes, 35 minutes, and 45 minutes. Flow experiments are used to confirm the cell cycle

profile of each collected sample. b) RT-gPCR of RNA transcripts of mitotic enriched

(Eda2r, Huwel, Kdm6a, Stella) and late G1 enriched (Elavl2) gene loci. Gene expression

was normalized using Rpl13a and Thp as reference genes. * Statistically significant as
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assessed by multiple t-tests (alpha=0.05) (n=3 for wt and n=2 for ParpKO8). (Figure

adapted from Sonam Bhatia)
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Figure 8. Self-renewal capacity of PARP1KO CIC assay. A number of colonies formed
by wild-type mESCs and PARP1KOs normalized over the colonies formed in WT control.
Biological replicates (n=3) with three technical replicates per biological replicate were
plotted with a standard error of the mean. Statistically significant as assessed by multiple t-

tests, * p < 0.05, ** p < 0.005. (Figure generated using GraphPad)
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Figure 9. Dynamics of PARP1 in mitotic and interphase cells. FLIP curves (arbitrary
units) for WT and PARP1KO8 expressing Parpl-mKO2 vector in interphase (top) and
mitosis (bottom). H2B is an immobilized histone protein serves as a negative control. Error
bar indicates a standard error, nmin = 20. Half-time (t1/2) is calculated based on nonlinear

regression using one phase exponential decay equation. (Figure generated using GraphPad)
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Figure 10. Phenotypic effects of perturbation of PARP1 during late mitosis. a)
Schematic denoting the Parpl expression during cell cycle for each rescue condition. b) A
number of colonies obtain from CIC assay in each condition. Counts were normalized to
the wild-type control. c) Colony area measured by pixel size from CIC assay. Error bars
indicate SE, statistically significant as assessed by multiple t-tests, ** p < 0.005, *** p <

0.0005, **** p < 0.0001. (Figure generated using lllustrate and GraphPad)
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Figure 11. Characterization of HDGF and PSIP1 knockout lines. a) Western blot
showing the protein expression of HDGF or PSIP1 and loading control histone H3 in WT
and HDGF and PSIP1 knockout lines. b) Number of colonies formed by wild-type mESCs
and HDGF and PSIP1 knockouts normalized over the colonies formed in WT control.
Biological replicates (n=3) with three technical replicates per biological replicate were
plotted with a standard error of the mean. Statistically significant as assessed by multiple t-

tests, **** p < 0.0001. (Figure generated using Illustrator and GraphPad)
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Figure 12. Phenotypic effects of perturbation of HDGF during late mitosis. a) Western
blot showing the expression of Hdgf constructs in WT and KO cells. b) A number of

colonies obtain from CIC assay in each condition. Counts were normalized to the wild-type
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control. Error bars indicate SE, statistically significant as assessed by multiple t-tests, ** p

< 0.005. (Figure generated using Illustrate and GraphPad)
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Figure 13. Optimization of cross-linked ChlIP. a) Agarose gel showing the shearing of
sonicated cell lysate. b) Western blot from the immunoprecipitation probed for HDGF and
PSIP1. HDGF IP = anti-HDGF, PSIP1 IP = anti-PSIP1, IgG = anti-immunoglobulin G,

supernatant = unbound flow-through fraction. (Figure generated using Illustrate)
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Table 1: Primers used for sequencing genomic DNA of PARP1 knockout and
generating MD and MDR?*A constructs

GTTCGCACACAGG

Name Sequence (5°—3’) Note
CrsprParpl_gRNA-F CACCGGGACTTTCCCATCGAACAT | sgRNA for
CRISPR/Cas9
mediate KO
CrsprParpl_gRNA-R aaacATGTTCGATGGGAAAGTCCC SgRNA for
CRISPR/Cas9
mediate KO
CrsChk_Parpl Intl F2 | CCAGGATGAGAAGCCAGAAG Checking genomic
Parpl DNA
CrsChk_Parpl_Exn2_R2 | CAGAAGCAACTCAGCAGATAGA Checking genomic
Parpl DNA
Agel-mKO2 F GTACCGGTCATGGTGAGTGTGATT | MD fusion
Notl-MD_R ATATAGCGGCCGCTTAGAATTGTG | MD fusion

Table 2: Primers used for gRT-PCR, evaluating the nascent transcript levels

Gene Forward primer (5’—3") Reverse Primer (5°—3”)

target
Rpl13a | GTCACTGCCTGGTACTTCC TCCCTCCACCCTATGACAAG
Thp AAGAGAGCCACGGACAACTG AGCCCAACTTCTGCACAACT
Nanog | TGATTTGTGGGCCTGAAGAAA GAGGCATCTCAGCAGAAGACA
Klf4 GAGTTCCTCACGCCAACG CGGGAAGGGAGAAGACACT
Stella | CTTTGTTGTCGGTGCTGAAAG GCTGGAGTTGCTCTTAGGTC
Gata6 | GCGGGCTCTACAGCAAGATG ACAGTTGGCACAGGACAATCC
Huwel | ATGATGAGCAACTCCTCTTGG GCATGTTCCCTATCCTCTGTTAT
Eda2r | CACCTATTGTGAGAGCGGTATG | CATTCGAGTACAGAGCAGACAC
Elavl2 | CACAGTATGGGCGCATCATTA TCAGTCAGGGAGCACAAGA
Kdméa | AGACCTAGTCCTCAGATCATACC | ATCGTCAAACACTTCACTCTGT

Table 3: List of antibody used for western blot and immunoprecipitation

Target Source Identifier
PARP1 Abcam ab6079
OCT4 BD Biosciences BD611203
HDGF Abcam ab128921
PSIP1 Abcam A300-847A
H3 Millipore 06-570
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