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ABSTRACT

Pluripotent stem cells (PSCs) are unique in their capability to self-renew and
differentiate into cell types of all three embryonic germ layers. Since their discovery, PSCs
have become an indispensable tool for modeling development, disease onset/progression,
and drug discovery. The pluripotent state is known to be regulated by a core network of
transcription factors including Oct4, Sox2, and Nanog. However, the roles of other
contributing transcription factors remain understudied. Our research focused on defining
the roles and molecular mechanisms of Rex1, a zinc finger transcription factor whose
expression is strongly correlated with the pluripotent state. Attempts by our lab to elucidate
the role of Rex1 in embryonic stem cells (ESCs) revealed the presence of two smaller
protein products that result from the initiation of translation at downstream start codons
within the REX1 open reading frame. We hypothesized that the full-length Rex1 protein
and its shorter alternative translation isoforms were acting to regulate the expression of
lineage-determining genes in PSCs. To evaluate this hypothesis, we generated mouse
embryonic stem cell (MESC) lines expressing FLAG-tagged versions of the full-length
Rex1 protein, and its isoforms, from the endogenous locus. Through the use of these lines,
we demonstrated the formation of multiple Rex1 isoforms by alternative translation, a novel
observation that has yet to be reported. Furthermore, our results indicate that Rex1 is a
negative regulator of differentiation-related genes and endogenous retroviral elements,
suggesting Rex1 is acting to maintain the tightly regulated transcriptional network of
pluripotency, while also maintaining genomic integrity through the repression of repetitive

elements.
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INTRODUCTION
1. Pluripotent Stem Cells

Pluripotent stem cells are defined by their capacity to self-renew and differentiate
into specialized cell types of all three primary embryonic germ layers; endoderm,
mesoderm, and ectoderm®?. In vivo, pluripotency is a transient state that exists for only a
brief period but can be propagated indefinitely in vitro through the culture of pluripotent
stem cells (PSCs) that additionally maintain their ability to differentiate upon induction by
various cytokines!?. Due to their unique properties, PSCs have become an indispensable

research tool and hold tremendous potential for use in therapeutic applications®,
1.1 Mouse Pluripotent Stem Cells
1.1.1 Derivation

The first established PSC lines were embryonal carcinoma (EC) cells derived from
germ cell tumors®. These cells could be continuously cultured in the undifferentiated state
and induced to differentiate into tissues of all three embryonic germ layers®. Although a
useful model system in the laboratory, their cancer-related origin prevents their use in
clinical applicationst. Mouse embryonic stem cells (mMESCs) were later derived in 1981
from the ICM of the pre-implantation blastocyst”®. Early protocols of mESC derivation
described the use of feeder layers to prevent the spontaneous differentiation of mESCs in
vitro®1%, However, it was later established that the coculture of mESCs with feeders was
not required for the prolonged maintenance of all cell lines when the culture medium was

supplemented with leukemia inhibitory factor (LIF)!L. Since the discovery of stem cells,

1
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mESCs have remained a convenient and reliable platform to study developmental pathways
and the molecular mechanisms fundamental to the acquisition and maintenance of the

pluripotent state1,

In 2006, the first induced pluripotent stem cells (iPSCs) were derived through the
ectopic expression of Oct4, Sox2, c-Myc, and KIf4 in mouse embryonic and adult
fibroblasts'®. This discovery represented a tremendous leap forward towards the use of
PSCs, not only in the study of mammalian development and epigenetic reprogramming,
but also their use in applications such as patient-specific disease modeling and drug
discovery'*1°, The generation of iPS cells provided a way for researchers to take patient-
derived somatic cells and reprogram them into iPSCs, which could then be differentiated
into specialized cell types not otherwise easily attained, and used to recapitulate the disease
of interest within a culture dish**>, Such models could then be further used to study the
progression of a disease from a very early stage, in addition to the screening and
identification of novel drugs for treatment***. Since their derivation, substantial
development has been made in optimizing the methods by which iPSCs are obtained, such
as the use of non-integrative viruses'®’. Studies have additionally uncovered differences
between iPS and ES cells in terms of gene expression and epigenetic profiles that arise from
epigenetic memory or improper establishment of methylation patterns*2%, The
identification of such differences that bias the differentiation potential of iPSCs will aid in
optimizing both derivation and differentiation related techniques, furthering the use of

iPSCs in various applications*'82L,
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1.1.2 Functional Assessment of Self-Renewal and Pluripotency

A range of assays currently exist for assessing the self-renewal and developmental
potential of PSCs, including colony initiating cell (CIC) assays, in vitro differentiation,
teratoma formation, and the formation of chimeric mice??%2°. The ability to quantify the
proportion of undifferentiated cells present within PSC populations is instrumental when
monitoring the quality of PSC cultures and evaluating changes in self-renewal and
differentiation capabilities following manipulation of PSCs by methods such as genome
engineering®. CIC assays quantify the proportion of undifferentiated cells within a culture
by evaluating the number of alkaline phosphatase-positive cells after having cultured a
specified number of PSCs in defined conditions, fixing resultant colonies, and staining for
alkaline phosphatase?’?8, To date, CIC assays remain a simple and efficient method for

quantifying the frequency of self-renewing cells within a culture?”28,

In vitro differentiation of mouse pluripotent stem cells (mPSCs) into derivatives of
all three embryonic germ layers represents one of the most basic tests for characterizing
pluripotency>?2. In vitro differentiation typically consists of replacing culture conditions
known to maintain pluripotency with combinations of differentiation-inducing cytokines
for specified durations of time and subsequently assessing for markers of specific tissue
types?. This is often also accomplished through the generation of embryoid bodies (EBS),
followed by the assessment of markers of each germ layer by western blot or quantitative

reverse transcriptase polymerase chain reaction (QRT-PCR) analyses?.
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While in vitro assays can be used as an initial assessment of pluripotency, in vivo
assays, such as the formation of teratomas and chimeras, are more robust measures of
pluripotency?>22242% Teratoma assays assess developmental potential at a population-based
level, through the formation of a tumour containing cells representative of all three
embryonic germ layers, following the injection of cells into immune-compromised
mice®*?°, However, teratoma assays remain a preliminary assay for testing pluripotency of
mPSCs in vivo, as histological analysis is subjective and solely qualitative, possibly
resulting in misinterpretation®. A more stringent assay for testing pluripotency of mPSCs
is the generation of chimeric mice through the injection of cells into a host blastocyst?2®.
The relative contribution of PSCs to the chimera can be subsequently assessed through
histological, proteomic or transcriptional analyses?. Additionally, only high-quality PSCs
will contribute to the germ line, and the resulting chimeras can be further bred to
demonstrate the cells capability of producing functional germ cells>?%. Chimeric mice can
additionally be generated through tetraploid complementation, the most stringent assay of
pluripotency, in which two blastocysts isolated at the 2-cells stage are fused to generate a
4n host blastocyst??. As 4n blastocysts are only capable of contributing to the formation
of extra-embryonic tissues, the injection of PSCs into these blastocysts allows for the
complementation of their developmental potentials®?°. Thus, while the 4n compartment
provides the necessary extra-embryonic tissue to sustain growth and development, the
donor PSCs, which are restricted in their potential to forming only lineages of the epiblast,

will form the embryo proper?2,
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1.1.3 Heterogeneity in Pluripotent Stem Cell Populations

The balance between stem cell self-renewal and differentiation in mPSC
populations results in heterogeneity®>3!, Cells within a single population will exhibit
functional differences arising from fluctuations in gene expression, resulting in the
formation of two distinct sub-populations of cells; naive and primed pluripotent stem
cells®*32, Embryonic stem cells (ESCs) isolated from the inner cell mass (ICM) of the pre-
implantation blastocyst are representative of the naive pluripotent state, in which cells are
at the apex of pluripotency and express higher levels of naive pluripotent markers including
Nanog, KIf4 and Stella®3%%233 Naive PSCs have the ability to self-renew indefinitely,
differentiate into all three embryonic germ layers, and contribute to chimeras®30323,
Epiblast stem cells (EpiSCs), derived from the epiblast of the post-implantation embryo,
are representative of the primed state of pluripotency®3%3233 EpiSCs maintain the
capability to self-renew and differentiate into all three embryonic germ layers. However,
they express higher levels of lineage-related genes, and are unable to contribute to chimeras

indicating their more developed nature®30:3233,

In serum conditions, the addition of LIF activates Stat3 which inhibits
differentiation and promotes self-renewal, while mPSCs stably transition between naive
and lineage-primed pluripotent states®%323435 |n contrast, the culture of cells in serum-free
conditions, with the addition of LIF and two inhibitors (2i) of MAPK and GSK3 signaling,
PD0325901 and CHIR99021, respectively, results in attainment of the naive state®**°.
Within the naive state, cells express naive pluripotent markers homogenously, have

decreased methylation, and express lower levels of lineage-related genes, more closely

5



M.Sc. Thesis — A. Hrenczuk; McMaster University — Biochemistry & Biomedical Sciences

resembling cells of the ICM®. This eliminates any contaminating primed pluripotent or
lineage-committed cell types, resulting in a population of cells with the most unrestricted
potential of the pluripotent states®>%. The attainment of the naive pluripotent state in PSC
cultures has provided insight into the underlying mechanisms controlling pluripotency and

has furthered the use of PSCs in the study of development and disease>®.
2. Transcriptional Networks Underlying the Pluripotent State
2.1 Core Transcriptional Network of Pluripotent Stem Cells

Substantial progress has been made in understanding the molecular mechanisms
underlying pluripotency, including that the establishment and maintenance of the
pluripotent state is dependent on a network of core transcription factors including Oct4,
Sox2, and Nanog'®3"38, Studies have demonstrated extensive co-binding of the core factors
to key pluripotency genes, in addition to their ability to positively regulate their own
expression®-42, Furthermore, unbiased proteomic screens conducted in mESCs have
identified a highly integrated protein network in which pluripotency related factors
including Dax1 and Nacl, a loss of which results in differentiation and reduced growth,
interact with core regulators such as Nanog®®3%43-4° Although the transcriptional and
protein networks of Oct4, Sox2, and Nanog have been extensively studied, it is evident that
a high degree of interdependence exists between factors contributing to the maintenance of
the pluripotent identity®®#!. Thus, further investigation into the interactomes and roles of
other transcription factors within this network is required before a complete understanding

of the mechanisms that control the self-renewal and differentiation of PSCs is attained®.
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2.2 Extending the Transcriptional Network in Pluripotent Stem Cells

Until recently, most studies have focused on a small subset of core pluripotency
factors and their contribution to the regulation of the pluripotent state®3%43, However, the
proper maintenance of pluripotency is dependent on other transcription factors that currently
remain understudied, in addition to epigenetic regulators that work in conjunction with the
core transcriptional network, to control cell fate3®4¢. Among the proteins identified within
the highly integrated protein network in PSCs was Yin Yang 1 (Yyl), a zinc finger

transcription factor regarded as a master regulator of development*347,

Yyl is a ubiquitously expressed zinc finger transcription factor that has been
demonstrated to play numerous essential roles as a transcriptional regulator involved in cell
growth, development, and cellular differentiation*®->!. Depending on the context in which it
binds DNA, Yyl will either act as an activator or repressor of target genes*°0°2,
Specifically in PSCs, Yyl is a known member of the polycomb group complex (PcG)
proteins known to play critical roles in development and to repress differentiation associated
genes including Hox, DIx, and Pou families®*°®. PcG proteins cooperate with transcription
factors to maintain pluripotency through chromatin remodeling of differentiation related
genes by depositing repressive histone modifications such as trimethylation of lysine 27 on
histone H3 (H3K27me3)®". A loss of numerous PcG proteins including Rnf2, Ezh2, and Yyl
has been demonstrated to result in lethal phenotypes, all of which cause a failure of
blastocyst development to the gastrulation stage, confirming their essential role in
development®:*°>%, Additional studies have further demonstrated PcG-independent roles of

Yy1, in which Yy1 binds to promoter regions of genes that are highly transcriptionally active

7
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in ES cells*’. The identified Yy1 binding sites within promoter regions were often co-bound
by factors such as Myc and E2F1, which were demonstrated to cooperate with Yy1 and aid
in the up-regulation of target genes such as Surf-1 and Cdc6, involved in oxidative
phosphorylation and cell cycle progression, respectively*”°®%°, Thus, in addition to its role
as a repressor of differentiation-related genes, Yyl is a member of the Myc transcriptional
network and aids in the activation of genes required for RNA and protein synthesis, cell

cycle progression, and mitochondrial functions required for proper development?’.

The Yyl protein consists of two N-terminal domains, Domain | and Domain Il, and
four C-terminal zinc finger motifs that contribute to its function®>°, Deletion analyses have
revealed the transcriptional repressive domain of Yyl to lie within the C-terminal zinc finger
region, whereas two regions of the N-terminus within the first 200 amino acids are required
for maximal transcriptional activation®. Yyl protein structure is evolutionarily well
conserved and more recently, two other Yyl related genes, Yin Yang 2 (Yy2) and Reduced
Expression 1 (Rex1), have been identified in mammals as having emerged through the
retroposition-mediated duplication of Yy1%°, Rex1 and Yy2 both share high levels of
sequence homology with Yyl primarily within the C-terminal zinc finger region responsible
for their DNA binding abilities (Figure 1)6%%2, As a result, there is a significant overlap in

the DNA-binding targets of these proteins®.

Similarly to Yyl, Yy2 contains domain | and domain Il but is not entirely
homologous to Yyl within its N-terminal region, suggesting that Yy2 displays some
differences in function from Yy1%. On the contrary, Rex1 only contains Domain Il and is

much less conserved in its N-terminal sequence in comparison to Yyl and Yy2, suggesting

8
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that Rex1 has evolved under different functional constraints®®. A loss of Yy2 results in a
depletion of mESC cultures, suggesting a role for Yy2 in the self-renewal of PSCs®,
Furthermore, the inability of Yy2-null blastocysts to maintain their inner cell mass suggests
that a loss of Yy2 may also result in peri-implantation lethality, demonstrating a
redundancy in function between family members®®. Interestingly, unlike Yyl and Yy2
which are expressed in various tissues, Rex1 expression has been demonstrated to be
mostly limited to pluripotent cell types suggesting an important role for Rex1 in PSCs8+¢°,
However, unlike its family members, a loss of Rex1 does not result in peri-implantation
lethality, perhaps due to compensation in function by Yyl or Yy2%. Furthermore,
investigation of Rex1’s function in PSCs has revealed numerous roles for this protein
associated with pluripotency including the reprogramming of X-inactivation, the
establishment and maintenance of epigenetic modifications, the differentiation of visceral
endoderm, and the regulation of endogenous retroviral elements®®°. Though, in
comparison to its family members, the mechanisms by which Rex1 carries out its roles is

understudied.
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Figure 1: Retrotransposon mediated duplication of Yyl in placental mammals
resulted in the derivation of two Yyl related proteins, Yy2 and Rex1. A) Schematic
representation of Yyl, Yy2 and Rex1 protein structures. Domains are specified by different
colours: green for domain I, red for domain Il, and blue for the zinc finger domains. Figure
adapted from Kim et al (2007). B) Sequence alignment of Yy1, Yy2, and Rex1 performed
by using Clustal Omega’®"!. Red asterisks denote regions of conservation.

3. Expression and Function of Rex1 in Pluripotent Stem Cells
3.1 Rex1 Expression in Pluripotent Stem Cells

Rex1 was first discovered as a result of its decreased expression upon inducing the
differentiation of F9 teratocarcinoma cells by retinoic acid (RA) treatment®*. Due to its
virtually exclusive expression in pluripotent cell types, Rex1 has become a widely used
marker of the pluripotent state®36485, As previously discussed, PSCs within a population
fluctuate in gene expression levels, transitioning between the naive and primed states of
pluripotency®®32, The culture of PSCs in serum-free media supplemented with two
inhibitors (2i) of MAPK signalling and GSK3 in addition to LIF results in the attainment
of the ground state, in which pluripotent genes are expressed uniformly displaying
transcriptional and epigenetic profiles similar to that of the pre-implantation
blastocyst®%3+72-" |t is in this state that Rex1 is homogeneously expressed and is at its
highest levels®%3374 In serum conditions, PSCs no longer exist in a uniform state, but stably
transition between the naive and primed states, resulting in heterogeneity within the cell
population®>2. This heterogeneity is also observed in the expression of Rex1 in PSCs
cultured in serum-conditions”. As cells attain a more EpiSC phenotype, Rex1 expression

is lost, and cells transition towards the primed state in which there is an increase in
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expression of lineage specific markers>*°33  Thus, unlike Yyl which has been
demonstrated to be ubiquitously expressed, Rex1 has evolved to be developmentally

regulated’®.
3.2 Rex1 Function in Pluripotent Stem Cells
3.2.1 Reprogramming of X-inactivation

X-chromosome inactivation, the process by which one of the X-chromosomes is
silenced, occurs in early development and is maintained throughout life to ensure proper
dosage compensation of X-linked genes among female and male mammals’®.
Reactivation of the X-chromosome in female ES cells after imprinted paternal X-
chromosome inactivation within the cleavage stage embryo is a hallmark of the pluripotent
naive state and is regulated by numerous factors that also have known roles in the self-
renewal and differentiation of PSCs®":7377:7%80 Thuys, disruption of this process leads to a
loss of the naive state of pluripotency and more restricted developmental potential of
PSCs®8L Moreover, improper X-inactivation can lead to the expression of X-linked genes
at higher levels than normal, which is known to disrupt processes within ES cells required

for proper cell function®?.

The reprogramming of X-chromosome inactivation during the acquisition of
pluripotency is dependent on the repression of Xist, a noncoding RNA responsible for X-
inactivation, and the upregulation of its antisense transcript, Tsix, another noncoding RNA
responsible for maintaining an active X-chromosome®”8, In female mPSCs, Oct4, Sox2

and Nanog inhibit Xist expression by directly binding to intron 1, whereas Rex1, c-Myc,
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and KIf4 bind to DxPas34, the strong enhancer of Tsix, promoting its expression®’. Studies
have established Rex1’s binding to the DxPas34 repeat is a requirement for the efficient
elongation of Tsix transcription and therefore expression, as maximal Tsix levels are
required for proper establishment of a second active X-chromosome®’. Rex1 depletion, by
genic knockout or targeted degradation by Rnf12, coincides with a downregulation of Tsix,
upregulation of Xist, and subsequent inactivation of the X-chromosome, thus, linking
reactivation of the X-chromosomes to the establishment of pluripotency and implicating a
role for Rex1 in the establishment of X-inactivation upon differentiation of PSCs®"#?,
Furthermore, due to the select expression of Rex1 and Xist within placental mammals,
studies have suggested that the co-evolution of these two genes has contributed to the

evolution of random X-inactivation in placental mammals®:83,
3.2.2 Epigenetic Regulation and Genomic Imprinting

The majority of genes within any given cell type are either biallelically expressed
or repressed, as a result of inheriting two sets of chromosomes, one from each parent3+-6,
A small subset of genes, however, are monoallelically expressed in a parental specific
manner and are termed imprinted genes®85, Since their discovery, imprinted genes have
been identified as crucial for proper embryonic development, development of cell lineages,
normal brain function, and postnatal energy homeostasis®*. As a result, the dysregulation
of imprinted genes has been implicated in the development of behavioural and
neurodevelopmental syndromes, neonatal diabetes, and cell transformation leading to
oncogenic phenotypes®®°, The process of genomic imprinting occurs in a number of

developmental stages including the acquisition of imprints in gametes, establishment of
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imprinted expression in the embryo, the elimination of imprints in primordial germ cells,
and the maintenance of imprinted expression in differentiated cells throughout 1ife®>2¢. As
a number of developmental steps of imprinting occur in the embryo, PSCs have provided a
suitable model system for studying the regulation and function of genomic imprinting in

vitro®®,

Rex1 has been demonstrated to be nonessential for the maintenance of the
pluripotent state, however, embryonic loss of Rex1 results in deviation from the expected
Mendelian ratio of late stage embryos and neonates which suggested a role for correct Rex1
gene dosage in normal development, potentially via the establishment/maintenance of
epigenetic modifications®®%, Chromatin immunoprecipitation (ChIP) identified two
imprinted genes, Nespas and Peg3, which also contain known Yy1 binding sites, as DNA-
binding targets of Rex1%. Depletion of Rex1 results in DNA hypermethylation of the
differentially methylated regions of the two loci, but does not result in any major changes
in DNA methylation levels of other imprinted loci®. This suggests that Rex1 may bind the
unmethylated alleles of Peg3 and Nespas to prevent Yyl binding and the subsequent
recruitment of DNA methyltransferases, acting as a protector of DNA methylation during
embryogenesis®®. This implies that although Rex1 and Yyl are evolutionarily related
proteins and share numerous DNA-binding sites, their roles may not be entirely
redundant®®. Although both Yy1 and Rex1 have been identified as epigenetic regulators in

PSCs, such a role has yet to be described for Yy2%'.
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3.2.3 Differentiation of Visceral Endoderm

Previous analysis of Rex1-null teratocarcinoma cells, which are homologous to
PSCs in their ability to self-renew and differentiate into all three embryonic germ layers,
suggested that Rex1 may play a role in the differentiation of visceral endoderm®. In early
embryonic development, the pre-implantation blastocyst consists of an ICM from which
pluripotent cells are derived, and an outer layer of trophoblast cells, which form the
trophectoderm®2°. Shortly after blastocyst formation, the cells of the ICM segregate to
form an outer layer of extra-embryonic tissue termed primitive endoderm, while the
remaining cells go on to form primitive ectoderm, otherwise known as the epiblast®. Upon
implantation, the primitive endoderm migrates to cover the inner surface of the
trophectoderm and becomes parietal endoderm, while the epiblast segregates to form an
outer layer of extra-embryonic tissue known as visceral endoderm®. The inner epiblast then
forms the embryo proper whereas the extra-embryonic visceral endoderm plays a crucial
role in nutrient uptake/transport and embryonic patterning®®-°t. More specifically, visceral
endoderm permits the exchange of nutrients and gases between the mother and developing
embryo through the synthesis of proteins aiding in nutrient uptake/transport and the
differentiation of blood cells and vessel formation in neighbouring mesoderm®. Visceral
endoderm is additionally a source of signals that are required for correct anterior-posterior
and primitive streak patterning®®°%°1. Disruption of proper gene expression within the early
visceral endoderm results in developmental arrest demonstrating its requirement for proper

gastrulation®.
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To determine whether the differentiation of visceral endoderm was also a function
of Rex1 in mESCs, Masui, et al. generated EBs from wildtype (wt), wildtype-Rex1
Transgene (wt-Tg), knockout (KO), and KO-Tg mESCs®. Subsequent evaluation of gene
expression by qRT-PCR revealed the reduction of two markers of visceral endoderm,
Transthyretin and Indian Hedgehog, in KO derived EBs®. As the expression of these
markers was restored in KO-Tg derived EBs, the observed phenotype was therefore
dependent on Rexl expression®. Additionally, no changes were observed in parietal
endoderm markers regardless of the Rex1 genotype, suggesting that Rex1’s function in ES
cells may involve the differentiation of visceral endoderm®. However, as Rex1 expression
is limited to pluripotent cells and down-regulated during differentiation, it remains unclear

as to how Rex1 modulates the expression of visceral endoderm markers4-56:88,
3.2.4 Regulation of Endogenous Retroviral Elements

In PSCs, regulation of the transcriptional network is dependent on the stringent
control of endogenous retroviruses (ERVS)®. ERVs are transposable elements with the
ability to move throughout the genome, causing heritable mutations that can potentially
alter the integrity and function of a genomic locus®®. The generalized structure of a
replication-competent retrovirus includes four coding domains: Gag, Pro, Pol, and Env,
which encode the structural components, viral protease, reverse transcriptase and integrase,
and glycoproteins, respectively®*. Transposable elements can be divided into two main
categories: retrotransposons and DNA transposons®>%. Retrotransposons represent the
majority of transposable elements present within the genome and require an RNA transcript

that is transcribed by a reverse transcriptase (RT) prior to integration into the genome®%,
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Retrotransposons consist of three main families of elements; long terminal repeats (LTRS),
and non-LTR retrotransposons such as LINE and SINE elements (long and short
interspersed nuclear elements), which differ in their requirements for transposition
throughout the genome®>%. The transposition of LTR and LINE elements are dependent
on internal RT encoding genes, whereas SINE elements arise from the retroposition of
RNA polymerase 111 transcripts and depend on the RT gene from LINE elements for their
propagation®>®, Based on RT gene similarity, ERVs are then further divided into three
main classes: Class | (ERVK), Class Il (IAP, MusD, ETn), and Class Il (ERVL,
MaLR)®%4% Al of which vary in copy number, length, functional components, and

activity®9°,

Transcription of ERVs is limited within differentiated tissues due to methylation-
dependent silencing, but has been demonstrated to be elevated in the germ line, early
embryo, and placenta of various species®®®’. At the onset of zygote genome activation in
the mouse, murine endogenous retroviral (MUERV-L) elements are expressed, but then
silenced in the blastocyst stage, whereas intracisternal A particle (IAP) elements and mouse
type-D (musD) elements increase in expression until the blastocyst stage, after which they
too, are silenced® %% Approximately 200 copies of muERV-L and 1000 copies IAP
particles exist within the mouse genome, respectively®®. The tight regulation of IAP and
MUERVL elements suggests that specific classes of ERVs are responsible for the regulation
of stage-specific gene expression throughout development®®1%, Thus, despite their
pathogenic nature, ERVs play an essential role in embryonic stem cells by acting as

regulatory elements, such as promoters and enhancers, bound by pluripotency related
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factors such as Oct4 and Nanog to control genes important for maintaining the pluripotent
state while also contributing to the stage-specific expression of differentiation related

genes93,101,102

The pluripotent state is closely associated with the increased expression of ERVs as
a result of their hypomethylated state’®®. Thus, to fine tune expression and prevent the
undesirable propagation of ERVSs, maintaining the genomic integrity of the pluripotent
state, PSCs have developed various mechanisms for the silencing of these elements
including DNA methylation and the recruitment of repressive factors such as Trim28 and
SETB1%4105 |n PSCs, Trim28 is recruited to repetitive elements by kriippel-associated box
domain-containing zinc finger proteins (KRAB-ZFPs) and aids in their silencing through
the additional recruitment of the histone methyltransferase SETB1 which deposits the
repressive trimethylation of lysine 9 on histone H3 (H3K9me3) mark, thus, protecting the
genome integrity of ES cells through preventing spontaneous differentiation, the
accumulation of heritable and possibly detrimental mutations, or cell transformation

through the activation of oncogenes®’:105:106,

Since the expression of Rex1 coincides with transcriptional changes in genes
directly regulated by ERVs, this prompted an investigation into the role of Rex1 in the
regulation of endogenous retroviral elements in PSCs®®. Depletion of Rex1 in mPSCs
results in an increase in the expression of both muERV-L and musD elements by 2-3 fold®.
Furthermore, investigation of Rexl1-dependent repression of ERVs through histone
demethylase recruitment revealed interaction of Rex1l with LSD1, also previously

demonstrated to play a role in the silencing of ERVs, and their neighbouring genes, in ES
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cells®®194 Thus, Rex1 may also be acting as a protector of the pluripotent state in ES cells
through the regulation of ERVs, by recruiting additional chromatin modifying factors
necessary to maintain their repression®®. Furthermore, the observed binding of Yy1 and
Yy2, family members of Rex1, to ERVs suggests that Rex1 and its relatives may have

evolved as regulators of endogenous retroviral transcription®87:107,
4. Project Rationale and Hypothesis

Rex1 was first discovered as a result of its decreased expression in teratocarcinoma
cells and has since been demonstrated to be strongly correlated with the pluripotent
state®* 4198 More specifically, studies have demonstrated Rex1 expression to be closely
linked with the “naive state” of pluripotency where cells are at the apex of the pluripotent
hierarchy and Rex1 expression is at its highest, suggesting an important role for Rex1 in
pluripotent cell types3%334 Furthermore, Rex1 has been demonstrated to play a role in the
regulation of ERVS, suggesting a role for Rex1 in the maintenance of genomic integrity as
the dysregulation of ERVSs results in aberrant gene expression and therefore disruption of
the stringently regulated transcriptional network in PSCs®. Although Rex1 has been
extensively used as a marker of pluripotency, the functional elements within Rex1
contributing to its functions in PSCs are not well characterized. In the course of
investigating Rex1 in a pluripotent context, we observed multiple previously unidentified
isoforms being expressed from the REX1 locus as a result of alternative translation initiation
sites within the REX1 open reading frame. Upon confirming this phenomenon at the
exogenous level in the human context, we sought to investigate the usage of endogenous

alternative translation initiation sites in addition to the functional elements of Rex1

19



M.Sc. Thesis — A. Hrenczuk; McMaster University — Biochemistry & Biomedical Sciences

contributing its roles in the mouse system as mESCs are a convenient and reliable platform

for studying the molecular basis of pluripotency.

Given the previously described roles of Rex1 and the identification of these novel
isoforms, we hypothesize that Rex1 and its smaller protein isoforms are functioning to
regulate the expression of lineage-determining genes in PSCs. To assess our hypothesis and
further characterize the independent roles of the full-length Rex1 protein and its smaller
isoforms, the experiments in this thesis describe our effort to map the global genomic
binding sites of Rex1 to gain an unbiased understanding of the genes Rex1 is regulating in

PSCs, and to investigate the mechanisms by which Rex1 is regulating these genes in PSCs.
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MATERIALS AND METHODS

1. Cell Culture

E14Tg2a mESCs were grown in Dulbecco’s Modified Eagle Medium (DMEM, Sigma)
supplemented with 15% fetal bovine serum (FBS, Sigma), 1x Non-Essential Amino Acids
(Gibco), 1x Glutamax (Gibco), 100uM Sodium Pyruvate (Gibco), and 55uM B-
mercaptoethanol (Gibco). Media was further supplemented with 1000 U/mL LIF
(AMSBIO) after filter-sterilization with a 0.22um filter (Sigma). Cells were passaged (1:6-
1:10) with accutase (Sigma) and grown in a humidified incubator at 37°C and 5% carbon

dioxide.

2. Adaptation of mMESCs to LIF2i

Mouse ESCs were grown on feeders in serum conditions for a single passage, feeder
depleted, and grown in feeder-free serum conditions for two subsequent passages. Cells
were dissociated with accutase (Sigma), split at a 1:3 ratio, and washed once in 1 x
Phosphate buffered saline (PBS) to remove serum. Cells were plated in LIF2i media
[Neurobasal medium (Gibco), DMEM/F12 (Gibco), 0.5 x N2-supplement (Gibco), 1 x
B27-supplement without Vitamin A (Gibco), 0.05% BSA (Sigma), 1uM PD0325901
(Tocris), 3uM CHIR99021 (Tocris), 1x Non-Essential Amino Acids (Gibco), 1x Glutamax
(Gibco), 100 uM Sodium Pyruvate (Gibco), 100 mM B-mercaptoethanol (Gibco), 1000
U/mL LIF (AMSBIO)] on 0.1% gelatin coated plates. Cells were passaged at a 1:3 ratio

and grown in a humidified incubator at 37°C and 5% carbon dioxide.
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3. Rex1 CRISPR design and construction

Single guide RNAs (sgRNAs) used to generate epitope-tagged and KO cell lines were
designed using the online CRISPR design tool by MIT (http://crispr.mit.edu/). All sRNA
oligo inserts were prepared and cloned into the Bbsl digested pSpCas9(BB)-2A-Puro
(px459) plasmid (Addgene #48139) as previously described!®®. MmRex1CrpA and
mmRexCrpB were additionally cloned into the Bbsl digested pSpCas9n(BB)-2A-Puro
(px462) plasmid (Addgene #48141) as previously described'®. Constructs were verified
by Sanger-sequencing (MOBIX; McMaster University). Oligo sequences used for the

construction of the sgRNA are as shown in Table 1 below.

Table 1: Guide RNA oligos used for the construction of Rex1 CRISPR constructs

SgRNA Target Sequence (5°—3’)
mmRex1CprA | C-terminal Zn Forward | CACCGCCTCAGCTTCTTCTTGCACC
finger 1 Reverse | AAACGGTGCAAGAAGAAGCTGAGGC
mmRex1CprB | C-terminal Zn Forward | CACCGACATGCTTGTCCACGGGCCC
finger 1 Reverse | AAACGGGCCCGTGGACAAGCATGTC
mmRex1 N-terminus of Forward | CACCGCTCTTCCGCCCGGCCCTTTC
NtermMIT Rex1 Reverse | AAACGAAAGGGCCGGGCGGAAGAGC

4. Generation of the Rex1 targeting vector

The targeting vector sequence was designed using the Vector NTI® software (Life
Technologies) and was ordered from Invitrogen. The GeneArt® product was cloned into
Notl digested pBluescript Il SK+ using an In-Fusion® HD cloning kit (Clonetech). Primers
used to amplify the targeting vector sequence for in-fusion cloning are as described in Table

2 below.
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Table 2: In-Fusion® primers for the generation of the Rex1 targeting vector

Primer name Sequence (5°—3°)

mmRex1TV_in-fusion F | AGTTCTAGAGCGGCCGCCAAGTTCCTAGTGAGCCAT

mmRex1TV_in-fusion_R | ACCGCGGTGGCGGCCGCTGGTGTTTGAGGTAGATTTTT

5. Generation of endogenously 3XFLAG epitope-tagged Rex1 mESCs

Transfection of cells was performed using Lipofectamine® LTX with Plus™ Reagent
(Invitrogen). For targeting experiments, 2 x 10® mESCs were transfected with 5 pg of
px459-mmRex1CrpA or px459-mmRex1CrpB and 5 pg of the targeting vector, or
transfected with 5ug of each px462-mmRex1CrpA and px462-mmRex1CrpB plasmid
DNA and 5 ug of the targeting vector. The cells were fed 24 hours following transfection
with mESC media supplemented with 2ug/mL puromycin. 48 hours post-transfection the
cells were plated at clonal density in medium free of puromycin. 24 hours after seeding,
puromycin resistant-clones were selected for with media containing 2ug/mL puromycin for
72hours. Colonies were then isolated for western blot analysis to screen for successful

homologous recombination events.
6. CRISPR-mediated knockout of Rex1 in mESCs

For the generation of Rex1 knockout cells 2 x 10° mESCs were transfected with 5ug of
px459-mmRex1CrpA, px459-mmRex1CrpB, or px459-mmRexINtermMIT plasmid
DNA. Non-homologous end-joining events were enriched for by selecting for puromycin

resistant clones with 2pug/mL puromycin for 72hours. Cells were plated at clonal density
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and colonies isolated for sequencing based screening to assess for indel formation

(MOBIX; McMaster University).
7. Chromatin immunoprecipitation sequencing

Chromatin immunoprecipitation sequencing assays were performed using the SimpleChl1P®
Enzymatic Chromatin IP Kit (#9003, Cell Signaling) and 4.0 x 10" Rex1-FLAG mESCs.
Cells were cross-linked with 1% formaldehyde for 10 minutes at room temperature and
formaldehyde inactivated by the addition of glycine to a final concentration of 1x. Lysates
were treated with micrococcal nuclease to obtain mostly mono-, di-, and tri-nucleosomal
bands. Protein-DNA complexes were immunoprecipitated with 10 pg of anti-FLAG
antibody (F1804, Sigma) and 60 pL of Protein G Dynabeads (1003D, Thermo Fisher
Scientific). The DNA SMART™ ChIP-Seq kit (#634865, Clonetech) was used for the
preparation of libraries. Reads were mapped to chromosomal locations in the July 2007
NCBI Build 37 (mm9) mouse genome using bowtie2 and samtoolst!®t, The July 2007
NCBI Build 37 (mm9) mouse genome was the selected reference genome as a result of
available blacklisted genomic regions. Optional de-duplication was not performed. Peaks

were called for with MACS2 using a mfold between 3;30 and default bandwidth'2,

The analysis pipeline provided by Dr. Mathieu Lupien is as follows:
1. Convert bam files to fastq
samtools bam2fq input.bam > output.fastq
2. Check fastq file quality

fastx_quality_stats -i input.fastq -0 output.txt
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3. Plot the quality score derived from fast_quality_stats .txt file output
fastq_quality_boxplot_graph.sh -i input.txt -0 output.png -t title shown on graph

4. Align to genome using Bowtie2 and samtools, then (optional) remove duplicate
reads

bowtie2 -x /path/to/genome -U /path/to/fastq [samtools view -bhS - | samtools sort
- aligned_file

samtools rmdup -s /path/to/bam - | samtools view -h - | grep -v chrM | grep -v
chrY | grep -v chrUn | grep -v random | samtools view -bS -q 30 - | intersectBed -v
-abam stdin -b /path/to/blacklist/bed/file | samtools sort - output_file

5. Call peaks using macs2

macs2 callpeak -t treatment.bam -c control.bam -n outputname -f BAM —g hs -B -

-outdir outputdirectoryname

8. Antibodies

The following primary antibodies were used for western bot analysis: mouse anti-FLAG
(F1804, Sigma), rabbit anti-Histone H3 (ab1791, Abcam), mouse anti-Oct4 (611203, BD
Biosciences), mouse anti-Sox2 (561469, BD Biosciences), rabbit anti-Nanog (A300-397A,
Bethyl), and mouse anti-fB tubulin-1 (T7816, Sigma). The following primary antibodies
were used for immunofluorescence analysis: mouse anti-FLAG (F1804, Sigma), mouse
anti-Oct4 (sc-9081, Santa Cruz), mouse anti-Sox2 (561469, BD Biosciences), and rabbit

anti-Nanog (A300-397A, Bethyl).

Horseradish peroxidase-conjugated secondary antibodies used for western blot analysis
were as follows: goat anti-mouse (1721011, Bio-Rad), goat anti-rabbit (1706515, Bio-Rad).
Alexa Fluor ® conjugated secondary antibodies used for immunofluorescence staining

were as follows: donkey anti-mouse AF546 (A11030; Thermo Scientific), goat anti-rabbit
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AF647 (A21244; Thermo Scientific). For immunofluorescence analysis, DNA was stained

using Hoechst 33342 (H1399; Life Technologies).
9. Cell lysate preparation

Whole cell lysates were prepared by washing mouse embryonic fibroblast (MEF) depleted
mESC cultures three times with 1 x PBS before lysing on ice with 1 x RIPA buffer [5S0mM
Tris-HCI pH 8, 150mM NaCl, 0.1% Sodium Dodecyl Sulfate, 1% NP-40, 0.5% Sodium
Deoxycholate and 1x Complete™ Mini Protease Inhibitor Cocktail (Roche)] for 10 minutes.
Cells were centrifuged at 16, 800 x g at 4°C for 10 minutes. The supernatant was collected
and quantified using the DC Protein Assay Il kit (BioRad). Samples were normalized in 1
x NUPAGE® LDS Sample Buffer (Invitrogen) with 15% TCEP Bond-Breaker Solution

(Thermo Scientific) and heated at 95°C for 5 minutes prior to electrophoresis.

Fractionated cell lysates were prepared by washing MEF depleted mESC cultures three
times with 1x PBS before lysing on ice with cytoplasmic extraction buffer [LOmM HEPES
pH 7.9, 10mM KCI, 0.1mM EDTA pH 8.0, 0.1mM EGTA, 1mM DTT, and 1x Complete™
Mini Protease Inhibitor Cocktail (Roche)] for 15 minutes. NP-40 was added to a final
concentration of 0.3% and samples centrifuged at 10,000 x g at 4°C for 1 minute. The
cytoplasmic supernatant was collected and the nuclear pellet was washed twice with
cytoplasmic extraction buffer prior to being resuspended in nuclear extraction buffer
[20mM Tris pH 7.9, 400mM NaCl, 0.2mM EDTA pH 8.0 and 1x Complete™ Mini Protease
Inhibitor Cocktail (Roche)]. Samples were incubated on ice for 30 minutes and centrifuged

at 10,000 x g at 4°C for 5 minutes. The nuclear supernatant was collected, and the pellet
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discarded. Protein concentration was quantified using the DC Protein Assay Il kit (BioRad).
Samples were normalized in 1x NUPAGE® LDS Sample Buffer (Invitrogen) with 15%
TCEP Bond-Breaker solution (Thermo Scientific) and heated at 95°C for 5 minutes prior

to electrophoresis.
10. Western blot analyses

Lysates (10-15 pg per well) were separated using 12% Bis-Tris gels and proteins were
transferred onto PVDF membranes (Millipore) by wet transfer in 1x Towbins!?,
Membranes were blocked in 1x Tris buffered saline containing 5% skim milk for 30
minutes and incubated with primary antibody for 2 hours at room temperature or overnight
at 4°C. Primary antibody dilutions are as follows: 3XFLAG (1:5000), Oct4 (1:1000), Sox2
(1:1000), Nanog (1:3000), B-tubulin (1: 400,000), Histone H3 (1: 50,000). Membranes
were subsequently incubated with the appropriate secondary antibody (1:20,000) for 1 hour
at room temperature. Blots were developed using the Luminata Forte Western HRP
substrate (Millipore) and subsequently imaged using the ChemiDoc™ MP Imaging System
(Bio-Rad). All antibodies were diluted in 1x Tris buffered saline containing 0.1% Tween

20 and 3% skimmed milk.
11. Quantitative RT-PCR

Total RNA was isolated from MEF depleted mESCs using the RNeasy Mini Kit (Qiagen)
and contaminating genomic DNA removed through DNase treatment (Qiagen). cDNA was
subsequently generated using the SensiFAST™ cDNA synthesis kit (Bioline). QRT-PCR

analysis for Rex1 genic targets was performed on a Bio-Rad CFX96 qPCR instrument using
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the SensiFAST™ SYBR® No-ROX Kit (Bioline) and 30ng cDNA per reaction. Reactions
preimplantation in triplicate. Gene expression levels normalized to TATA-binding protein
(TBP) was determined using the AACq method on the CFX™ Manager 2.0 software.
Primer sequences were designed using online software provided by Primerbot, obtained
from the PrimerBank, or obtained from published studies (Table 3).

Quantitative RT-PCR for Rex1 ERV targets was performed on a Bio-Rad CFX96 qPCR
instrument using the PerfeCTa® MultiPlex gPCR SuperMix Low ROX (Quanta
Biosciences) and 30ng cDNA per reaction. Reactions were performed in triplicate. Gene
expression levels normalized to B-actin and no reverse transcriptase (NRT) controls was
determined using the AACq method on the CFX™ Manager 2.0 software. Primer sequences
were designed using online software provided by ROCHE (lifescience.roche.com).

Table 3: qRT-PCR primers for Rex1 genic targets

Primer Sequence (5°—3’) Reference
Atf7ip FWD: GAGTGCCTCAGACAACCACA N/A
RVS: CTGTGGGGCTTCTGGTAAGG
Cited2 FWD: GTTCCGAGCAGAAATCGCAAAG N/A
RVS: AAGCGCCCGTGGTTCAT
lgsf21 FWD: GTATCTACGACCGAGCCACG N/A
RVS: GAAGTTCTGGGCCTGGTACC
Oct4 FWD: AGCTGCTGAAGCAGAAGAGGATCA [114]
RVS: TCTCATTGTTGTCGGCTTCCTCCA
Rex1 FWD: GCTCCTGCACACAGAAGAAA [115]
RVS: GTCTTAGCTGCTTCCTTCTTGA
TBP FWD: AAGAGAGCCACGGACAACTG N/A
RVS: AGCCCAACTTCTGCACAACT
Trim8 FWD: AGGGACACTCGGTGTGTGA Primerbank ID:
RVS: TGTCTGCCGCAAGTCTTCATC 16716393al
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Uncba FWD: AGCAGGTCGAGAAAGTGTTTG Primerbank ID:
RVS: GGGCGACAAGGTAGCACAAT 23346571al

Table 4: qRT-PCR primers and Universal Probe Library (UPL) probe numbers for
Rex1 ERV targets

Primer Sequence (5°—3°) UPL Probe
Actin (B) FWD: UPL ACTB specific primer from
ROCHE (No sequence available) B-Actin
RVS: UPL ACTB specific primer from ROCHE mouse
(No sequence available)
IAPLTR3-int family | FWD: CCCCAGTGAGGAGGCTAAAT 16
RVS: CCATCGGTCAGGGTTATATCTT
RMER1C FWD: CCAAATCCATTTGATGTCTACTACC 46
RVS: GGCCAGTCTCATGAATACGAA
RMER21A Chr6 | FWD: TGTACCACAGGAGCTGTCCA 19
RVS: GGGGCTGCTGAAGTGTAGAG
RMER21A Chr7 | FWD: TCTTGCCATCCTCAGCCTAC 17
RVS: ACCTTGGACAGTTCCCTGTG
RMER21A Chr9 | FWD: GGCACAAAAGTCATTGCATC 40
RVS: CATAGGCTGGGATGGGAAG
RMER21A Chrl6 | FWD: GAGTAGGGCTGAGGCTGCTA 73
RVS: AGCTCCCAGGGGAAGGTAT

12. Statistical analyses

Error bars show SEM. Statistical analysis (Unpaired t-test) was performed with Prism 7
(Graphpad). * p < 0.05; ** p < 0.01; *** p < 0.001. Graphs were generated from

independent experiments with three technical replicates per experiment.
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13. Generation of plasmids for the characterization of Rex1 functional domains and

individual isoforms

The REX1-M123I-FLAG, REX1-M1471-FLAG constructs were generated through inverse
PCR amplification of the REX1-FLAG parental construct using site-directed mutagenesis
primers described in Table 5 (A&B and C&D respectively) in which the corresponding
ATG is converted to ATC. The parental plasmid was digested with Dpnl following PCR
amplification and linear products self-circularized using a T4 DNA ligase (NEB) prior to
transformation into Machl competent cells. The REX1-M1231-M1471-FLAG construct
was subsequently generated through the PCR amplification of REX1-M1471-FLAG using

the M123I primers (A&B; Table 5), as described.

The REX1-AM123-FLAG and REX1-AM147I-FLAG constructs were generated by the
PCR amplification of the REX1-FLAG plasmid using primers containing attb sites (E&G
and F&G, respectively, Table 5) to amplify the desired region of the REX1 open reading
frame and cloned into a pDONR221 donor vector using a Gateway™ BP Clonase™ II
enzyme mix (Invitrogen). The inserts were then subsequently cloned into a pB-TAG

destination vector using a Gateway™ LR Clonase ™ II enzyme mix (Invitrogen).

The REX1-AM123-M1471-FLAG construct was generated through inverse PCR
amplification of the REX1-AM123-FLAG plasmid using primers C and D (Table 5). The
parental plasmid was digested with Dpnl following PCR amplification and linear products

self-circularized using a 2X Ligation Mix (Takara) prior to transformation into Machl
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competent cells. All constructs were verified by sequencing (MOBIX; McMaster

University).

Table 5: Primers used for the generation of hsREX1 mutant constructs

Primer Sequence (5°—3°)

A | REX1-M2I-F | CAAGCTCCCTTGAATGTTCTTTGGAATACATCAAAAAA
GGGGTAAAG

B | REX1-M2I-R | GTTCGAGGGAACTTACAAGAAACCTTATGTAGTTTTTT
CCCCATTTC

C | REX1-M3I-F | GAGAGAATTCGCTTGAGTATTCTGAGTACATCACAGGC
AAGAAG

D | REX1-M3I-R | CTCTCTTAAGCGAACTCATAAGACTCATGTAGTGTCCG
TTCTTC

E | ATTB-REX1- | GGGGACAAGTTTGTACAAAAAAGCAGGCTATGAAAAA
TIS-M2-F AGGGGTAAAGAA

F | ATTB-REX1- | GGGGACAAGTTTGTACAAAAAAGCAGGCTATGACAGG
TIS-M3-F CAAGAAGCTTCC

G | ATTB-REX1- | GGGGACCACTTTGTACAAGAAAGCTGGG

FLMUTR

14. Assessment of REX1 isoform expression in HEK293Ts

Upon reaching 70-90% confluence, HEK293Ts were transfected using a piggybac based
transfection system and Lipofectamine® LTX with Plus™ Reagent (Invitrogen). Cells
were transfected with a total of 2ug of DNA including rttA-IPpA (0.63ug), PCYL43
(0.19ug) and a pPBTAG expression vector (1.14ug). Cells were subsequently treated with
500ng/mL doxycycline the following day (D1822, Sigma). Protein expression was

analyzed by western blot analysis 24 hours after doxycycline treatment.
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15. Assessment of Rex1 expression in various culture conditions

4.0 x 10°- 8.0 x 10° mESCs were seeded on 0.1% gelatin coated wells of a 6 well plate in
LIF2i medium, mESC medium with MEFs, mESC medium without MEFs, or EB (5%
FBS) medium supplemented with 1uM retinoic acid, conditions. Cells were cultured for 2

days and subsequently collected for western blot analyses.
16. Immunostaining and high content imaging

Mouse ESCs were cultured in 96 well plates, fixed with 4% PFA, and permeabilized with
100% ice cold methanol. Cells were stained with primary antibodies for 3XFLAG, Oct4,
Sox2, and Nanog in 1% BSA for 2 hours at room temperature or 4°C overnight. Cells were
washed with PBS and subsequently stained with Hoechst 33342 (H1399; Invitrogen) and
secondary antibodies for 1 hour at room temperature. Plates were imaged using an Operetta
High Content Screening System (Perkin Elmer). Primary antibody dilutions are as follows:
mouse anti-3XFLAG (1:1000), rabbit anti-Oct4 (1:200), mouse anti-Sox2 (1:400), and
rabbit anti-Nanog (1:1000). Secondary antibody dilutions are as follows: donkey anti-

mouse AF546 (1:500) and goat anti-rabbit AF647 (1:500).
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RESULTS
1. Identification of novel Rex1 isoforms in pluripotent stem cells

Rex1 has been implicated in playing a number of important roles in PSCs, most of
which it carries out through the DNA binding abilities of its C-terminal zinc fingers®%%%-
69108 However, the functional domains within the N-terminus of the Rex1 protein
contributing to its function remain to be fully characterized. To address this issue, our lab
had previously generated a series of N-terminal truncation mutants of the human REX1
protein, in addition to a mutant lacking the C-terminal zinc fingers (Figure 2A). Upon
introducing these over-expression constructs into hESCs, it was apparent that two
unexpected bands were present in all samples in which REX1 was C-terminally 3X-FLAG
epitope tagged (Figure 2B). The presence of these additional bands had not been previously
reported in any studies, and the absence of these products within the samples containing an
N-terminally FLAG tagged REX1 protein (Figure 2B), suggested they may be functional

isoforms of the full-length protein.
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Figure 2: Evaluating the expression of REX1 mutants in hESCs. A) Human REX1
truncation mutant constructs generated by inverse PCR B) H9 and H1 hESCs were
transfected using a three-plasmid piggybac system allowing for the stable integration of the
wildtype and mutant REX1-FLAG over-expression constructs. Resultant cell lines were
analysed by western blotting. FLAG was detected in whole cell lysates of all samples in
which REX1 expression was induced by doxycycline treatment. No REX1 expression was
observed in the uninduced negative control. Red asterisks denote bands corresponding to
REX1-FLAG isoforms of interest. 3-actin was used as a loading control.

Analysis of the human REX1 open reading frame revealed the presence of two
downstream methionine residues at amino acid positions 123 and 147. To investigate
whether the additional start codons were being used as alternative translation initiation
sites, we generated a series of mutant constructs by site directed mutagenesis in which the
downstream methionine residues were converted to isoleucine (Figure 3A). Western blot
analysis of HEK293Ts transiently transfected with these constructs confirmed that upon
ablating a specific methionine residue, the corresponding protein product is lost (Figure

3B). Analysis of the murine Rex1 open reading frame revealed the presence of six
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methionine residues, two of which are conserved with the human REX1 protein (Figure 4),

suggesting this may be a phenomenon that also occurs in mESCs.
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Figure 3: Missense mutations disrupt the downstream translation initiation sites the
human REX1 open reading frame. A) Constructs were generated by whole-plasmid PCR
amplification using mutagenic primers to convert downstream methionine residues to
isoleucine. B) HEK293Ts were transiently transfected with wildtype or mutant REX1-
FLAG expression vectors and treated with 500ng/ml doxycycline the following day.
Resultant cell lines were analyzed by western blotting 24 hours after doxycycline treatment.
FLAG expression was observed from whole cell lysates of all cell lines with the exception
of the no template negative control. Loss of FLAG expression where a methionine residue
had been ablated was readily observed. Red asterisks denote bands corresponding to REX1-
FLAG. Histone H3 was used as a loading control.
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Figure 4: Sequence alignment of the human and mouse Rex1 protein. Mouse and
human Rex1 protein sequences were aligned using the Clustal Omega multiple sequence
alignment tool’®™, Red asterisks denote regions of conservation. Methionine residues
within the open reading frame of the human and mouse proteins are highlighted in yellow.

2. CRISPR-mediated homologous recombination to epitope tag Rex1 isoforms

To evaluate the endogenous expression of the Rex1 protein and its isoforms, we
generated mMESC lines in which the Rex1 protein was C-terminally 3XFLAG-tagged using
CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats-CRISPR
associated protein 9) technology. The Cas9 nuclease is an RNA-guided genome editing tool
that is used to facilitate the generation of a double stranded break (DSB) at target sequences
specified by a 20-nucleotide guide RNA !¢, The DSB is then repaired by one of two
pathways; the error-prone non-homologous end joining (NHEJ) pathway or precise
homology directed repair (HDR) pathway%%116, Alternatively, a nickase mutant of the Cas9

nuclease can be used with paired guide RNA to minimize any off-target cleavage effects'®,
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We exploited the HDR pathway to introduce a 3XFLAG epitope-tag into the Rex1
genomic locus through co-transfection of the Cas9 nuclease or Cas9 nickase pair, 20-
nucleotide guide RNA(s), and an exogenous targeting vector repair template with arms of
homology flanking the site of the DSB. Guide RNA sequences were designed such that the
DSB would occur in the region coding for the four zinc finger motifs responsible for Rex1’s
DNA binding abilities (Figure 5A). Integration of the strategically designed targeting
vector ensured the Rex1 open reading frame remained intact while allowing for the addition
of a 3XFLAG, P2A self-cleaving peptide, and puromycin resistance gene upstream of the
stop codon (Figure 5B). To ensure the targeting vector repair template was not cut during
the editing process, the protospacer adjacent motif (PAM) sequence, a NGG-nucleotide
motif located 3-prime of the 20-base pair target sequence, were silently mutated through a
single base pair change guaranteeing no change amino acid sequence and therefore protein
function.1%16 Addition of puromycin to the culture medium was used to enrich for

successful homologous recombination.
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Figure 5: Schematic representation of the targeting strategy used for the generation
of C-terminal Rexl 3XFLAG epitope-tagged mESCs. E14Tg2a mESCs were co-
transfected with a CRISPR sgRNA(s) and targeting vector repair template to facilitate
homology directed repair (dotted lines) and integration of a C-terminal 3XFLAG tag into
the Rex1 locus. A) Wildtype Rex1 genomic locus annotated with PAM sequences (red) and
SgRNA sequences used for the generation of the DSB (green). B) Edited Rex1 genomic
locus containing a C-terminal 3XFLAG epitope-tag, puromycin selectable marker and P2A
cleaving peptide, which allows for the simultaneous expression of Rex1-FLAG and
puromycin, separately, in successfully targeted mESCs.

3. Detection of endogenous protein expression of epitope-tagged Rex1 isoforms

The presence of the 3XFLAG epitope tag within the targeting vector repair template
provided a mechanism for rapid screening of clones in which successful homologous
recombination events had occurred. Western blot analysis using an anti-FLAG antibody
revealed select isolated clones were successfully epitope tagged, indicated by the presence
of a band at approximately 50 kDa corresponding to the 3XFLAG-epitope tagged Rex1
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protein in all whole cell lysates with the exception of the E14T wildtype negative control

(Figure 6).

FLAG

S S S e  Histone H3

Figure 6: Detection of endogenously 3XFLAG epitope-tagged Rex1 in isolated clones.
Rex1-FLAG expression was detected in whole cell lysates of select isolated clones but not
in the E14T wildtype negative control. Histone H3 was used as a loading control. Non-
specific binding is denoted by the asterisk.

As Rex1 is a nuclear protein and endogenous expression was not readily detectable
in whole cell lysates, we attempted to isolate nuclear protein from endogenous 3XFLAG-
epitope tagged mESCs through cellular fractionation. Western blot analysis performed on
the nuclear fractions of wildtype and Rex1-FLAG mESCs revealed the presence of several

Rex1 isoforms (Figure 7).
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Figure 7: Evaluating protein expression levels of endogenously C-terminally 3XFLAG
tagged Rex1. Rex1-FLAG expression was readily detectable in the nuclear lysate of our
flag tagged mESC line but not the E14T wildtype negative control. The presence of at least
four Rex1 isoforms are observed. Histone H3 was used as a loading control.

In attempt to evaluate the localization of the endogenous Rexl protein, we
performed immunofluorescence staining on wildtype and Rex1-FLAG mESCs.
Unfortunately, Rex1-FLAG was not readily detectable by immunofluorescence, likely due
to low endogenous protein expression levels. However, the results did demonstrate that the

Rex1-FLAG mESCs express Oct4, Sox2, and Nanog, as expected (Figure 8).
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Figure 8: Immunofluorescence staining of wildtype and Rex1-FLAG mESCs. E14T
wildtype and Rex1-FLAG mESCs were fixed and stained for FLAG, Oct4, Sox2, and
Nanog. Due to low endogenous protein expression levels, Rex1-FLAG expression was not
detectable by immunostaining. Rex1-FLAG mESCs express Oct4, Sox2, and Nanog,
consistent with wildtype cells. DNA was stained with Hoechst.

4. Mapping the global genomic binding sites of epitope-tagged Rex1 isoforms

Upon successful generation of our endogenously C-terminal 3XFLAG epitope-
tagged Rex1 mESC cell lines, we performed chromatin immunoprecipitation followed by
sequencing (ChlP-seq) to investigate the genome-wide binding sites of Rex1l and its
isoforms. Immunoprecipitated DNA was prepared from MEF depleted samples using a
commercially available anti-FLAG antibody and library samples prepared using the DNA
SMART™ ChIP-Seq kit prior to sending samples to Genome Quebec for Illumina
sequencing. Mapping of sequencing reads followed by peak calling was performed using
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the pipeline kindly provided by Dr. Mathieu Lupien, which resulted in the identification of

179 peaks.

To associate our peaks with functionally relevant genomic regions we performed
genome annotation using the Bioconductor package ChlIPseeker and the Genomic Regions
Enrichment of Annotations Tool (GREAT)"118 Of the peaks identified, 136 correspond
to genomic regions associated with more than one gene, 42 with a single gene, and 1 with
no genes (Figure 9A), indicating that Rex1 binding was relatively close to gene bodies.
Genome annotation revealed that Rex1 binds primarily within distal intergenic and
promoter regions, but also displays a significant amount of binding within introns (Figure
9B). Specifically, within genic regions, Rex1 seems to bind primarily between 50-500
kilobases downstream of the transcriptional start site (TSS; Figure 9C). The most
significant of which mapped to genes including Igsf21, Uncba, and the known Rex1 target
gene Tsix (Figure 9D). To identify the molecular and biological processes associated with
Rex1 in mESCs, we performed Gene Ontology (GO) enrichment analysis. GO term
enrichment revealed Rex1 to be associated primarily with molecular functions related to
DNA binding and catalytic activity whereas biological processes associated with Rex1
include metabolic and cellular processes'®!'°. To validate our ChIP, we performed motif
discovery analysis. As expected, motif discovery analysis revealed enrichment of motifs
bound by Rex1, Yy1, and Yy2 since their C-terminal zinc fingers remain highly conserved
and display similarities within the core of their binding motifs (Figure 9E)*?°. Thus,

providing confidence in the success of our experiment.
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Figure 9: Overview of genomic annotation, Gene Ontology enrichment and motif
discovery analyses performed on murine Rexl ChlP-seq data. A) GREAT analysis
revealed of the 179 peaks identified 136 mapped to genomic regions associated with 2
genes, 42 with a single gene, and 1 with no genes. B) Genomic annotation analysis
performed using ChlPseeker by Bioconductor displayed high levels of enrichment of Rex1
binding within promoter and distal intergenic regions. C) GREAT analysis demonstrated
Rex1 binds primarily between 50-500 kilobases downstream of the TSS. D) Top 10 most
significant Rex1 genic targets identified by ChlIP-seq analysis include differentiation
related genes including Igsf21 and Unc5a in addition to the known Rex1 target gene Tsix.
Target genes are ordered according to significance as determined by -10logq values. E) GO
term enrichment analysis reveals molecular functions and biological processes associated
with Rex1 based on target genes. F) Motif discovery analysis revealed enrichment of motifs
recognized by beta-beta-alpha zinc finger family of transcription factors within our dataset
including Rex1, Yy1, and Yy2.

5. ChlIP-seq reveals a conserved role of Rexl in the regulation of endogenous

retroviruses in human and mouse embryonic stem cells

We sought to determine whether the involvement of Rex1 in the regulation of
endogenous retroviral elements was a conserved role amongst the human and mouse Rex1
proteins. Through the assistance of Dr. Matthew Lorincz and his lab members, we were
able to identify the families and classes of ERVs which Rex1 associates with in both human
and mouse PSCs. Our data suggests that within both human and mouse ESCs, Rex1
primarily binds LTR elements, but will also bind to LINE and SINE elements to a lesser
extent (Figure 10A, Figure 11A). This notion was further supported by our mESC data
which demonstrated that Rex1 binds preferentially to RMER21A and IAPEY classes, both
of which belong to the LTR family (Figure 10B). However, this was not entirely consistent
with our human dataset in which we observed preferential binding to HSATII satellite

repeats amongst other satellite repeat elements (Figure 11B). Nevertheless, despite this
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difference in preferential binding, these data suggest a conserved role for Rex1 in the

regulation of ERVs and other repetitive elements in PSCs.
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Figure 10: Overview of Rex1 association with ERVs in mESCs. A) Binding preference
of Rex1 amongst ERV families B) Rex1 displays highest enrichment and preferential
binding to RMER21A and IAPEY elements in mESCs. Enrichment was determined using
reads per kilobase of transcript per million mapped reads (RPKM).
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Figure 11: Overview of REX1 association with ERVs in hESCs. A) Binding preference
of REX1 amongst ERV families B) Rex1 displays highest enrichment and preferential
binding to HSATII and other satellite/simple repeat elements in hESCs. Enrichment was
determined using reads per kilobase of transcript per million mapped reads (RPKM).
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As Yyl and Yyz2 also play a role in the regulation of ERVs in mESCs, a number of
which are shared targets amongst this protein family, our goal was to identify how Rex1 is
regulating these elements independently of Yyl and Yy2. To evaluate which of our ERV
targets are specific to Rex1 we took our data and compared it to existing ChlP-seq data sets
for Yyl and Yy2. Comparison of the peaks identified within previously published Yy1 and
Yy2 data sets with our Rex1 dataset, and overlaying this data with repeat masker tracks
demonstrated in comparison to its family members, Rex1 is found to bind RMER21A and
IAPLTR3-int elements at a much higher frequency than Yyl and Yy2 (Figure 12). Of the
peaks identified, 30% and 26% of peaks corresponded to RMER21A and IAPLTR3-int
elements within our Rex1 data set, respectively. In contrast, no peaks within the Yy1 dataset
corresponded to either of these elements, and only 2% of peaks within the Yy2 dataset
corresponded to RMER21A elements. The higher frequency of binding by Yyl and Yy2 to
L1Md T, ID_B1, and (other) elements, suggests that although Rex1 and its family
members display similar binding to some elements, their targets do not overlap entirely.
Due to Rex1’s preferential binding to RMER21A and IAPLTR-3 elements in comparison
to its family members we chose to focus primarily on these classes of ERVs in downstream

analyses.
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Figure 12: Assessment of Yyl, Yy2 and Rexl association with ERVs in mESCs.
Comparison of peaks identified in previously published Yyl and Yy2 data sets with our
Rex1 dataset demonstrates a higher frequency of Rexl binding to RMER21A and
IAPLTR3 elements whereas Yyl and Yy2 demonstrate higher frequencies of binding to
(other) in addition to LIMd_T and ID_B1 elements, respectively. Frequency of binding is
represented by the percentage of peaks per class in each data set.

6. Disruption of Rex1 expression via CRISPRs results in the dysregulation of Rex1

target genes and endogenous retroviral elements

To assess the mechanisms by which Rex1 is regulating its targets, we generated C-
terminal Rex1 KO mESC lines using the CRISPR-Cas9 system previously described.
Without the presence of a repair template, the DSB generated by the Cas9 nuclease is
repaired by NHEJ, which often results in small insertions/deletions (indels) at the site of
the DSB (Figure 13A,B).1%11¢ |n both C-terminal Rex1 KO lines that we have generated,
a premature stop codon was introduced within the first zinc finger and within the second
zinc finger, respectively (Figure 13C). It has been previously demonstrated that the second
and third zinc finger of Yy1 are required for efficient nuclear targeting and therefore protein
function?!. As the zinc fingers of Rex1 remained highly conserved after its generation

through retroposition of Yy1, the loss of the second and third zinc fingers provides high
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confidence that it should result in the loss of Rex1’s DNA binding capacity in addition to
its ability to interact with known protein partners. As expected, western blot analysis
revealed our C-terminal KO cell lines express Oct4, Sox2 and Nanog (Figure 13D),
suggesting pluripotency is not compromised in knockout lines, a result consistent with

previous reports®-108,
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Figure 13: Schematic representation of the targeting approach used for the generation
of C-terminal Rex1 KO cell lines. E14Tg2a mESCs were transfected with a CRISPR
SgRNA to generate a double stranded break within region of the Rex1 open reading frame
encoding for the zinc finger motifs. A) Wildtype Rex1 genomic locus annotated with PAM
sequences (red) and sgRNA sequences used for the generation of the DSB (green). B)
Edited Rex1 genomic locus in C-terminal KO clones 15 and 25. Sequencing of the loci
within these two clones revealed the presence of deletions and an insertion (shown in red)
within the Rex1 open reading frame encoding for the zinc finger motifs. C) Mutations
within C-terminal KO clones 15 and 25 resulted in the formation of premature stop codons
within the zinc fingers of Rex1. The premature stop codons occurred within the first zinc
finger and the second zinc finger, respectively. D) E14T wildtype, Rex1 KO C15 and Rex1
KO C25 cells were cultured in mESC media with feeders. Cells were collected after MEF
depletion and subsequently analyzed by western blot. Oct4, Sox2 and Nanog are observed
across all samples, consistent with the literature. B-tubulin | was used as a loading control.

Evaluation of target gene expression upon Rex1 depletion by gRT-PCR revealed
that in comparison to wildtype E14Ts, our C-terminal Rex1 KO lines display a significant
increase in the expression of differentiation-related genes including Uncb5a and Igsf21
(Figure 14), known to play roles in axon guidance and immune response, respectively. This
suggests a disruption of Rex1 function in our KO cell lines and supports our hypothesis
that Rex1 and its isoforms are acting to regulate lineage-related genes in PSCs. Further
analyses performed to evaluate the regulation of ERVs revealed that in comparison to
wildtype there is a dysregulation of ERV expression in our KO cell lines (Figure 15).
Quantitative RT-PCR analyses demonstrated a general trend of ERV repression by Rex1
PSCs, specifically of RMER1C, RMER21A, and IAPLTR3 classes. However,
inconsistencies were observed between our KO cell lines at two RMER21A loci,
specifically the elements located on chromosome 6 and chromosome 16. Nonetheless,

overall these data suggest Rex1 is acting to repress differentiation related genes and
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repetitive elements overall contributing to the maintenance of the pluripotent

transcriptional network and genomic stability of PSCs.
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Figure 14: Analysis of Rex1 target gene expression in E14T WT, Rex1 KO C15 and
Rex1 KO C25 mESCs. Cells were cultured in the presence of MEFs in mESC media for
2 days. RNA was then isolated from MEF depleted samples and contaminating DNA
removed through DNase | treatment. The housekeeping gene TBP was used as a baseline
control. Three independent experiments (n=3) with three technical replicates per
independent experiment were plotted with standard error mean. Expression was normalized
to E14T WT. * p <0.05; ** p < 0.01; *** p < 0.001 (Unpaired t-test).
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Figure 15: Analysis of ERV expression in E14T WT, Rexl KO C15 and Rex1l KO
C25 mESC:s. Cells were cultured in the presence of MEFs in mESC media for 2 days. RNA
was then isolated from MEF depleted samples and contaminating DNA removed through
DNase | treatment. The housekeeping gene B-actin and NRT controls were used as a
baseline. Two independent experiments (n=2) with three technical replicates per
independent experiment were plotted with standard error mean. Expression was normalized
to E14T WT.

As the functional domains of the Rex1 protein upstream of its C-terminal zinc finger
motifs have not been characterized there is no guarantee that any truncated protein product
formed within these C-terminal KO cells are completely non-functional. Therefore, to
ensure that the changes we observed are a result of a complete loss of Rex1 function we
have transfected wildtype and C-terminal knockout cells with a CRISPR targeting Rex1
within the first 100 base pairs of the open reading frame (Figure 16). We are currently

screening isolated cell lines for the presence of indels within the selected targeted region.
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Figure 16: Schematic representation of targeting approach used for the generation of
N-terminal Rex1 KO cell lines. E14Tg2a wildtype and Rex1 C-terminal KO mESCs were
transfected with a CRISPR sgRNA to generate a double stranded break within the first 100
base pairs of the Rex1 open reading frame. Schematic displays wildtype and C-terminal
KO N-terminal Rex1 genomic locus annotated with PAM sequences (red) and sgRNA
sequences used for the generation of the DSB (green).
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7. Characterizing the roles of Rex1 protein isoforms in PSCs

We have previously confirmed the presence of Rexl isoforms by initiation of
translation at alternative start codons within the Rex1 open reading frame at the exogenous
level in the human context (Figure 3B). Furthermore, western blot analysis of our Rex1-
FLAG lines suggests four or more isoforms of the Rex1 protein may be present within
mESCs (Figure 7). To assess whether Rex1 and its isoforms display context-dependent
expression in naive pluripotent, mixed pluripotent, and differentiated states, Rex1-FLAG
mESCs were grown in various culture conditions and protein expression assessed by
western blot. Analysis of protein expression revealed that Rex1 isoforms display
differential expression in different pluripotent states (Figure 17). Of the isoforms identified,
each isoform demonstrated variable levels amongst each of the tested conditions, except
for the EB conditions in which the expression of all isoforms was down-regulated. No
Rex1-FLAG expression was observed in the E14T WT control, as expected. This suggests
that the small and long forms of Rex1 act independently of one another in PSCs. To further
investigate the independent roles of these isoforms, we have generated a series of constructs
that will be transfected into our Rex1 KO cell lines (Figure 18). Through site-directed and
truncation mutagenesis techniques, the constructs were generated such that the REX1 open
reading frame contains only the desired translation initiation sites to ensure the expression

of one or more isoforms.
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Figure 17: Assessment of Rex1-FLAG expression in LIF2i versus serum conditions.
Cells were cultured in LIF2i, mESC with MEF, mESC without MEF, and EB (5% FBS) +
1uM RA medium conditions and subsequently collected for western analyses. Rex1-FLAG
expression was readily detectable in the nuclear lysates of Rex1-FLAG samples but not the
wildtype negative control. Bands corresponding to Rex1 isoforms are denoted by asterisks.

Histone H3 was used as a loading control. n=2.
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Figure 18: Generation of mutant human REX1 expression vectors for the
characterization of isoforms. Truncation mutant constructs were generated through the
PCR amplification of the pPBTAG-REX1-L3-FLAG expression vector using attb primer
sets designed such that the inserts for the pPDONR221 vector begin at the second and third
translation initiation sites in the REX1 open reading frame, respectively. The inserts were
subsequently cloned from pDONR221 into the pBTAG destination vector through a LR
gateway cloning reaction. Undesired methionine residues were converted to isoleucine

residues by site-directed mutagenesis.
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DISCUSSION

Previous work in our lab established the existence of novel human REX1 protein
isoforms that may act independently of the full-length protein. Through site-directed
mutagenesis-mediated conversion of methionine residues to isoleucine within the open
reading frame, we were able to demonstrate that the ablation of a methionine residue
resulted in the loss of its corresponding protein product (Figure 3B), confirming the usage
of alternative translation initiation sites in the exogenous context. Since these isoforms had
not been described in any previous studies, and this phenomenon had not been established
at the endogenous level, we translated this project into mESCs, as they are a convenient
and reliable platform for studying the molecular basis of pluripotency. Thus, this thesis
aimed to delineate our undertaking in characterizing the roles of Rex1’s isoforms and the

mechanisms by which Rex1 carries out its functions in PSCs.

As there is currently no high-quality commercially available antibody for the
detection of endogenous Rex1 protein expression, we utilized CRISPR-Cas9 technology to
successfully generate mESC lines in which Rex1 is C-terminally FLAG-epitope tagged.
Through western blot analysis of our Rex1-FLAG lines, we established the presence of
several Rex1 isoforms in mESCs, confirming the usage of alternative initiation start sites
at the endogenous level (Figure 7). In attempt to evaluate the localization of the Rex1
protein and its isoforms, we performed immunofluorescence staining of wildtype and
Rex1-FLAG mESCs for FLAG, Oct4, Sox2, and Nanog (Figure 8). Rex1-FLAG mESCs
stained positive for Oct4, Sox2 and Nanog, similar to wildtype, as expected, since the

introduction of the targeting vector should not have effected the pluripotent nature of the
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cells. However, no positive staining was observed for FLAG as a result of low endogenous
Rex1 levels, which were likely further reduced due to the absence of feeders within the
culture prior to analysis. Despite the absence of feeders, low endogenous expression was
also a limitation when evaluating Rex1 expression in whole cell lysates, which was
resolved through the use of cell fractionation techniques. Culturing of cells in LIF2i and
performing subsequent immunofluorescence analysis may aid in overcoming limitations

due to low and heterogeneous Rex1 expression in mixed pluripotent cultures.

To gain an unbiased understanding of the genes regulated by Rex1 in mESCs, we
performed ChIP-seq analysis, which revealed binding of Rex1 at 179 genic regions (Figure
S1), which is considerably low given Rex1 is a DNA-binding transcription factor.'?212% As
our mESC lines are endogenously tagged and Rex1 expression levels are low this likely
accounts for the small number of peaks identified within our data set in comparison to other
transcription factor based ChIP experiments in which proteins are endogenously more
abundant or are over-expressed above normal physiological levels. Furthermore, validation
of our dataset by motif enrichment established the presence of motifs corresponding to
factors including Yyl, Yy2 and Rexl (Figure 9F), confirming the success of our
experiment, as these proteins are known to share a core motif binding sequence and
therefore, gene targets within PSCs®. GO term enrichment analysis revealed metabolic
processes, developmental processes, cellular processes and locomotion as biological
processes associated with Rex1 through our list of target genes (Figure 9E), consistent with
the literature, additionally supporting the validity of our dataset®. It was initially unclear

as to why genomic annotation of our identified peaks revealed a significant amount of
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binding to distal intergenic regions. However, further analysis our dataset revealed a
significant binding of Rex1 to repetitive elements. As these elements are present throughout
the genome, this clarified why Rex1 seemed to binding within distal intergenic regions

more than promoter regions.

Rex1 and its family members have been previously described as negative
regulators of ERVs in mESCs®®®", we therefore sought to determine whether this was a
conserved role amongst the human and mouse Rex1 proteins. Our data suggest that, within
mMESCs, Rexl1 preferentially binds LTR elements, specifically RMER21A and IAPEY
elements, whereas in hESCs Rex1 is found to bind predominantly within LTR elements but
preferentially to HSATII satellite repeats (Figure 10, 11). Within mouse and human PSCs,
the most active ERVs are the IAP and human endogenous retrovirus subfamily H (HERVH)
elements, respectively, the expression of which have been demonstrated to track closely
and aid in the maintenance of the pluripotent identity®®?4127  Although we observed
preferential binding to 1APs within our murine Rex1 data, the same does not hold true for
HERVH elements within our human REX1 dataset. Alignment of the human and mouse
Rex1 protein sequences indicates considerable homology amongst the two proteins,
suggesting a conserved role of protein function amongst species (Figure 4). Thus, this
difference in enrichment at highly active elements may be due to the fact that REX1 is
expressed at higher than physiological levels upon induction by doxycycline in our REX1
hESCs over-expression lines, in comparison to our mESCs in which Rex1 is endogenously
FLAG-tagged. As a result, the REX1-FLAG protein may be saturating sites not normally

bound by endogenous REX1, enriching for REX1 binding at what are normally weakly
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bound sites. Alternatively, the difference in preferential binding may be a result of the
inherent differences between human and mouse PSCs, since unlike mPSCs, which associate
more closely with the naive state, hPSCs more closely resemble EpiSCs, differing from
mESCs not only in global molecular signatures, signalling pathways, colony shape, growth
rate, and surface markers, but also in their developmental potential®**?8, Nonetheless, the
large number of binding sites identified within these elements in both datasets suggests a
conserved role of Rex1 in the regulation of ERVs and maintenance of genomic integrity in

mouse and human PSCs.

The generation of C-terminal knockout lines disrupting the DNA-binding
capabilities of Rex1 allowed for the evaluation of the mechanisms by which Rex1 and its
smaller isoforms are regulating genic and ERV targets in mESCs. The disruption of Rex1
function in these cell lines revealed a significant up-regulation of differentiation-related
genes Unc5a and Igsf21 in KO cell lines in comparison to wildtype (Figure 14), suggesting
that Rex1 is acting as a negative regulator of differentiation-related genes. This supports
our hypothesis that Rex1 is acting to regulate lineage-determining genes in PSCs. Although
we additionally identified the previously known target gene Tsix as one of our 179 genic
targets®’, we did not further pursue this gene in qRT-PCR analyses as our mESCs are male
lines. Consistent with the literature, a loss of Rex1 in our KO cell lines had no effect on the
expression of other pluripotent markers such as Oct4, Sox2 and Nanog, since Rexl
expression is not required for the maintenance of the pluripotent state (Figure 13D)%6:1%,
However, the increase in differentiation-related genes does suggest that our KO cell lines

are representative of a lineage-primed pluripotent state, also as expected®.
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We additionally evaluated changes in ERV expression within our KO lines, which
indicated that Rex1 may be acting as a repressor of ERVs in PSCs. Since the high frequency
of binding to RMERA and IAPEY elements by Rex1 was not observed amongst its family
members, it is reasonable to consider that Rex1 has evolved to independently regulate these
particular classes of ERVs in PSCs (Figure 12). Thus, we aimed to focus on these particular
families in downstream analyses to better investigate the regulation of ERVs by Rexl
independent of its family members. We additionally included two sites, RMER21A Chr6
an RMER21A Chr9, which overlap with loci identified in the Yyl data set. However, some
of the loci we assessed produced inconsistent results between KO cell lines (Figure 15). As
ERVs are highly repetitive elements we attempted to ensure the removal of any
contaminating genomic DNA within our RNA samples through DNase | treatment. In
conjunction with highly specific probe-based gRT-PCRs, we were confident that any
changes observed were, in fact, due to changes in expression of the selected ERV targets.
We additionally normalized our sample values to both NRT controls and the housekeeping
gene B-actin. However, the addition of more experimental replicates is required before
these results can be fully interpreted. To evaluate the regulation of ERVs by Rex1, we took
a target-based approach and selected loci were chosen based on significance and whether
sites were solely occupied by Rexl or co-bound by Yyl. In attempt to identify loci
demonstrating more substantial changes in expression, it may be beneficial to pursue
analyses such as RNA-seq which will provide a more global overview of the changes in

gene expression within our KO cell lines. However, the lack of fluctuation in expression at
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selected loci, may also be due to other ERV regulatory factors binding in the absence of

Rex1.

Initial evaluation of endogenous Rex1-FLAG expression demonstrated variability
in the observed levels of long and short isoforms of Rex1, suggesting these isoforms may
play roles independent of the full-length protein and display context-dependent expression.
Western blot analysis of cells cultured in LIF2i versus various serum conditions revealed
that Rex1 and its isoforms vary in expression in each condition tested (Figure 17). Thus,
Rex1 and its isoforms display differential expression, likely contributing to isoform-
specific roles associated with the various sub-populations of pluripotency. In an attempt to
further characterize the mechanisms contributing to alternative translation initiation site
usage of Rex1l in PSCs, we observed the predicted binding of various RNA-binding
proteins (RBPs) and associated factors to mouse Rex1 messenger RNA (MRNA) transcript
(Figure 19). RBPs are master regulators of mMRNA processing and also contribute to mRNA
stability and the initiation of translation'?>!3, The observed predicted binding of RBPs,
including PABPC1, KHDRBS1, FXR1, and IGF2BP2, within the regions coding for the
various initiation start sites, particularly those found within the 5-prime region, suggests
that RBPs could be one potential mechanism governing the regulation of transcriptional
start site usage, and that differential binding of these RBPs in various pluripotent states may

contribute to the context-dependent usage of translational start sites of Rex1.
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Figure 19: Predicted binding of RNA-binding proteins to murine Rexl mRNA.
Predictive binding of RBPs to the Rex1 mRNA transcript was performed using RBPmap***.
Motif analysis revealed predictive binding sites for numerous RBPs within the most N-
terminal region of Rexl containing methionine residues M1, M6, and M10 including
FXR1, KDHRBSL1, and PABPC proteins.

FUTURE DIRECTIONS

While this thesis describes an in-depth characterization of the roles and molecular
mechanisms of Rex1 in pluripotent stem cells, a few matters remain unresolved. Although
we were able to successfully generate Rex1 C-terminal KO lines, there may be residual
Rex1 function as a result of uncharacterized functional domains upstream of the zinc
fingers. As a result, we are working towards screening C-terminal Rex1 KO mESCs that
were subsequently transfected with the N-terminal CRISPR by DNA-based sequencing to

assess for the generation of an additional indel that would prevent the generation of protein
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products with residual function. The generation of such a line will ensure the loss of all
Rex1 function due to the targeted disruption of the alternative translation initiation sites.
Characterization of the N and C-terminal KO by qRT-PCR analyses to evaluate genic and
ERV target regulation should then clarify whether any uncharacterized domains lie within
the N-terminal region of the Rexl protein, or whether the zinc finger domains are
responsible for the majority of Rex1’s function in PSCs. BLAST sequence analysis
revealed that the N-terminal region of Rex1 does not display sequence similarity to any
other known proteins in the genome, thus any functional domain within this region would

be specific to Rex1’s function in PSCs*®2,

A previous study demonstrated that in addition to the naive and primed pluripotent
states, PSCs exist in a variety of sub-populations within these two states, suggesting
heterogeneity may be a fundamental feature of pluripotent stem cell populations®®. Since
ERVs provide a platform for influencing gene expression by acting as promoters,
enhancers, or promoting open chromatin states, the stage-specific propagation of ERVs
may be an important source of regulatory elements for the generation and regulation of
alternate pluripotent states®. As Rex1 is a known regulator of ERVs and its expression is
closely associated with pluripotency, it would be insightful to perform qRT-PCR analyses
on cells cultured in LIF2i versus serum conditions to assess the effects of Rex1 loss on the
expression of ERVs in naive versus primed pluripotent states. This will, hopefully, provide
insight into the stage-specific regulation of particular ERV classes by Rex1 and aid in a
further understanding of the underlying of the mechanisms contributing to the maintenance

of pluripotent states.

63



M.Sc. Thesis — A. Hrenczuk; McMaster University — Biochemistry & Biomedical Sciences

Through the generation of our C-terminal KO lines, we were able to elucidate how
Rex1 is regulating its targets within PSCs. To further assess the independent functions of
the smaller REX1 protein isoforms and to identify any variances in function as a result of
structural differences of their N-termini, we have generated a series of human REX1 mutant
constructs that we will over-express in double targeted KO lines. We will then subsequently
assess the changes in Rex1 target gene expression through gRT-PCR analyses. Although
we would ideally rescue our cell lines with murine Rex1 constructs, our human REX1
constructs were readily available. As previously mentioned, alignment of the human and
mouse Rex1 protein sequences demonstrates considerable conservation in the amino acid
sequence amongst the two proteins, particularly within the zinc finger region responsible
for DNA-binding. Furthermore, two of the three human methionine residues, M1 and M123
are conserved with M6 and M124 within the murine Rex1 open reading frame, respectively
(Figure 4). Overall this suggests conservation in structure and likely protein function
amongst the human and mouse Rex1 proteins. Although they may have context-dependent
roles due to the inherent differences between human and mouse ESCs, the human REX1
constructs should be able to rescue the observed phenotypes when introduced into Rex1

KO mESCs.

Finally, preliminary analyses regarding the underlying mechanisms contributing to
the usage of alternative translation initiation sites within the Rex1 open reading frame
suggests that RBPs may be contributing to the context-dependent regulation of Rexl
protein expression in PSCs. To investigate which RBPs are regulating the translation of

Rex1 protein isoforms in an unbiased manner, we would perform a biotinylated RNA-
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pulldown followed by mass spectrometry. Biotinylated RNA-pulldowns require the in vitro
tagging of the mRNA with biotin through the use of biotinylated CTP*33, The biotin-tagged
MRNA is then incubated with nuclear extracts allowing RBPs to bind regions of affinity
within the mRNA™134 RNA-protein complexes are then purified through the use of
streptavidin coated beads and RBPs identified through mass spectrometry®3*%, This
technique can additionally be used to identify specific regions of the mRNA transcript
bound by the RBPs through the use of smaller mRNA fragments*33. However, this approach
is not without limitations. The observed binding of RBPs to the mRNA of interest may not
be representative as in vitro methods require the formation of complexes between cell
lysates and synthetic target RNAs and they do not allow for the identification of interactions

that are formed in response stimuli within their environment*3.

Alternatively, a highly-specific and in vivo approach free of any cross-linking,
RNA modification, and extensive purification strategies could be employed, but would
require the modification of the existing CaslD method**®. Previous studies identified the
CRISPR-Cas effector C2c2 and demonstrated its ability to cleave target RNA sequences
through the use of a SgRNA’. Thus, an enzymatically dead C2c2 could be used to direct
the mutant biotin ligase, BirA*, to the RNA of interest to biotinylate associated RBPs for
identification by mass spectrometry as previously demonstrated with enzymatically dead
Cas9 for the identification of chromatin associated proteins in CaslD*. However,
although probable, such a mechanism of translational control has yet to be described®.

Thus, our study would be the first to report not only the identification of novel Rexl
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isoforms, but would also be the first to describe a novel mechanism of translational control

by RBPs in the pluripotent context.

CONCLUSION

Since their discovery, PSCs have become an indispensable tool for disease
modeling and drug discovery. Although substantial progress has been made in elucidating
the molecular mechanisms underlying the pluripotent state, a complete understanding of
the regulation of self-renewal and differentiation of PSCs has yet to be attained. The
experiments and results delineated in this thesis provide insight to the roles and mechanisms
of Rex1, a factor closely associated with the pluripotent state. Through this work, we have
confirmed the presence of numerous isoforms at the endogenous level in mESCs through
the generation of endogenously FLAG tagged cell lines. We have also demonstrated that
the long and short forms of Rex1 act as repressors of lineage-related genes and endogenous
retroviral elements, likely aiding in maintenance of the pluripotent state and genomic
integrity. Furthermore, we have generated tools that will allow for the evaluation of the
independent roles of the long and short forms of the Rex1 protein, in addition to identifying
a possible novel mechanism contributing to the context-dependent expression of the Rex1
isoforms in varying pluripotent states. Thus, the completion of experiments outlined
previously, will aid in a further understanding of the mechanisms governing the regulation
of the pluripotent state. Further characterization of such mechanisms will hopefully aid in
improved techniques for the generation of iPSCs and further their use in the modeling of
disorders and development of novel therapies in addition to furthering the use of PSCs,

including both iPSCs and ESCs, in unforeseen forthcoming applications.
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Figure S1: Optimization of ChlP-seq analysis parameters for the identification of
peaks in murine Rex1 data set. Identification of peaks representative of Rex1 binding
required optimization of de-duplication and mfold parameters. A) ChlP-seq parameters
used in analysis B) Peak models and cross-correlation analysis for each analysis condition
used. Maximal number of peaks with an acceptable peak model was obtained upon not
performing optional de-duplication step and changing mfold from default of 5,50 to 3,30.
Default bandwidth of 300 was used as this was the fragment size of our library preps used
for sequencing.
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