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Summary

AP2γ, encoded by Tfap2c, is a transcription factor which both represses and activates
target gene expression. It is required for the survival of the early mouse embryo;
depending on the context of its depletion, the loss of the protein may prevent the
correct formation of blastocysts, result in placental defects and embryonic death, or
result in infertility of the adult mouse. AP2γ expression has been identified in the
maintenance of adult tissues, and its expression has been localized to the skin, brain,
and mammary gland. It has also been identified in numerous cancers, as a prognostic
marker of both poor and good outcomes, depending upon the cancer and context.
It is thus a fascinating transcription factor, as its expression or loss thereof can tip
the scales of survival in both the embryo and adult.

AP2γ was examined in this work in the context of its role as a transcription factor
required for primordial germ cell (PGC) differentiation. PGCs are unipotent embry-
onic cells which give rise to either sperm or egg, and at the point of their induction
are the only embryonic cells which will be able to transmit heritable genetic and
epigenetic information. The knockout (KO) of AP2γ has been shown to impair PGC
differentiation and result in sterility of otherwise healthy, adult mice. However, the
transcriptional regulation exerted by AP2γ during PGC differentiation is poorly un-
derstood. One hypothesis for the strong transcriptional effect exerted by AP2γ is
that it may be a pioneer factor, a protein which is capable of binding to and opening
closed chromatin to allow other transcription factors and adapter proteins to bind
and thus effect transcriptional regulation, however it is still unknown if AP2γ is truly
a pioneer factor, and if so in which of its many biological contexts does it exert this
effect.

My work aimed to improve our understanding of the role of AP2γ in PGC differ-
entiation in two ways: First, to characterize the role of AP2γ as a regulator of
transcriptional activity and as a potential pioneer factor in embryonic stem cells
(ESCs), epiblast-like cells (EpiLCs), and PGC-like cells (PGCLCs). These cells rep-
resent the in vitro recapitulation of the developmental process which allows for the
differentiation of ESCs towards PGCLC fate, and thus allows for the examination of
transcriptional events resulting in the correct differentiation of PGCLCs. To accom-
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plish this, I generated AP2γ knockout (KO) ESCs and I applied RNA-sequencing
(ribonucleic acid sequencing) transcriptomic analysis to identify changes in gene ex-
pression as I differentiated the cells towards PGCLCs. I was able to show that,
in the absence of AP2γ, PGCLCs cannot be correctly specific and further, numer-
ous marker genes of naïve pluripotency and somatic fate are misregulated, raising
broader questions about the role of AP2γ not only in PGCLCs but also within the
context of naïve pluripotent ESCs. I also examined the chromatin accessibility of the
AP2γ-KO cells as they progressed from ESCs towards PGCLC fate by performing
ATAC-sequencing (assay for transposase-accessible chromatin with high-throughput
sequencing). I was able to identify differentially accessible chromatin in all examined
cell types, however most dramatically in the AP2γ-KO ESCs, further underlining
the potential role of AP2γ in naïve pluripotency.

My second aim was to identify cis-regulatory elements (CREs) including enhancers,
regulating the expression of AP2γ as the cells differentiated from ESCs towards
PGCLC fate. To this end I employed a lentiviral CRISPR/Cas9 (clustered regu-
larly interspaced short palindromic repeats/Cas9) based screen approach, tiling the
topologically-active domain of AP2γ with gRNAs to KO potential regulatory ele-
ments acting on the gene. Analysis of the screen results did not clearly indicate
CREs regulating AP2γ expression, nevertheless interesting genomic sites were iden-
tified which may be investigated further as potential cell type-specific regulatory
regions.

This work broadens our understanding of AP2γ in the context of naïve pluripotent
ESCs as well as during the process of PGCLC differentiation. It also raises questions
about the role of AP2γ as a pioneer factor, and the relationship between AP2γ and
the closely related protein AP2α. In addition, although the employed screen was not
able to identify specific CREs driving AP2γ expression, I was able to identify inter-
esting targets of further investigation including potential regulatory regions involved
in cell survival during the process of differentiation towards PGCLC fate.
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Introduction

1.1 Embryonic development in the mouse

The formation of the totipotent zygote, one single cell resulting from the fertilization
of egg by sperm and capable of giving rise to all embryonic and extra-embryonic
lineages [1], represents the first moment of creation for a new life. From this point on,
a highly regulated and meticulously timed developmental program will coordinate the
growth, differentiation, and maturation of the multitudinous tissues and specialized
cells required to produce and sustain adult life. Misregulation of development in
the maturing embryo can prove catastrophic to the induction or differentiation of
tissues, and can even result in miscarriage of pregnancy [2]. Thus, understanding
early development not only improves our knowledge of the beginnings of life, but
also allows us to investigate and potentially ameliorate errors in development, which
in the context of this work concern miscarriage or infertility.

1.1.1 Pre-implantation development

Early embryonic development in the mouse (Mus musculus) begins with the fertilized
zygote, which contains two pronuclei, each corresponding to the segregated paternal
and maternal genomes [1] (Figure 1). After fertilization, the pronuclei unite and the
embryo divides and enters the two-cell stage. At this point zygotic gene transcription
begins to overtake the transcription of remnant maternal messenger ribonucleic acids
(mRNAs) in a process termed zygotic genome activation (ZGA) [3].

At the four-cell stage the embryonic cells are not morphologically distinct from each
other, nevertheless variations have been identified in transcriptional and epigenetic
features between the cells, e.g. the differential expression of the pluripotency factor
genes Prdm14 (PR/SET domain 14) [5] and Nanog1 [7]. The significance of this
heterogeneous expression is not known, as until the eight-cell stage all cells in the
early embryo can give rise to both embryonic and extraembryonic lineages [1]. By
the eight-cell stage the blastomere is polarized, meaning inherent polar properties,
e.g. compositional differences in the apical versus basolateral membranes, may now
be ascribed to the cells [1]. Polarization initiates uniform divergence in cell fate, as
the hippo signaling pathway is active in the apolar cells of the inner embryo and
inactive in the polarized outer cells, resulting in differential gene expression between
the two cell populations [8]. Between the eight- and sixteen-cell stages embryonic

1Nanog derives from the old Irish “Tír na nÓg”, meaning “Land of Youth” i.e. the Celtic Otherworld [6].
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Figure 1: Early embryonic development in the mouse. Totipotency is established in the
zygote following fertilization, but is lost once asymmetric cell division produces the distinct inner
and outer cell populations of the morula by E2.5. Induction of the trophectoderm (TE; indicated
in purple) begins in the morula stage with the formation of polarized, compacted cells which begin
to express TE factor CDX2. Induction of the pluripotent inner cell mass (ICM) also begins in the
morula with the formation of apolar cells which begin to express pluripotency factors OCT4 and
NANOG. By E3.5 in the blastocyst, the TE has formed and begins to upregulate TE factor ID2.
At this stage the ICM has also formed, and begins to express pluripotency factor SOX2. Modified
from Burton & Torres-Padilla, 2014 [4].

compaction occurs, and is the process by which the cells’ morphology is altered;
flattening and increasing cell-cell contact [9].

The sixteen-cell morula arises by embryonic day (E) 2.5 from asymmetric cell divi-
sion, which results in two discrete populations of inner and outer cells (Figure 1) [4].
The development of the blastocyst by E3.5 represents the first symmetry breaking
event of the early embryo, as the inner cell mass (ICM) and trophectoderm (TE)
are completely specified [8]. The ICM derives from the inner cells of the morula,
and by E4.5 will have further differentiated into either the pre-implantation epiblast
or the primitive endoderm (PrE) [10]. The epiblast will ultimately develop into the
embryo proper and characteristically expresses marker genes Pou5f1 (POU class 5
homeobox 1, encoded by OCT4), Nanog, and Sox2 (SRY (sex determining region
Y)-box 2) [10]. The PrE participates in the formation of the yolk sac and also pro-
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vides spatial separation between the epiblast and the blastocyst cavity [8], and is
indicated by the expression of marker genes Gata6 (GATA binding protein 6 ) and
Pdgfra (Platelet-derived growth factor receptor A ) [10]. The TE will ultimately
comprise the placenta [1], and is indicated by the expression of marker genes in-
cluding Cdx2 (Caudal type homeobox 2), Tead4 (TEA domain transcription factor
4), Tfap2c (Transcription factor AP2 gamma), Eomes (Eomesodermin), and Gata3
(GATA binding protein 3) [10]. At this point, cells which have achieved epiblast,
PrE, or TE fate cannot exit their lineage and join another lineage in vivo [10].

Naïve pluripotency - a developmentally naïve “ground state” [11], an epigenetic
“blank slate” [11], simply “sublime” [12] - describes the developmental potential of
epiblast cells of the pre-implantation embryo, which are competent to give rise to all
embryonic lineages [12]. The naïve state is in part achieved by the global demethy-
lation of the parental genomes which is initiated immediately after fertilization [13].
By E4.5, the cells of the ICM are globally hypomethylated [13], thus allowing ac-
cess to and transcription of genomic regions which are epigenetically restrained in
differentiated cells. To study this cellular state in vitro, cells harvested from the
murine E4.5 pre-implantation epiblast are cultured in 2i+LIF medium; a defined
medium containing GSK3 (Glycogen synthase kinase 3) inhibitor CHIR99021 and
MEK (Mitogen-activated protein kinase) inhibitor PD0325901 (two inhibitors, “2i”),
as well as LIF (Leukemia inhibitory factor) [14]. These cells are termed embryonic
stem cells (ESCs), and are able to contribute to a chimera and the germline when
injected into a pre-implantation blastocyst [11].

1.1.2 Post-implantation embryonic development

The implantation of the embryo into the uterine wall from E4.75-5.0 [15] represents
an active process between an implantation-competent blastocyst and a receptive
uterus [16]. Once the blastocyst and the uterus are in physical contact, trophoblasts
from the nascent TE invade and colonize the uterine wall [16]. In parallel, the uterine
stroma responds to estrogen and progesterone signaling to produce decidual cells in
a process known as decidualization [16]. The implanted E5.0 epiblast rosette (Figure
2) is considered to have “formative” pluripotency [12].

By E5.5, the post-implantation embryo initiates a program of differentiation which
affects all embryonic and extraembryonic tissues. This process includes cavitation,
which forms the proamniotic cavity and reshapes the embryo into an egg cylinder
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Figure 2: Post-implantation development in the early mouse embryo. The developmen-
tal timeline of the mouse embryo is shown from E4.5-7.0. Cells transition from naïve pluripotency
at E4.5 through formative pluripotency by E5.0 and primed pluripotency of the posterior-epiblast
by E6.5. Cells deriving from the epiblast lineage and which will ultimately give rise to the embryo
proper are shown in dark blue. Cells of the TE lineage which will ultimately form or contribute to
the placenta are shown in light blue. Cells deriving from the PrE lineage and which give rise to the
visceral endoderm (VE) are shown in yellow. The anterior visceral endoderm (AVE) is indicated in
pink, while the primitive streak is indicated in purple. The emergence of the primordial germ cells
(PGCs) by E7.0 is indicated. Figure taken from Ávila-González et al., 2021 [12].

[17] (Figure 2). The polar embryonic TE differentiates into the extra-embryonic ecto-
derm (ExE) and harbors the trophoblast stem cells (TSCs) which will later form the
placenta, while the mural abembryonic TE produces trophoblast giant cells (TGCs)
[15], terminally differentiated cells which assist in implantation and placentation [18].
The primitive endoderm differentiates into the parietal endoderm (PE), which as-
sociates with the TGCs, and the visceral endoderm, which envelops the developing
embryo [15]. At E5.5 the visceral endoderm is comprised of three types of tissue:
the extraembryonic visceral endoderm (ExVE), the embryonic visceral endoderm
(EmVE), and the distal visceral endoderm (DVE) [17].

The E5.5 epiblast cells exhibit formative pluripotency, a transitional stage in which
the cells are becoming primed for lineage differentiation [19]. Formative pluripotent
cells can contribute to a chimera if they are injected into a blastocyst, however their
contribution is “patchy” and not well distributed [20]. This is in part due to the
fact that de novo methylation resumes in the epiblast following implantation, and
continues until E6.0 when the embryonic methylation pattern is fully established
[13]. Thus the formative pluripotent cells face epigenetic limitations on their ability
to access and express the full library of genes which are required to maintain naïve
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pluripotency. A self-renewing population of epiblast cells known as epiblast-derived
stem cells (EpiSCs) can be harvested from the E5.5-8.0 embryo and raised in medium
containing bFGF (basic fibroblast growth factor) and Activin A [11]. These cells are
considered to exhibit primed pluripotency [19], as they are fully primed for lineage
differentiation. Additionally, a transient population of epiblast-like cells (EpiLCs)
akin to cells of the E5.5 epiblast may be induced in vitro directly from ESCs, a process
which also requires the addition of bFGF and Activin A in medium containing 1%
knockout serum replacement (KSR) [11; 21].

Gastrulation begins by E6.5, and is the process by which the embryo forms multi-
cellular germ layers, develops central axes, and rearranges the location of cellular
populations to establish a multilayered, complex gastrula [22]. The primitive streak
also appears at this time point, and is a short-lived structure which helps to establish
bilateral symmetry and the central axes [23]. During this dynamic period, transcrip-
tomic differences have been identified between the anterior and posterior epiblast
[12]. It may be that regionalized pluripotency is in effect during this time, such
that the anterior epiblast lags behind the posterior epiblast by continuing to exhibit
formative pluripotency while the posterior epiblast has already entered the state of
primed pluripotency (Figure 2) [12]. These differences in localized pluripotency may
help to provide further spatial and structural segregation in the growing embryo.

1.2 Primordial germ cells (PGCs)

By the onset of gastrulation, a small population of primordial germ cell (PGC) pre-
cursors emerges in the E6.5 embryo [24]. The induction and differentiation of PGCs
occurs in parallel with the development of the embryo, and at the time of their in-
duction, PGCs are the only embryonic cells which will transmit heritable genetic
and epigenetic information to offspring [19]. PGCs have thus been described as an
“eternal link between generations” [25]. As unipotent cells, PGCs exist to ultimately
differentiate into mature germ cells and confer fertility to the adult mouse. Unravel-
ing the complex processes and identifying the key factors necessary for correct PGC
fate allows one to better understand when and how misregulation affects fertility.
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Figure 3: PGC induction in the mouse. Mouse PGC precursors (mPGCs; shown in green)
are induced following exposure to activating signals BMP4 and 8B (shown in green) from the ex-
traembryonic ectoderm (ExE; shown in beige), BMP2 signals from the proximal visceral endoderm
(VE; shown in yellow), and WNT3 signals from the posterior epiblast and posterior VE (both
shown in pink). Inhibitory signals including CER1, DKK1, and LEFTY1 released from the an-
terior VE (AVE; shown in brown) prevent the induction of PGCs, and thus control the location
and opportunity for PGC induction. Together, these activating and antagonizing signals ensure a
small population of mPGCs may be specified in the proximal-posterior region of the epiblast. The
directional axes of the embryo are indicated with P - D (proximal to distal) and A - P (anterior to
posterior). The primitive streak (PS) is also indicated. Modified from Tang et al., 2016 [24].

1.2.1 PGC specification and maturation

In the mouse, precursor PGCs are specified from somatic cells on E6.25 in the
proximal-posterior epiblast [26], and their induction requires a coordination of signals
from the surrounding tissues (Figure 3) [24]. In order for a somatic cell to be induced
towards PGC fate, it must receive BMP4 [26; 27; 28; 29] and BMP8B [30] signals
from the ExE as well as BMP2 signals from the proximal VE [26; 29]. BMP signaling
results in the phosphorylation of SMAD (Suppressor of mothers against decapenta-
plegic) proteins 1, 5, and 8, and the phosphorylated proteins dimerize with SMAD4
to enter the nucleus and begin to regulate target genes [31; 32]. WNT3 (Proto-
oncogene protein Wnt-3) signaling from the posterior epiblast and posterior VE [33]
is also required for PGC fate [27; 34]. WNT3 signaling upregulates the expression of
transcription factors (TFs) including Brachyury (encoded by T ), a mesodermal pro-
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tein whose expression is required for PGC induction to occur [34]. BMP antagonists
such as CER1 (Cerberus 1) and LEFTY1 (Left-right determination factor 1) and
WNT3-agonist DKK1 (Dickkopf-related protein 1) are expressed from the anterior
VE (AVE) [27]. The very small number of cells which receive the correct dosage
of each activating signal and avoid the inhibitory signals will begin to upregulate
PGC marker and key regulator BLIMP1 (B-lymphocyte-induced maturation protein
1; encoded by Prdm1 ) [26; 34] and emerge as the precursor PGCs [19].

By E7.25, the BLIMP1-positive cells also express AP2γ (encoded by Tfap2c) [35],
and PRDM14 [36], and are considered founder PGCs [19]. These three proteins
represent a “tripartite transcription factor” network which initiates the PGC gene
program [37]. By E7.5, 30-40 PGCs are detectable in the embryo [38] and begin
to express additional PGC marker genes including Nanos3 (Nanos C2HC-type zinc
finger 3), Alpl (Alkaline phosphatase liver/bone/kidney), and Dppa3 (Developmental
pluripotency associated 3) [39; 40], and will also begin to migrate towards the genital
ridge, a somatic tissue which will ultimately form the testes or ovaries [41]. E7.5
PGCs are mitotically arrested at the growth 2 (G2) phase of the cell cycle, however
they begin to rapidly proliferate from E8.5 until E12.5 [42]. By E10.5, the PGCs
reach the genital ridge, and subsequently colonize and proliferate within the tissue
[43].

A defining characteristic of PGCs is the process of epigenetic reorganization they
undergo, which reduces the total methylation levels to the lowest observed during
the lifetime of the organism [13] and leads to genome-wide alterations of histone
modifications [44]. At the time of their induction, PGCs have highly methylated
genomes, in which ∼70% of cytosines in CpG sequences are methylated [45]. Histone
modifications undergo global remodeling, including the reduction of transcriptionally
repressive H3K9me2 (Histone 3 lysine 9 dimethylation) marks from E8.0 onwards
[44], while repressive H3K27me3 (Histone 3 lysine 27 trimethylation) marks and
transcriptionally activatory H2A/H4R3me2 (Symmetrical dimethylation of arginine
3 on histone 2A and histone 4) marks are increased [46]. By E9.5, the percentage
of total DNA methylation in the PGCs drops to ∼30% [45], indicating that the
process of global epigenetic hypomethylation is underway. By E11.5, only 5% of
the genome remains methylated [47], and demethylation will proceed even further
until sex-specific development can begin at E12.5 [13]. In parallel to global DNA
demethylation, female PGCs begin to repress long non-coding RNA (lncRNA) Xist
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(Xi-specific transcript) and reactivate their second X chromosome [48], a process
which is completed by E14.5 [48].

1.2.2 Key PGC factors

1.2.2.1 “Tripartite transcription factor network”

In 2013, Magnúsdóttir et al. characterized the three key PGC factors of AP2γ,
BLIMP1, and PRDM14 in P19 embryonal carcinoma (P19) cells, a cell line derived
from the E7.5 epiblast [37]. In this seminal work, they performed chromatin im-
munoprecipitation (ChIP) to identify where AP2γ and BLIMP1 bound in the P19
genome. This work broadly demonstrated that the three transcription factors co-
operatively induced genes such as Nanos3, and also were bound to each other’s
transcriptional regulatory sites, i.e. PRDM14 and AP2γ cooperatively were bound
to the Prdm1 regulatory site, while BLIMP1 bound to the Tfap2c regulatory site.
Repressed somatic and mesodermal genes were often co-bound by all three factors,
while activated PGC genes were often bound by PRDM14 and AP2γ, validating
the role of BLIMP1 as a transcriptional repressor and demonstrating the high level
of coordination between all three factors. It has since been accepted that AP2γ,
BLIMP1, and PRDM14 are the three key factors of mouse PGC specification. These
factors will thus be described in detail on the following pages.

1.2.2.2 AP2γ (Tfap2c)

AP2γ expression is directly induced by BLIMP1 in the small population of founder
PGCs that arises on E7.5, and is also directly regulated by PRDM14 [37]. As one of
the three key PGC factors, AP2γ is required for correct PGC fate in the mouse: con-
ditional knockout (KO) of AP2γ specifically from SOX2-positive or TNAP- (Tissue-
nonspecific alkaline phosphatase; encoded by Alpl) positive PGCs resulted in pheno-
typically normal but sterile pups, and the KO animals had small testes and ovaries
relative to wild type (WT) animals [49; 35]. In the TNAP conditional KO model,
PGCs could be identified by E8.0 in the KO embryos, however there were fewer PGCs
than in WT controls and all TNAP-positive cells were lost by E12.5 [35]. AP2γ was
also knocked-out in primordial germ cell-like cells (PGCLCs; Section 1.2.3), an in
vitro recapitulation of PGCs, and microarray analysis of the transcriptomes of the
KO cells demonstrated the downregulation of key PGC factors and upregulation of
somatic genes [50]. AP2γ is also a human PGC factor [51] and has been identified as
a putative pioneer factor in human PGCLCs, actively regulating an OCT4 enhancer
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required for PGCLC fate [52]. AP2γ has additionally been identified as a PGC factor
in rabbits [53], dogs [54], pigs [55], cynomolgus primates [56], and cows [57]. It ap-
pears that the role of AP2γ as a TF in germ cells is only embryonic; conditional KO
of AP2γ in mouse pups three-to-four weeks after birth had no effect upon fertility
[49].

1.2.2.3 BLIMP1 (Prdm1 )

BLIMP1 has largely been regarded as a master regulator of PGC fate, as it is the first
of the three key PGC genes activated in precursor PGCs; WNT3 specifically leads
to the upregulation of T, which directly results in BLIMP1 and PRDM14 expression
[34]. BLIMP1 was originally identified as a transcriptional repressor necessary to
drive the differentiation of immunoglobulin-secreting plasma cells from B-cells [58],
and was first characterized in the context of PGCs by Ohinata et al. in 2005 [26].
They found that BLIMP1-KO mouse embryos develop normally, however result in
sterile adult mice [26]. The BLIMP1-KO PGCs failed to perform their characteristic
migration from the site of induction to the genital ridge, and also failed to proliferate
[26]. Moreover, BLIMP1-KO PGCs fail to repress somatic genes [40]. Interestingly,
BLIMP1-KO and AP2γ-KO PGCs are phenotypically nearly identical [35]. BLIMP1
has also been identified as a human PGC factor [59; 60]

1.2.2.4 PRDM14 (Prdm14 )

PRDM14 is a naïve pluripotency factor first detected heterogeneously in the four-
cell stage embryo [5] which stabilizes the pluripotent state by repressing de novo
methylation and actively recruiting ten-eleven translocation (TET) demethylating
enzymes [61]. PRDM14 represses transcription of extraembryonic endoderm genes
and upregulates stem-cell self renewal genes [62]. The expression of PRDM14 is
induced by T by E7.25 and continues until E14.5 in the mouse [36]. PRDM14-
KO mice appear phenotypically normal, however are born sterile; all TNAP-positive
PGCs are lost by E12.5 [36]. E8.5 PRDM14-KO PGCs downregulate PGC markers
and upregulate somatic and mesodermal markers [63], and PRDM14-KO PGCs also
exhibit substantially higher DNA methylation than WT PGCs [64]. PRDM14 is
also required for human PGC induction, where it regulates a different set of genomic
targets than in the mouse, indicating evolutionary divergence [60].
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1.2.2.5 Overlapping roles of PGC and naïve pluripotency markers

Induction of PGCs results in global DNA hypomethylation as well as the upregulation
of naïve pluripotency markers, including Dppa3, Nanog, Pou5f1, Prdm14, and Sox2.
It has been hypothesized that pluripotency factors help to stabilize the genome during
epigenetic reprogramming in the PGCs, especially given that factors including Dppa3
and Prdm14 are implicated in maintaining demethylated chromatin [65]. Overall,
the pluripotency factor expression of PGCs is incompletely understood and is still a
topic of active research.

1.2.3 In vitro recapitulation of PGC induction

It is technically and ethically challenging to study in vivo mouse PGCs, as a popu-
lation of only 30-40 PGCs is available on E7.5 [38], and isolation of PGCs can only
be performed invasively and results in lethality for the embryo and mother. Thus,
methods for in vitro PGC recapitulation have been studied not only to better under-
stand how PGC specification may be induced, but also to ethically generate sufficient
material for downstream analysis.

Currently, the gold standard method of in vitro PGC recapitulation is the produc-
tion of PGC-like cells (PGCLCs) following the protocol published by Hayashi et al.
in 2011 (Figure 4) [21]. In this protocol, ESCs are induced to EpiLCs, a previ-
ously described (Section 1.1.2) cell type comparable to cells of the E5.5-5.75 post-
implantation epiblast. EpiLC induction occurs for two days in a defined medium
containing activin A, bFGF, and KSR. EpiLCs are then induced towards PGCLC
fate by forming aggregates of cells termed embryoid bodies (EBs) in anti-adherent
plates in medium containing the cytokines BMP4, BMP8B, EGF (Epidermal growth
factor), SCF (Stem cell factor), and LIF. The resulting EBs may be matured for
2-6 days to produce PGCLCs, which by day 6 of maturation transcriptionally and
epigenetically resemble migratory PGCs of the E9.5 post-implantation embryo [24].
Male and female gametes which are derived from PGCLCs can be used to generate
healthy offspring [21; 66].

It is also possible to generate PGCs by inducing ectopic gene expression. This ap-
proach has been shown to be successful at generating PGCs when ectopically ex-
pressing all three key PGC factors (AP2γ, PRDM1, PRDM14) in EpiLCs at once
[67], or the individual protein PRDM14 in EpiLCs [67], NANOG in EpiLCs [68], or
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LIN28 in ESC-based EBs [69].

Figure 4: PGCLC induction and comparison to in vivo murine tissue. Induction of
PGCLCs begins with the culture of mouse ESCs (mES) in 2i/LIF (2i+LIF) medium. These cells
may be induced directly towards mouse EpiLC (mEpiLC) fate for approximately two days in defined
medium containing activin A and f FGF2 (Fibroblast growth factor 2; also known as bFGF). The
resultant EpiLCs are comparable to cells of the E5.5-5.75 post-implantation epiblast. The EpiLCs
may be directly induced towards mouse PGCLC (mPGCLC) fate by aggregating them as EBs in
medium containing the cytokines BMP4, BMP8B, SCF, LIF, and EGF. After six days, they will
resemble E9.5 migratory PGCLCs both transcriptionally and epigenetically. Modified from Tang
et al., 2016 [24].

1.3 Transcription factor AP2γ

Transcription factor AP2γ is the focus of this dissertation. AP2γ is not only a key
factor for PGC fate, but also acts upstream of CDX2 during TE induction [70]. The
implication of this finding is that AP2γ plays a deciding role in two of the earliest
cell-fate decisions in the embryo: embryonic survival through placental development
as well as maintenance of fertility through PGC specification. In literature, AP2γ
is commonly described as a placental factor or PGC factor, but what is remarkable
about the protein is that it appears to be expressed in a broad range of tissues,
including the epidermis [71; 72; 73], retina [74], mammary gland [75; 76], embryonic
neural crest [77], and adult hippocampus [78], and is also implicated in multiple
forms of cancer [79]. To better understand the scope of this work, it is therefore
necessary to describe what is already known about AP2γ.
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1.3.1 AP2γ overview

The AP2 transcription factor family comprises five members - α [80; 81], β [82;
83], γ [71; 84; 83], δ [85], and ε [86; 87]. All members of the AP2 TF family are
expressed in the embryo, and all members except AP2δ are widely-expressed in the
pre-implantation embryo [88]. The factor of interest to this work is AP2γ (Figure
5). AP2γ is a TF which acts as both a repressor and activator of transcription [37],
and was discovered in 1996 by Chazaud et al. as a retinoic acid (RA) responsive
mRNA in P19 cells [84]. The protein was originally termed AP-2.2, as it exhibited
65% sequence similarity with already-characterized AP2 family proteins in the mouse
and human, and contained a 96-nucleotide conserved AP2 binding domain [71], which
bound to the only AP2 consensus sequence identified at the time, 5’-GCCN3GGC-
3’ [80]. AP-2.2 was identified to be primarily expressed in the male and female
sex organs and squamous epithelia [71]. The protein was later renamed AP2γ to
comply with the naming scheme of previously discovered AP2α and AP2β. AP2γ is
translated from the Tfap2c mRNA transcript, although in older literature it may be
referred to as Tcfap2c.

Figure 5: Predicted protein structure
of AP2γ. The predicted protein structure
of AP2γ isoform 1 generated by AlphaFold
Monomer v2.0 [89; 90]. The per-residue con-
fidence score is indicated by color: high confi-
dence - confidence - low - very low is indicated
by dark blue - light blue - yellow - orange.

AP2γ has two recognized isoforms (Figure
6A and B) [91]; isoform 1 is expressed as
a 449 amino-acid (aa) protein [92] while
isoform 2 is expressed as a 488 aa protein
[93]. A third 513 aa isoform is predicted by
the UniProt database [94]. The two recog-
nized isoforms differ only in their transcrip-
tional start sites (TSSs) and first exon, and
exhibit 100% sequence homology between
exons two through seven [91] (Figure 5C).
The translated protein isoforms share sev-
eral features [91; 92; 93]: two disordered
domains, a proline-rich (PPxY) motif, a
conserved transcription factor AP-2 domain
which harbors a dimerization/helix-span-
helix domain, and two predicted phospho-
serine sites (Figure 5D and E). The PPxY
motif is of interest as it binds to the Wwox
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Figure 6: Isoforms of AP2γ on the DNA and protein level. A) Coding DNA sequence
(CDS) of Tfap2c isoform 1 with exons indicated. B) CDS of Tfap2c isoform 2 with exons indicated.
C) Alignment of exon 1 and partial exon 2 in CDS of Tfap2c isoforms 1 and 2. D) Amino acid
(aa) sequence of AP2γ isoform 1, with features indicated. E) Aa sequence of AP2γ isoform 2, with
features indicated. All images were generated using SnapGene® software.

(WW domain-containing oxidoreductase) [95] tumor suppressor gene [96]. The AP-2
domain is conserved between AP2 proteins and binds to the consensus sequences 5’-
GCCN3GGC-3’, 5’-GCCN4GGC-3’ and 5’-GCCN3/4GGG-3’ [97]. The specific con-
sensus binding sequence unique to AP2γ is 5’-SCCTSRGGS-3’, where S may be G
or C, and R may be A or G [98]. The two isoforms differ in their N-terminal regions:
each contains a disordered domain of differing size, while only isoform one contains
an interchain linking lysine (K) 10 with a SUMO (small ubiquitin-like modifier) pro-
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tein [92]. The attachment of a SUMO protein to another protein is a process termed
SUMOylation, and has many described potential functions in the cell, including facil-
itation of protein-protein interaction, disruption of protein-protein interaction, DNA
damage response, proliferation, and apoptosis, among many others [99]. It has been
previously shown that SUMOylation of AP2γ acts as a repressor of transcriptional
activity [100].

AP2γ is commonly associated with its fellow AP2 family member AP2α. AP2γ
exhibits 52% aa sequence similarity with AP2α [101], they both exhibit a SUMOy-
lated lysine on their N-termini of some isoforms [100], they share the conserved AP-2
domain [97], and they are both putative pioneer factors [52; 73; 77; 102; 103] - tran-
scription factors which “open up” previously inaccessible chromatin for other TFs and
adapter proteins [104]. They are often co-expressed in the same tissues, and thus the
question of whether the two proteins are redundant has often been raised. Genetic
redundancy describes two or more genes with overlapping functions; if one gene is
knocked out, the other(s) are able to functionally compensate for the loss [105]. The
potential redundancy of AP2α and AP2γ has been previously investigated, with ex-
amples including: AP2γ function was proposed to compensate for AP2α-KO in the
epidermis of mice [106], embryonic dual AP2γ- and AP2α-KO results in an earlier
embryonic lethality than AP2γ-KO alone [88], and functional redundancy of AP2γ
and AP2α was demonstrated in neural crest induction in the zebrafish [107]. The
potential redundancy of AP2α/γ in other tissues and contexts is still an intriguing
open question.

AP2γ is widely implicated in a number of human cancers [79] including breast cancer
[108; 109; 110; 111], testicular cancer [112], germ cell tumors [112; 113], non-small
cell lung cancer [114; 115; 116], pancreatic ductal adenocarcinoma [117], bladder
cancer [118; 119], colorectal cancer [120], and neuroblastoma [121]. Intriguingly,
Tfap2c has been identified as both a cancer repressor [108; 109; 115; 118] and as a
driver of tumorigenicity [110; 111; 112; 114; 116; 117; 119; 120; 121]. The published
data describing the effect of AP2γ on the same types of cancer can be conflicting
- Kang et al. describe AP2γ increasing the aggressiveness of non-small cell lung
cancer [114], while Chang et al. describe micro-RNA (miRNA)-mediated knockdown
(KD) of AP2γ resulting in a more aggressive form of the cancer [115]. In another
example, AP2γ has been shown to repress the expression of the cancer-associated
Myc (myelocytomatosis oncogene, also known as c-Myc) gene in somatic cells [122],
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while in P19 cells AP2γ and PRDM14 synergistically induced Myc expression [37].
It is therefore likely that the activity and potency of AP2γ is extremely context-
dependent.

1.3.2 AP2γ in early embryonic development

Tfap2c maternal mRNA is already present in the egg at the moment of fertilization,
and thus AP2γ is present in the early embryo prior to ZGA [88]. However, KO
of only the maternal Tfap2c transcript has no affect upon embryonic development
[88]. At the onset of ZGA, Tfap2c is immediately expressed in the two-cell stage
embryo and throughout pre-implantation development [88]. Following TE induction
by E3.5, equal amounts of AP2γ may be found in the nuclei of cells in both the ICM
and TE [88], however Tfap2c is downregulated in the epiblasts of late blastocysts,
and after implantation is primarily expressed in all TE derivates except the syncy-
tiotrophoblast cells [123]. As previously mentioned, dual KO of both Tfap2c and
Tfap2a results in embryonic lethality between E3.5-E7.5 [88], which is earlier than
the embryonic lethality occurring by approximately E8.5 [124] in a single AP2γ-KO
line, suggesting a potentially redundant role in the blastocyst between AP2α and
AP2γ [88].

One of the earliest papers to investigate the role of AP2γ in TE induction was
published by Auman et al. in 2002 [124]. They demonstrated that AP2γ is required
for extraembryonic tissue establishment as well as embryonic survival, as ablation of
exon 6 and part of exon 7 of Tfap2c resulted in embryonic death by E8.5-10.5 due
to defects in extraembryonic tissues. Prior to E8.5, embryos with mutated AP2γ
were smaller than their littermates and often did not exhibit a primitive streak.
Tetraploid-diploid embryonic chimeras, in which Tfap2c-mutated cells contributed
to the embryo proper but had WT extraembryonic tissues, developed normally and
survived for up to one year after birth, indicating that AP2γ is dispensable for
the development of the embryo proper. However, a TE-specific AP2γ-KO mouse
resulted not only in TE failure and resultant embryonic death, but also developmental
failure in the embryonic tissues. This work suggested that AP2γ plays an important
regulatory role in embryonic development through its activity in the TE, and further
demonstrated how extraembryonic signaling is a required component of embryonic
development. It is to be noted that PGC specification is a good example of how
extraembryonic signaling is required for some elements of embryonic development
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(Section 1.2.1).

Once it had been established that AP2γ expression is required for correct TE in-
duction, the focus of research shifted to better understand how AP2γ regulates TE
induction. In vitro, induced ectopic expression of Tfap2c is sufficient to induce ESCs
to trophoblast stem cell (TSC) fate, even in CDX2-KO cell lines [125], and these in-
duced TSCs differentiated toward TGC fate when placed in differentiation medium
[125]. In vivo, AP2γ has been shown not only to directly regulate TE factor CDX2
[124], but also to initiate its expression in the early embryo by acting as the upstream
regulator of Cdx2 in the two- to eight-cell stage embryo [70]. By the eight-cell stage,
AP2γ begins to negatively regulate the hippo signaling pathway [70]; hippo signaling
is a necessary pathway driving the first fate decision of the early embryo (see Section
1.1.1), thus AP2γ plays a vital role in ensuring the TE is correctly specified from the
ICM.

The role of AP2γ in the development of the embryo was revisited by Choi et al. in
2012 [126]. In their study, all maternal and zygotic Tfap2c mRNA was knocked-
down in one-cell stage embryos using RNA interference (RNAi). Only 13.73% of the
KD embryos formed blastocysts, relative to 92.64% of siRNA controls which formed
blastocysts, and it was observed that most of the Tfap2c-KD embryos failed to form a
blastocoel cavity. Analysis of transcriptomic and ChIP-seq data revealed that AP2γ
regulates a suite of genes required for tight-junction (TJ) assembly, cell polarity, and
fluid accumulation. The authors state, “[t]o our knowledge, this is the first study to
describe the function of a single TF controlling TJ assembly, fluid accumulation, and
cell proliferation in early embryogenesis”, and suggest that the phenotypically normal
blastocysts seen in prior AP2γ-KO studies [88; 124] did not account for the presence
of the maternal Tfap2c mRNA. This work dramatically broadens the potential scope
and import of AP2γ in early embryogenesis.

1.3.3 AP2γ in mammary development

1.3.3.1 Mammary gland development in the mouse

Embryonic mammary development begins on E10.5 in the dermal mesenchyme of the
mouse with the formation of the “milk line”, an ectodermal structure which forms
five placodes by E11.5 [127]. Subsumption of the placodes by the mesenchyme by
E13.5 generates the ten mammary buds, which sprout into the incipient fat pads on
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E15.5 [128]. By E18.5, an early ductal tree composed of one primary duct with ten-
to-fifteen secondary branches emerges per each bud, as does the rudimentary nipple
sheath [128]. It is only after birth and at the onset of puberty that development
resumes, and colonization of each mammary fat pad with mammary ducts is led by
terminal end buds (TEBs), structures at the ends of ducts comprised of luminal-
epithelium (luminal cells) and myo-epithelium (basal cells) [128]. A population of
fetal mammary stem cells (fMaSCs) has been identified by E18.5, and adult MaSCs
are resident in adult tissue [128]. Two important lineages of mammary progenitor
cells arise from fMaSCs: luminal and basal cells. Luminal cells are the epithelial cells
which line the inner lumen of mammary ducts and contains secretory alveoli, while
basal cells comprise the outer layer of the mammary ducts [129].

1.3.3.2 AP2γ in mammary gland development

AP2γ was first implicated in the post-natal development of mammary tissue in mice
in 2003 in a study by Jäger et al., in which overexpression of AP2γ resulted in
the hyperproliferation of the alveolar epithelium in pregnant mice [130]. It has since
been found that AP2γ-KO results in impaired mammary gland branching during pre-
pubertal development [131], and conditional KO demonstrates that AP2γ expression
is limited to the luminal epithelial cells of the adult mammary gland [76]. Stable KD
of AP2γ in human luminal breast cancer cells in vitro resulted in a transition of the
cells towards basal fate [76]. By seven weeks post-birth, both AP2γ and AP2γ are
detectable in basal and luminal mammary epithelial cells of the mouse, and AP2γ is
detected in the mammary stem cells of post-natal mice (MaSCs) [75].

1.4 Cis-regulatory elements

According to the Mouse Genome Informatics (MGI) group of the Jackson Labora-
tory, there are 23,151 currently accepted protein-coding genes in the mouse [132].
Every gene is not expressed uniformly or continually; the correct combination and
expression of genes at specific time points is required for normal development and
homeostasis. The coordination of combinatorial gene expression is thus a topic of
great interest; by better understanding how genes are expressed and what is respon-
sible for their expression, we can better unravel the intricacies of the cell and also
potentially identify regulatory origins of human disease. Enhancers are cis-regulatory
elements which upregulate the transcription of target genes [133]. In the mouse, ap-
proximately 80% of enhancer activity is tissue-specific [134], and it is believed that
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enhancers actively coordinate the expression of genes required for cell fate transition.
Thus, one aim of this work was to identify and functionally characterize enhancers
acting on Tfap2c, to better understand the upstream regulation of the gene as well
as to identify enhancers required for PGC fate. To establish the background of this
project, current knowledge of regulatory elements must be explained.

1.4.1 Identifying and classifying CREs

Trans- and cis-regulatory elements are key regulators of gene expression. Trans-
regulatory elements encode TFs; proteins which bind to DNA and recruit RNA poly-
merases or co-activator/repressor proteins and complexes in order to affect transcrip-
tion [133]. Cis-regulatory elements (CREs) are non-coding DNA sequences which
regulate the expression of target genes [135]. This is achieved through the binding of
TFs and other adapter/modulator proteins to motif sequences enriched within CREs,
which then allows the element to interact with a target CRE or gene and subsequently
regulate transcription [135]. CREs broadly describe four classes of non-coding DNA
elements: promoters, insulators, silencers, and enhancers [136]. Promoters are re-
quired for eukaryotic gene transcription and are located close to the TSS of a target
gene [135]. Generally there is one promoter per gene, although under specific cir-
cumstances this may not be true [135]. Active promoters are nucleosome-free and
may be indicated by the presence of flanking regions enriched with H3K27ac (Hi-
stone modifications histone 3 lysine 27 acetylation) and H3K4me3 marks (Histone
3 lysine 4 trimethylation; Figure 7) [137]. Insulators create physical barriers in the
genome, thus preventing the formation of certain chromatin-chromatin interactions
[136], and also stopping the spread of transcriptionally repressive heterochromatin
marks [138]. Insulators may be indicated by enrichment of the transcription fac-
tor CCCTC-binding factor (CTCF) [138]. Silencers are transcriptionally repressive
regulatory elements, and may be indicated by the histone modifications H4K20me1
(Histone 4 lysine 20 monomethylation) and H3K27me3 [136].

Unlike promoters, enhancers may regulate multiple genes, and are not required to
be adjacent to the TSS to function; enhancers have been identified in the introns
of others genes, or up to a megabase (Mb) away from their target gene [139]. En-
hancers upregulate target genes through direct proximity with their promoters in
a process known as looping: a “loop” of chromatin forms when proteins such as
cohesin enable the TF-bound active enhancer to interact with its target promoter,
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Figure 7: Histone modifications indicate the activity status of enhancers and promot-
ers. Histone modifications allow for the discrimination of CREs based on activity. Nucleosome-free
promoters with flanking regions enriched for H3K27ac and H3K4me3 are classified as active, and
nucleosome-free enhancers in with flanking regions enriched for H3K4me1 and H3K27ac are also
classified as active. Closed or poised enhancers may be identified by the presence of nucleosomes and
the histone modifications H3K27me3 and H3K4me1, while a primed enhancer may be nucleosome-
free and flanked with regions enriched for H3K4me1. RNA polymerase II (Pol II), transcription
factors (TFs), and DNA binding motifs are indicated. Modified from Shlyueva et al., 2014 [137].

resulting in recruitment of RNA polymerase II (pol II) and initiating transcription
[137]. Enhancer-target interactions and subsequent chromatin loops may form ex-
tremely complex structures, and the mechanisms controlling and maintaining these
structures represent a very active field of research [140]. Active enhancers are typi-
cally nucleosome-free, and are flanked by chromatin displaying histone modifications
including H3K27ac and H3K4me1 (Histone 3 lysine 4 monomethylation; Figure 7)
[137]. Poised enhancers are enhancers which share some but not all characteristics of
active enhancers, and may exist in preparation for a subsequent cell state in which
their activity is required [141], and are flanked by chromatin enriched with histone
modification H3K4me1 [137]. Inactive closed or primed enhancers may be indicated
by the histone modifications H3K4me1 and H3K27me3 [137].

Enhancers may be classified not only based on activity status, but also on behavior.
Redundant enhancers (also known as “Shadow enhancers” in D. melanogaster) are
enhancers which exhibit partial or completely overlapping functional activity [142].
It has been shown in the fruit fly that shadow enhancers are not only able to cooper-
atively upregulate a gene, but are also capable of repressing each other and resulting
in transcriptional downregulation [142]. A 2018 study by Osterwalder et al. found
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that developmental genes in the mouse generally had multiple, redundant distal en-
hancers while housekeeping genes often had none [143]. Another type of enhancer
which may be classified based on behavior is the super-enhancer. Super-enhancers
represent a small proportion of all enhancers, but are key players in development.
Super-enhancers are larger than normal enhancers and may be identified bioinfor-
matically by the the presence of H3K27ac modifications and binding of the p300
and mediator complexes [144]. More importantly, super-enhancers are enriched with
lineage-specific TFs, and are believed to be necessary for cell-state transitions or
maintenance [144].

Putative enhancers have been characterized by the The Encyclopedia of DNA El-
ements (ENCODE) project through the integration of next generation sequencing
(NGS) techniques, including: DNase treatment followed by sequencing assay (DNase-
seq), assay for transposase-accessible chromatin using sequencing (ATAC-seq), and
ChIP-seq [145]. DNase-seq and ATAC-seq were performed to allow for the identifica-
tion of accessible chromatin, which is characteristic of active enhancers, while ChIP-
seq was performed to localize histone modifications, histone variants, and histone-
modifying proteins to identify characteristic indications of enhancers as well as their
activity status [145]. By generating these data-sets (as well as many others) and inte-
grating the information in silico, 339,815 putative enhancers have been identified in
the mouse [145], outnumbering protein-coding genes by almost 15:1. Enhancers may
also be predicted based upon the presence of TF binding sites, transcription of the en-
hancer as enhancer RNA (eRNA), or sequence similarity to evolutionarily conserved
enhancers in other species [146]. A method to identify potential enhancer interac-
tions is Hi-C chromatin conformation capture (Hi-C), which allows one to crosslink
the three-dimensional (3D) genome, digest the genome, and ligate the fragments,
resulting in linear sequences comprised of two chromatin contact-sites [147]. The
resulting libraries may be enriched for specific bait sequences, e.g. a set of promoter
sequences, prior to sequencing in order to identify chromatin interacting with specific
sequences of interest [148]. This technique was originally termed promoter-capture
Hi-C [148], but can be used for any set of baits, including enhancer sequences, silencer
sequences, or any custom list of potential genomic interactions. It should be noted
that capture Hi-C does not necessarily demonstrate functional in vivo interactions
[146].

30



1.4.2 Functional testing of enhancers with CRISPR/Cas9

The identification of putative enhancers does not prove in vivo functionality. One
method to test the functionality of an enhancer is to introduce a mutation into a
TF binding site within the enhancer and observe the resultant phenotype. This
may be accomplished using clustered regularly interspaced short palindromic re-
peats/CRISPR associated protein 9 (CRISPR/Cas9) [146].

CRISPR/Cas9 is a molecular technique modified from a prokaryotic immune strat-
egy, wherein a bacterial or archaeal Cas enzyme digests pathogenic DNA adjacent
to specific 2-4 nucleotide-long sequences termed protospacer adjacent motifs (PAMs)
[149]. The digested DNA is stored in the genome in a CRISPR array as a “spacer” se-
quence [149]. The spacer sequence will be transcribed and processed, and the mature
sequence will be retained in the cell as a CRISPR RNA (crRNA) [149]. The crRNA
forms a complex with a trans-activating CRISPR RNA (tracrRNA), and the RNA
complex guides the Cas9 nuclease to pathogenic DNA and thus targets it for destruc-
tion [150]. In vitro, a single guide RNA (gRNA) substitutes for the crRNA/tracrRNA
complex, and can be used to guide the Cas9 to a specific ∼20 nucleotide (nt) ge-
nomic region adjacent to a PAM site to introduce a double strand break (DSB)
[150]. Generally, Cas9 deriving from Streptococcus pyogenes (S. pyogenes) is used,
and thus the S. pyogenes-specific 5’-NGG-3’ PAM sequence [150] must be considered
when designing gRNAs. The DSB will be repaired intracellularly in one of two ways:
via non-homologous end joining (NHEJ) or homology directed repair (HDR) [150].
NHEJ often results in the addition or deletion of several nucleotides following DSB
repair, and thus is used to introduce frame-shift mutations into coding sequences to
KO a target gene [150]. HDR requires a repair template, which provides the cellular
DNA repair machinery a sequence to insert at the mutagenized locus [150].

Enhancers are non-coding [135], so NHEJ may be used to disrupt the binding motif
of a specific TF within a transcription factor, but is not sufficient to functionally
KO an entire enhancer. To excise the entire enhancer, two gRNAs are generally
employed; one targeting the 5’ border of the enhancer, and the other targeting the
3’ border. This method, termed multiplex CRISPR gene editing [151], allows for
a targeted region to be completely excised from the genome. This approach was
employed in the previously discussed work by Osterwalder et al. (Section 1.4.1) [143]
and has been routinely and successfully performed elsewhere [146; 152].
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1.4.3 CRISPR/Cas9 genetic screens

KO screens are commonly performed to identify previously overlooked genes in a
given cellular context. Several commercial gRNA libraries exist which provide multi-
ple exon-targeting gRNAs per human or mouse gene, including the genome-scale
CRISPR knockout (GeCKO) library [153], the improved genome-wide knockout
CRISPR library v2 [154], the CRISPR knockout pooled library (Gouda/Brunello)
[155], and many others. These gRNAs can be used in a pooled lentiviral screen:
in this approach, one gRNA on average is introduced per cell and thus results in a
pooled population of cells containing unique mutations [146]. In a dropout screen,
cells which are lost from the pool due to decreased proliferation or survival may
be identified, as their specific genome-integrated gRNA sequences will be depleted
relative to the overall population of gRNAs [156]. This approach is commonly per-
formed to screen protein-coding genes, as the gRNAs target coding exons and thus
may introduce a frameshift and KO the protein, resulting potentially in a dramatic
phenotype and loss of cellular fitness.

It is considerably more challenging to screen putative enhancer elements, as en-
hancers are non-coding and thus the introduction of a frameshift is not possible,
and the mutagenization of one region within the enhancer may not affect the overall
function of the enhancer [146]. Thus, in order to use CRISPR/Cas9 and directed
mutagenesis to screen the function of several enhancers, creative approaches must
be employed. Two screens of particular interest to this work were published in 2016
by Sanjana et al. [157] and in 2020 by Canver et al [158], respectively. In the San-
jana et al. publication, a tiling screen approach is described in which 100 kilobase
(kb) regions up- and downstream of target putative oncogenes were tiled with gR-
NAs and negatively selected by strong anti-cancer drugs. This approach successfully
identified regulatory elements which, when mutagenized, allowed the cancer cells to
survive [157]. In the Canver et al. publication2, all putative regulatory elements act-
ing in ESCs were mapped using ATAC-seq and targeted for saturating mutagenesis
by tiling the regions with as many gRNAs as the number of PAM sites permitted
[158]. The 12 kb regulatory region surrounding the gene Pou5f1 was also targeted
for saturating mutagenesis. This screen allowed for the identification of regulatory
elements acting on Pou5f1, and the approach was termed cis- and trans-regulatory

2In contravention to accepted nomenclature, this paper refers to distal enhancers as trans-regulatory elements,
and proximal enhancers as cis-regulatory elements
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elements scanning through saturating mutagenesis and sequencing (ctSCAN-SMS).

1.5 Scope and aims of work

AP2γ is required for the correct formation of the blastocyst, the induction of TE
fate, and the specification of PGCs. In its absence the embryo cannot survive, and
even conditional KO models demonstrate dramatic and permanent consequences for
development. It is also the least characterized key PGC factor within the context
of PGC specification. Thus, my project aimed to characterize: 1) the regulatory
activity of Tfap2c during PGC induction, and 2) the regulatory elements acting on
Tfap2c during PGC induction. By better understanding the upstream regulators
acting on Tfap2c as well as the genomic targets and consequences of Tfap2c activity,
we can better understand how PGCs are correctly specified, and potentially identify
regulators or regulatory targets which may be implicated in infertility.

My work aimed to improve our understanding of the role AP2γ plays in PGC spec-
ification and differentiation by first knocking-out AP2γ-KO in ESCs and examining
the effect upon the transcriptome and chromatin accessibility of ESCs, EpiLCs, and
cells induced towards PGCLC fate via RNA-seq and ATAC-seq. These NGS-based
approaches allowed for the assessment of AP2γ-KO as a transcriptional regulator and
potential pioneer factor. Ultimately, I was able to identify misregulated genes and
differentially-accessible chromatin present in the AP2γ-KO cells, and demonstrates
that AP2γ is required for correct PGCLC induction in mouse cells. Further, this
work raises questions about the potentially overlapping but not redundant role of
AP2γ and AP2α in the PGCLCs.

To identify CREs acting on Tfap2c, I employed a CRISPR/Cas9-based lentiviral
screen approach by tiling the topologically active domain (TAD) of the gene Tfap2c
with gRNAs. TADs are defined, self-contained units of chromatin which may exist
to facilitate and confine regulatory element-target gene interactions within a certain
region [159]. Thus, the Tfap2c TAD was targeted as it is believed that most reg-
ulatory elements acting on a target gene are present within the same TAD as the
gene [160]. This is the first known tiling screen of an entire TAD, and was performed
not only to identify putative Tfap2c CREs, but also to test the functionality of this
CRISPR-based screen approach. Although I was not able to identify putative CREs
acting solely on Tfap2c, the information collected during the screen may be used to
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identify and characterize potential cell type-specific CREs, as well as to better design
future screens to identify regulatory elements.
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Materials and methods

All materials, software, and equipment used in this thesis may be found in the
appendix. Additional buffers not listed in the materials and methods may also be
found in the appendix. All chromosomal coordinates provided are from the GRCm38
(mm10) mouse genome assembly [161]. All next-generation sequencing occurred at
the Sequencing Core Facility of the Max Planck Institute for Molecular Genetics.

2.1 Cell culture

All cell lines used in this work are listed in Appendix 7.4.

2.1.1 ESC culture

Murine ESCs were cultured continuously in 2i+LIF medium [14] (Appendix 7.3.1) in
12-well NuncTM cell-culture multiwell plates (Thermo Scientific) in a 37°C, 5% CO2

HERAcellTM VIOS 160i humidified incubator (Thermo Scientific). Prior to passag-
ing, plates were coated with 1:60 human plasma fibronectin (Sigma-Aldrich) in 1x
phosphate-buffered saline (PBS; Gibco) for at least thirty minutes at 37°C. To pas-
sage, approximately 70-80% confluent cells were washed with 1 ml PBS and incubated
with 100 µl TrypLETM Express (Gibco) for 4 minutes at 37°C in a humidified incuba-
tor. 1 ml of passaging medium (10% FBS (Gibco), 100 U/ml Penicillin/Streptomycin
(P/S; Gibco), 2 mM L-Glutamine (Gibco) in GMEM (Gibco)) was then added to
each well, and the cells were gently pipetted up and down to dissociate. The cell
suspension was then transferred to a 15 ml tube, and centrifuged at 1,200 xg for 4
minutes at room temperature (RT). The supernatant was aspirated and the pellet
was gently resuspended in 2i+LIF medium. The cell concentration could then be
counted using the Countess II automated cell counter (Invitrogen), and an appro-
priate volume of cells was subsequently diluted into 1 ml of 2i+LIF medium on the
pre-coated plate. To maintain the ESCs in culture, approximately 1 x 104 cells were
plated per well, the medium was replaced every other day, and the cells were pas-
saged every 3-4 days as needed. Prior to transfection or EpiLC induction, 1 x 105

cells were plated per well.

2.1.2 EpiLC and PGCLC induction

EpiLC and PGCLC inductions were performed according to the protocol developed
by Hayashi et al. [21]: First, ESCs were dissociated as previously described (Sec-
tion 2.1.1). After the cells were suspended in passaging medium, centrifuged, and
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resuspended in 1 ml 2i+LIF, the concentration of cells was counted using the auto-
mated cell counter. An appropriate volume of cells was then pipetted into a fresh
15 ml tube and centrifuged for 4 minutes at 1,200 xg, RT. The pellet was gently re-
suspended in EpiLC medium (1% Knockout Replacement Serum (KSR; Gibco), 20
ng/ml Activin A (Wellcome-MRC Cambridge Stem Cell Institute), 12 ng/ml FGF2
(Wellcome-MRC Cambridge Stem Cell Institute) in N2B27 medium) such that a con-
centration of 1 x 105 cells/ml medium was reached. 1 ml of cell suspension was then
plated per well of a 12-well plate, which had been pre-coated with 1:60 fibronectin
in PBS for at least one hour at 37°C. The medium of the cells was replaced after 24
hours, and after 42 hours in a humidified incubator, EpiLC induction was complete
and cells could be further induced towards PGCLC fate or harvested for downstream
analysis.

To induce PGCLCs, EpiLCs were washed with PBS and incubated with 100 µl
TrypLETM Express per well for four minutes at 37°C in a humidified incubator. The
cells were then resuspended in 1 ml passaging medium and pipetted into a 15 ml
tube, and the suspension was centrifuged for four minutes at 1,200 xg, RT. The
pellet was then gently resuspended in 1 ml GMEM with 15% KSR (GK15) medium
(15% KSR, 1x non-essential amino acids (NEAA; Gibco), 1 mM Sodium-pyruvate
(Sigma-Aldrich), 2 mM L-glutamine, 100 U/ml P/S, and 0.1 mM 2-Mercaptoethanol
(Gibco) in GMEM). The concentration of cells was determined using the automated
cell counter, and an appropriate volume of cells was transferred to a 1.5 ml microre-
action tube and centrifuged at 1,200 xg for 4 minutes at RT. The supernatant was
aspirated and the cells were resuspended in either unsupplemented GK15 medium
(“-cyto”) or GK15 medium with cytokines (“+cyto”) comprising 500 ng/ml BMP4
(R&D Systems), 500 ng/ml BMP8a (R&D Systems), 10 ng/ml LIF (Wellcome-MRC
Cambridge Stem Cell Institute), 100 ng/ml SCF (R&D Systems), and 50 ng/ml EGF
(R&D Systems). EpiLCs placed in the -cyto medium would not induce towards PG-
CLC fate, while approximately 10-30% of EpiLCs placed in the +cyto medium would
be correctly induced into PGCLCs.

Embryoid bodies (EBs) were then formed using one of two methods: 1) According
to the Hayashi et al. protocol [21], EpiLCs were resuspended in +/-cyto GK15
medium to achieve a concentration of 2 x 104 cells/ml. 100 µl of this suspension
was pipetted per well of a round-bottom, low-adherence CostarTM 96-well microtiter
plate (Corning), and the EBs were allowed to grow in the humidified incubator for
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2-6 days, at which point they could be collected or dissociated for further analysis.
EBs were supplemented on day four of incubation with 50 µl fresh -cyto GK15 per
well, if they were to be grown for 5-6 days in total. 2) Following the Gruhn and
Günesdogan protocol [162], EpiLCs were resuspended in +/-cyto GK15 medium to
achieve a concentration of 7.5 x 105 cells/ml, and 1 ml of the suspension was gently
pipetted per well of a 6-well EZSPHERETM Microwell plate (Asahi Glass Company).
The cells were gently distributed by shaking the plate horizontally and vertically in
the humidified incubator, and were not touched for 24 hours. The next day, 1 ml of
fresh -cyto GK15 medium was gently added per well, and the plate was again gently
shaken. EBs could be collected after 2-6 days total incubation time. From days 3-6
of incubation, 1 ml of medium per well was gently removed with a 1 ml pipette, a
fresh ml of -cyto GK15 was gently supplemented, and the plate was gently shaken
horizontally and vertically to distribute the EBs throughout the well.

2.1.3 Transfection of ESCs

The transfection protocol for ESCs was modified from the LipofectamineTM 2000
manufacturer’s protocol [163] and is described in brief: The day before transfection,
1 x 105 ESCs were plated per well of a 12-well plate pre-coated with fibronectin as
previously described (Section 2.1.1). The next day, 1 µl of LipofectamineTM 2000
(Invitrogen) per number of total plasmids required for the transfection was mixed
with 50 µl of Opti-MEMTM I reduced serum medium (Gibco). In parallel, 500 ng of
each plasmid was mixed with 50 µl of Opti-MEMTM medium. Both solutions were
incubated at RT for five minutes, and were then subsequently mixed and incubated
at RT for twenty minutes. 100 µl of the subsequent solution was combined with 900
µl of transfection medium (10% FBS, 100 U/ml P/S, and 20 ng/ml LIF in GMEM)
[164] and gently pipetted into the well of plated cells whose medium had just been
aspirated. The transfection reaction proceeded for three hours at 37°C, 5% CO2

in a humidified incubator. The transfection medium was subsequently aspirated
and replaced with fresh 2i+LIF medium containing selection antibiotics. Puromycin
(Gibco) was used at a concentration of 1.2 µg/ml for two days of selection, or hy-
gromycin was used at a concentration of 200 µg/ml for five days of selection. The
selection medium was replaced with fresh antibiotic-containing medium each day un-
til the selection period was complete. The pooled transfected cell lines could then be
characterized directly, or sorted for clonal line generation and characterization using
fluorescence-activated cell sorting (FACS; Section 2.3).
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2.1.4 293T-HEK Culture

Human embryonic kidney 293T cells (HEK cells) were cultured in D10 medium
(10% FBS, 1x GlutaMAXTM supplement (Gibco), and 100 U/ml P/S in DMEM/F12
(Gibco)) [156]. HEK cells were passaged once they had reached a confluency of 80-
90% according to the protocol described in Section 2.1.1, however when passaging
HEK cells the dissociation incubation period following the addition of TrypLETM

was increased to five minutes. Following resuspension in passaging medium and
centrifugation, the HEK pellet was resuspended in fresh D10 medium, and passaged
at a ratio of 1:4 onto 10 cm NuncTM EasYDishTM dishes (Thermo Scientific) or 225
cm2 NuncTM EasYFlaskTM cell culture flasks (Thermo Scientific) pre-coated with 1:5
0.1% Poly-L-lysine (Sigma) in PBS for 10 minutes at RT.

2.2 Generation of genetically-modified ESC lines

2.2.1 Single-gRNA CRISPR/Cas9-based KO lines

CRISPR/Cas9 gene editing requires a guide RNA (gRNA) to direct the Cas9 enzyme
to a specific genomic locus and produce a double-strand break (DSB) [150]. In this
work, single gRNAs of 20 nucleotides (nt) in length targeting exon 2 of the gene
Tfap2c were designed using the Graphical User Interface for DNA Editing Screens
(GUIDES) tool of the Neville Sanjana lab at New York University (NYU) [165].
Once the gRNAs had been designed, DNA oligos comprising the gRNA sequence
were ordered according to the Feng Zhang lab at the Massachusetts Institute of
Technology (MIT)’s target sequence cloning protocol [156], which is depicted below,
and where twenty Ns represent the unique gRNA sequence:

Forward oligo: 5’ - CACC(G)NNNNNNNNNNNNNNNNNNN - 3’

Reverse oligo: 3’ - (C)NNNNNNNNNNNNNNNNNNNCAAA - 5’

Designed oligos were ordered from Integrated DNA Technologies (IDT), and their
sequences may be found in Appendix 7.10.1.1). The lyophilized oligos were then
reconstituted with UltraPureTM DNase/RNase-Free distilled water (dH2O; Invitro-
gen) to a concentration of 100 µM. Ligation of the forward and reverse oligos was
performed according to the Ran et al. protocol [166], in short: a solution containing
45 µM of each oligo in 1x T4 DNA ligase buffer (New England BioLabs) was heated
to 95°C in a thermocycler for five minutes. The temperature was then reduced by
5°C per minute until a final temperature of 25°C was reached. In parallel, 500 ng
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of vector pX330-U6-Chimeric_BB-CBh-hSpCas9 (pX330; Appendix 7.8.11) [167],
which was a gift from Feng Zhang [168], was incubated with 1x CutSmartTM buffer
(New England BioLabs) and 20 units of restriction enzyme (RE) BbsI-HF® (New
England BioLabs) at 37°C for 1 hour in a thermoblock. 1 µl of the ligated oligo was
mixed with 20 µl of the linearized pX330 vector as well as 2.5 µl 10x T4 ligase buffer
and 1.5 µl T4 DNA ligase (New England BioLabs). The reaction was incubated at
37°C for 1 hour, and then placed on ice or stored at -20°C.

Transformation of the ligated construct into bacteria was performed according to
the following McLab protocol [169], with modifications included: 2 µl of the ligated
plasmid mixture was added to 50 µl of transformation-competent DH5α Escherichia
coli (E. coli ; provided by the Department of Developmental Biology, Georg-August-
University of Göttingen). The tube was gently flicked to mix, and incubated on ice
for 15 minutes. The cells were then heat-shocked for 45 seconds in a 42°C ther-
moblock, and subsequently incubated on ice for 2 minutes. 950 µl of super optimal
broth with catabolite repression (SOC; provided by the Department of Developmen-
tal Biology, Georg-August-University of Göttingen) medium was then added to the
cells, which were incubated at 37°C for 1 hour in a thermoblock shaking gently at 400
rpm. 100 µl of the transformed bacteria was plated using Colirollers plating beads
(EMD Millipore Corp.) per 10 cm Lysogeny broth (LB) agar plate (provided by the
Department of Developmental Biology, Georg-August University of Göttingen) con-
taining 100 µg/ml Ampicillin (Serva), and incubated overnight at 37°C in a bacterial
incubator.

The following day, individual colonies were selected with a plastic pipette tip and
inoculated into 2 ml LB medium (provided by the Department of Developmental Bi-
ology, Georg-August-University of Göttingen) containing 100 µg/ml ampicillin, and
incubated overnight in a bacterial incubator shaking at 225 rpm. The following day,
individual inoculates were centrifuged for 10 minutes at 16,000 xg, RT in a table-
top microcentrifuge, and the supernatant was aspirated. Plasmid DNA was purified
from the bacterial pellet using a NucleoSpin® Plasmid mini-prep kit (Macherey-
Nagel) following manufacturer instructions [170], unless the plasmid was to be used
immediately for transfections, in which case the NucleoSpin Plasmid Transfection-
Grade kit (Macherey-Nagel) was used following manufacturer instructions [171]. The
plasmid DNA concentration was determined using a Nanodrop 2000c Spectropho-
tometer (Thermo Scientific), and the plasmid was sent to Microsynth Seqlab for
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Sanger sequencing to validate the gRNA ligation, using the U6 sequencing primer
(Appendix 7.10.2.1). Two plasmids containing unique gRNAs were ultimately gener-
ated, sequence-validated, and used to target Cas9 to exon 2 of the geneTfap2c, and
were designated pX330-a’mTfap2c-exon2-g2 and pX330-a’mTfap2c-exon2-g3.

Blimp1-meGFP (B1) [26] and Stella-eGFP Esg1-tdTomato (SGET) ESCs [172] were
transfected as previously described (Section 2.1.3) with one of the two pX330-based
gRNA-containing plasmids (pX330-a’mTfap2c-exon2-g2 or pX330-a’ mTfap2c-exon2-
g3) and plasmid pPY-CAG-mKO-Puro-IP, containing the sequence for the puromycin
resistance gene Puromycin N-acetyltransferase derived from Streptomyces alboniger
(Appendix 7.8.8), and were selected for two days in 1.2 µg/ml puromycin. Following
selection, the pooled transfected cells were single-cell sorted at the fluorescence-
activated cell sorting (FACS) SH800S cell sorter (Sony; see Section 2.3) to generate
single-colony lines. The knockout lines were characterized by PCR amplification
of the region in exon 2 targeted by the gRNA. This reaction was prepared with
OneTaq® DNA polymerase (New England BioLabs) following manufacturer instruc-
tions [173], and included GC enhancer. The following PCR reaction was then run:

1. 94°C for 30 seconds

2. 30 cycles of:

94°C for 30 seconds

56 for 30 seconds

68°C for 30 seconds

3. 68°C for 5 minutes

4. Hold at 8°C

The primers used in this reaction can be found in Appendix 7.10.2.1. The resulting
amplicon was cloned into the pMiniT 2.0 vector using the NEB® PCR Cloning Kit
(New England BioLabs) following manufacturer instructions [174] and cloned into
DH5α transformation-competent bacteria as previously described (Section 2.2.1).
Single clones were inoculated, mini-preps were prepared from pelleted inoculates
and purified plasmid were Sanger sequenced to verify the presence of a mutation,
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as previously described (Section 2.2.1). At least ten plasmid clones were sequenced
per KO line to ensure that both alleles were represented. Ultimately, three B1-based
AP2γ-KO cell lines were generated in this work: B1 AP2γ-KO gRNA#3 clone #2,
B1 AP2γ-KO gRNA#3 clone #3, and B1 AP2γ-KO gRNA#3 clone #11. In this
text, they are referred to as lines KO1, KO2, and KO3, respectively. One SGET-
based AP2γ-KO cell line was generated in this work: SGET AP2γ-KO gRNA#2
clone #13, named SGET-KO in this text.

2.2.2 Homology-directed repair plasmids

In order to report the protein expression of AP2γ, a repair plasmid was designed
to allow for the insertion of the Tdtomato red fluorescent reporter gene immedi-
ately upstream of the Tfap2c stop codon, as well as to allow for the insertion of
an antibiotic-selection cassette. This repair plasmid was named pmTfap2c-T2A-
tdTomato-RoxPGKPuro (pmTfap2c; Appendix 7.8.6). The design of this plasmid
was based directly on the plasmid phNANOS3-T2A-tdTomato-RoxPGKPuro (ph-
NANOS3; Appendix 7.8.2) originally published in the Kobayashi et al., 2017 paper
[175], and the plasmid was used for cloning with permission from Dr. Toshihiro
Kobayashi of the University of Tokyo. The Tdtomato and selection cassette se-
quences of the pmTfap2c plasmid were directly taken from the phNANOS3 plasmid.
The generation of this plasmid required the polymerase chain reaction (PCR) am-
plification of five unique fragments, each starting and ending with 20 nt overlap
sequences which were identical to the first 20 nt of the neighboring sequence. The
cloning fragments are described in the following table, where size is based on the fi-
nal length of the fragment post-PCR (and thus including the addition of the Gibson
homology arms):

PCR amplification of the fragments was performed with Q5® high-fidelity DNA
polymerase (New England BioLabs) according to manufacturer protocols [176] using
genomic DNA (gDNA) isolated from the B1 ESCs using the DNeasy Blood & Tissue
Kit (QIAGEN). Cloning primers required to amplify these fragments are listed in
Appendix 7.10.1.2. The prepared PCR reaction was then placed in a thermocycler,
and the following PCR program was run:
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Table 1: DNA fragments required for the construction of plasmid pmTfap2c

Fragment: Size
(bps): Origin: Q5 polymerase

Tm (°C):

Tfap2c 5’ homology arm 365 Mouse gDNA 61

Tdtomato fluorescent reporter
gene 1581 phNANOS3 68

Puromycin/∆TK selection
cassette 2566 phNANOS3 60

Tfap2c 3’ homology arm 1029 Mouse gDNA 65

MC1-DTA 1266 phNANOS3 61

1. 95°C for 30 seconds

2. 30 cycles of:

98°C for 10 seconds

Tm for 30 seconds

72°C for 30 seconds/kb

3. 72°C for 2 minutes

4. Hold at 8°C

Where Tm indicates melting temperature, and was determined using the New Eng-
land BioLabs melting temperature calculator [177]. Once the PCR program was
completed, the PCR products were loaded on a 1% agarose gel (1% agarose (Th.
Geyer) in 1x Tris-EDTA (TE) buffer; 1 mM EDTA pH 8.0, 10 mM Tris-HCl pH 8.0
[178]), and run for approximately 30 minutes at 100V. The resulting bands were visu-
alized at the LED Blue/White Light Transilluminator (Invitrogen) and cut out with
a scalpel. DNA was isolated from the cut gel with the NucleoSpinTM gel and PCR
clean-up kit (Macherey-Nagel), and the resulting DNA concentration was determined
at the Nanodrop.

In parallel, the plasmid 2c::tdTomato [179] (Appendix 7.8.1) was restriction digested
with the enzymes HindIII-HF® (New England BioLabs) and NotI-HF® (New Eng-
land BioLabs) in 1x CutSmart® buffer for 1 hour at 37°C. Plasmid 2c::tdTomato was
a gift from Samuel Pfaff [180]. The restriction digestion reaction was run on a 1%
agarose gel for 30 minutes at 100V, and the resulting 5585 bp linearized and digested
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band was cut from the gel, and the DNA was purified using the NucleoSpinTM gel
and PCR clean-up kit. The linearized backbone and PCR purified fragments were
ligated together using a Gibson assembly mastermix (see Appendix 3) [181]. 100
ng of the DNA backbone and each fragment was used for the assembly, with the
exception of the Tfap2c 5’ homology arm fragment, which was less than 1 kb and
thus 50 ng was used in the reaction. The reaction proceeded according to the Gibson
et al., 2009 published protocol [181]. The ligated plasmid was transformed directly
into DH5α E. coli and resulting colonies were inoculated and mini-prepped as pre-
viously described (Section 2.2.1). The resulting plasmids were restriction-digested
with SnaBI and XhoI in CutSmart® buffer as previously described. When run on
a 1% agarose gel at 100V for thirty minutes, plasmids with two appropriately sized
bands indicated the correct ligation of the fragments. A plasmid was selected and the
plasmid identity was verified with Sanger sequencing. All primers used to validate
the correct ligation of the plasmid may be found in Appendix 7.10.2.1.

To allow for the HDR-mediated insertion of the pmTfap2c repair template cassette
immediately upstream of the Tfap2c stop codon, gRNAs were designed to guide the
Cas9 enzyme to the correct genomic location. These gRNAs were designed using the
CRISPR guide design tool of the Feng Zhang lab [182], although it should be noted
that this tool was deprecated in 2019. These gRNAs were ligated into the pX330
plasmid and sequencing-verified as previously described (Section 2.2.1). Ultimately,
one gRNA-containing pX330 plasmid was used for the generation of the Tfap2c
reporter cell line characterized in this work, and is thus termed pX330-a’mTfap2c-
stop-g5. The gRNA oligos used to clone this plasmid may be found in Appendix
7.10.1.1.

B1 ESCs were transfected as previously described (Section 2.1.3) with the repair plas-
mid pmTfap2c, pPY-CAG-mKO-Puro-IP, and the pX330-based plasmid containing
the Cas9 cassette and gRNA targeting the genomic region immediately upstream of
the Tfap2c stop codon (pX330-a’mTfap2c-stop-g5). The resulting pooled cell lines
were termed Blimp1-meGFP AP2γ-tdTomato (BGAT) ESCs, and were selected in
1.2 µg/ml puromycin for two days as previously described. The pooled cell lines were
single-cell sorted at the SH800S cell sorter (see Section 2.3), and individual clones
were assessed for transgenic insertion of Tdtomato based on the red fluorescence of
the line as observed at the ZEISS Axio Observer.Z1 (Zeiss) microscope. Red fluores-
cent clones were further transfected with the plasmids pPY-CAG-PBase (Appendix
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7.8.9), which encodes the PiggyBac transposase, pPB-CAG-Cas9-IRES-Hygro (Ap-
pendix 7.8.7), which encodes the Cas9 enzyme and allows for genomic insertion of
the Cas9 gene as a well as a E. coli aminoglycoside phosphotransferase hygromycin
resistance gene (Hygro) which is separated from the Cas9 by an internal ribosome
entry site (IRES), and pCAGGS-DRE-IH (Appendix 7.8.3), which encodes the Dre
recombinase gene from a P1-related phase [183] which allows for the excision of the
Rox-flanked selection cassette downstream of Tdtomato, and selected the cells in 200
µg/ml Hygromycin for five days. The pooled lines were then single-cell sorted at the
SH800S cell sorter, and individual lines were genotyped via PCR and reporter fluo-
rescence was characterized via indirect immunofluorescent (IF) staining and imaging.
Primers used to genotype the BGAT line may be found in Appendix 7.10.2.1.

2.3 FACS

To prepare for fluorescence activated cell sorting (FACS), ESCs and EpiLCs were
dissociated as previously described (Section 2.1.1). After dissociation and resuspen-
sion in passaging medium, the cell suspension was centrifuged for 4 minutes at 1,200
xg, RT. The pellet was then gently resuspended in FACS buffer (2% FBS in PBS)
containing 1:1000 4’,6-diamidino-2-phenylindole (DAPI; Roche Diagnostics GmbH),
a stain which fluoresces when bound to adenine - thymine (A-T) interactions in
double-stranded DNA [184]. Strong DAPI fluorescence in sorted cells indicates cell
death, as dead or apoptotic cells have compromised cellular membranes and thus
allow DAPI to freely stain double-stranded DNA within the nuclei. Thus, DAPI was
included in the FACS buffer to indicate cell death and allow for the exclusion of dead
cells from sorted populations. After resuspension of the cell pellet in FACS buffer,
the cell suspension was passed through a 35 µm nylon-mesh cell strainer (Falcon)
and placed on ice until it could be sorted at the SH800S cell sorter (Sony).

Dissociation of EBs for FACS analysis depended upon the method of EB generation.
If EBs were grown in 96-well microtiter plates according to the Hayashi et al. [21]
protocol, all EBs of a given condition were collected in one 1.5 ml microreaction tube
and briefly spun in a benchtop microcentrifuge to collect EBs at the bottom of the
tube. The medium was then aspirated and the EBs were washed with 500 µl PBS. If
EBs were grown according to the Gruhn and Günesdogan [162] protocol, the contents
of each microwell were pipetted into a 15 ml tube. The empty well was gently washed
with 2 ml -cyto GK15 to ensure all EBs had been dislodged from the microwells, and
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the medium was pipetted into the same 15 ml tube, bringing the total volume to
4 ml. The 15 ml tubes were not disturbed for 5 minutes at RT to allow the EBs
to collect at the bottom of the tube. The supernatant was then aspirated, and the
EBs were washed with 1 ml 1x PBS and transferred to a 1.5 ml microreaction tube.
From this point on, the protocol for dissociation of EBs is identical regardless of
EB generation protocol. The tubes were briefly spun on a benchtop microcentrifuge,
and the supernatant was aspirated. The EBs were resuspended in 250 µl TrypLETM

Express and incubated in a 37°C heat block shaking at 400 rpm. Day 2 (d2) EBs
incubated for 4 minutes, d4 EBs incubated for 6 minutes, and d6 EBs incubated for
8 minutes in total. Halfway through the incubation of the d4 and d6 EBs at the
heat block, the microtubes were gently flicked to dislodge the pellet at the bottom of
the tube. After the incubation was complete, 500 µl passaging medium was added
to each tube, and the cell suspension was gently pipetted up and down until large
aggregates of cells had dissociated. The suspension was centrifuged for 4 minutes at
1,200 xg, RT. The supernatant was aspirated, and cells were resuspended in FACS
buffer containing 1:1000 DAPI and passed through a cell strainer. The cells were
placed on ice until sorting could proceed.

At the FACS, cells were gated first through side-scatter (SSC) against forward scatter
(FSC) detectors, which allows one to discriminate cells based upon size. The cells
were next gated through FSC width against SSC height detectors, which allows one
to exclude doublets from sorting. The cells were next gated through FSC against
DAPI detectors, which allows for the exclusion of highly DAPI+ cells, indicating cell
death. The resulting cell population was used for analysis and sorting, and was gated
against GFP and/or tdTomato detectors to identify the representative fluorescent cell
populations. When sorting cells based on fluorescence, E14 murine non-fluorescent
ESCs [185] were always included as a control.

Cell sorting was used for two separate functions: 1) Pooled, transfected cells were
sorted in single-cell sort mode such that one cell was sorted per well of a NuncTM

MicroWellTM 96-Well, nunclon delta-treated, flat-bottom microplate (Thermo Scien-
tific), pre-coated with 0.1% gelatin (Merck) for 10 minutes at RT, and filled with 100
µl 2i+LIF medium. 2) Cells were two-way sorted based upon fluorescence, such that
two discrete populations were identified and sorted into 1.5 ml microreaction tubes
for analysis or further experimentation. If cells were taken for RNA isolation, the
microtubes were immediately flash frozen in liquid nitrogen and stored at -80°C. If
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cells were taken for ATAC-seq (Section 2.8), they were placed on ice and immediately
processed. If cells were taken during the Tfap2c tiling screen (Section 2.9.4), the cell
suspension was centrifuged for 4 minutes at 1,200 xg, RT, and the supernatant as-
pirated. The pellet was then frozen at -20°C until the gDNA was to be isolated.
To determine significance between sorted cell populations during analysis, unpaired
t-tests were performed using Prism 9 software (GraphPad).

2.4 qRT-PCR

Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) was per-
formed to measure the expression of specific messenger ribonucleic acid (mRNA)
transcripts in a given condition. First, RNA was isolated from a given sample using
the RNeasy® plus micro kit (QIAGEN). The concentration of RNA was measured
using using a NanoDropTM spectrophotometer. 1 µg of ESC or EpiLC RNA or 40 ng
RNA isolated from EBs was reverse transcribed into complementary DNA (cDNA)
using a Quantitect® Reverse Transcription kit (QIAGEN) following manufacturer
instructions [186]. A 1:10-1:20 dilution of cDNA was be used to prepare a qRT-PCR
reaction (4 µl 2x KAPA SYBR® FAST qPCR Master Mix (Kapa Biosystems), 0.08
µl 10 µM forward primer, 0.08 10 µM µl reverse primer, 1 µl diluted cDNA, 2.84
µl dH2O), and the prepared reaction was pipetted into the wells of a 96-well clear
Multiplate® PCR plateTM (Bio-Rad Laboratories) and sealed with a Microseal® ’B’
seal (Bio-Rad Laboratories). All qPCR primers used in this work were validated for
efficiency, and may be found in Appendix 7.10.2.3.

The qPCR reaction was run at the CFX96® Real-Time PCR detection system (Bio-
Rad Laboratories) with the following cycle:
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1. 95°C for 3 minutes

2. 40 cycles of:

95°C for 3 seconds

60°C for 25 seconds

3. Melt curve for 25 minutes:

65°C for 10 seconds

Temperature raised by 0.2°C/10 seconds

Final temperature 95°C

4. Hold at 4°C

The resultant cycle threshold (Ct) values generated during the qRT-PCR run were
used to determine the ∆Ct values, indicating expression of a target mRNA relative
to the control gene used in this study, Arbp (Attachment region binding protein
gene). ∆∆Ct values were calculated to indicate expression of a target mRNA in
an experimental sample relative to a control sample. Fold change was calculated
to determine the fold difference in expression of ∆∆Ct in an experimental sample
relative to a control sample. Standard deviation was calculated for each sample and
included in the plotted data. The methods for calculating these values are written
below, and are taken from a Smith College guide to qRT-PCR analysis [187]:

∆Ct = Avg. target gene Ct
Avg. housekeeping gene Ct ∆∆Ct = ∆Ct target gene

∆Ct housekeeping gene

Fold change = 2−(∆∆Ct)

V ariance = ((StDev. Housekeeping Gene)2(StDev. Target Gene)2)1/2

Where StDev is standard deviation as calculated using Microsoft Excel (Microsoft).
Significance between samples was determined based on fold-change as well as stan-
dard deviation, and was identified by first determining the variance of the samples
via the t-test function, then determining the significance of the samples using the
generated variances in the z-test function of Microsoft Excel.
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2.5 Indirect immunofluorescence

2.5.1 IF staining of cell monolayers

Indirect immunofluorescence (IF) staining was employed to image cellular proteins
in fixed samples of adherent cells, and was performed following a modified unpub-
lished protocol developed by Dr. Petra Hajkova of Imperial College London [188].
In order to perform ICC, ESCs or EpiLCs were plated in their respective media in 4-
well NuncTM plates (Thermo Scientific) on glass coverslips (Hecht Karl) coated with
1:60 fibronectin in PBS for at least one hour at 37°C. When the cells were ready
for imaging, they were washed 1x in PBS and subsequently fixed for 10 minutes in
4% paraformaldehye (Agar Scientific) in PBS. The slides were subsequently washed
3x in PBS and incubated for thirty minutes at RT in permeabilization buffer [188],
containing 0.1% Triton® X-100 (Fisher Bioreagents) and 1% Albumin fraction V
(Carl Roth). The slides were then incubated overnight at 4°C in primary antibody
(Appendix 7.2) diluted in permeabilization buffer. The following day, the slides were
washed 3x with PBS and incubated for one hour at RT in the dark in secondary
antibody (Appendix 7.2) with 1 µg/ml DAPI diluted in permeabilization buffer, af-
ter which they were washed 3x in PBS and mounted with VECTASHIELD® PLUS
antifade mounting medium (Vector Laboratories, Inc.) on 90° ground frosted micro-
scope slides (Menzel Gläser) and sealed with clear nail polish. The slides were dried
for 10 minutes at RT in the dark, and then stored at 4°C until imaging.

2.5.2 IF staining of cryosections

IF staining was employed to image cellular proteins of fixed, cryosectioned EBs,
and was performed using a published protocol [189] with modifications as follows:
First, EBs were collected in a well of a 96-well flat-bottom plate and the medium was
gently removed. The EBS were washed 1x with PBS, and then fixed in 4% PFA for 15
minutes at RT. The EBs were then washed 3x with PBS, and subsequently incubated
in 10% D(+)-Saccharose (Carl Roth) in PBS for thirty minutes at RT. The solution
was then gently aspirated, and the EBs were further incubated in 20% saccharose in
PBS for thirty minutes before a final thirty minute incubation in 30% saccharose in
PBS. The EBs were then gently transferred to a 7 x 7 disposable plastic base mold
(Epredia). The supernatant was gently removed, and the EBs were submerged in
OCT embedding matrix (Carl Roth) and gently rocked for 15 minutes at RT. The
molds were then placed on dry ice until frozen, and stored at -80°C until further use.
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The embedded EBs were cryosectioned at a Leica CM1950 microtome (Leica) into
sections of eight microns and placed on SuperfrostTM plus adhesion microscope slides
(Epredia). The slides were then stained according to the Hajkova protocol [188]:
A lipid barrier pen (Vector Laboratories) was used to draw an impermeable barrier
around the sections on the slide, and they were then washed in 3x for five minutes
in PBS in a Coplin jar. The slides were placed in a humidified staining chamber
and incubated with permeabilization buffer for thirty minutes at RT. The buffer was
gently removed, and the slides were stained overnight in the humidified chamber at
4°C in primary antibody (Appendix 7.2) diluted in permeabilization buffer, with 24
x 40 mm coverslips (Menzel Gläser) gently placed on top of the slides to prevent
dehydration. The following day, the slides were washed 3x five minutes in PBS in
Coplin jars. The slides were then returned to the humidified chamber and stained
with secondary antibody (Appendix 7.2) and 1 µg/ml DAPI in permeabilization
buffer for 1 hour. The slides were then washed 1x for five minutes at RT in the
dark humidified chamber with permeabilization buffer, before being mounted with
VECTASHIELD® PLUS, covered with a 24 x 40mm glass coverslip, and sealed with
clear nail polish. The slides were allowed to dry for ten minutes at RT in the dark,
and afterwards were stored at 4°C until imaging.

2.5.3 Image analysis

Light microscopy images of live cells were taken with a ZEISS Axio Observer.Z1
microscope. Confocal images were taken at the ZEISS LSM 980 (ZEISS) confocal
microscope. The resulting images were uniformly adjusted and analyzed using ZEISS
Zen software (ZEISS) and Affinity Designer (Serif (Europe), Ltd.).

2.6 Western blotting

ESC and EpiLC cell lysates were prepared according to an unpublished protocol
developed by Dr. Lena Wartosch at the Max Planck Institute for Multidisciplinary
Sciences [190]: First, adherent cells grown in 6-well NuncTM cell-culture treated mul-
tidishes (Thermo Scientific) or 10 cm NuncTM EasYDishTM dishes (Thermo Scientific)
cell culture plates were washed with 1x PBS. After the PBS was removed, either 75
µl (per well of 6-well plate) or 200 µl (per 10 cm plate) lysis buffer (50 mM Tris-HCl
pH 7.4, 50 mM NaCl (AppliChem), 2% sodium dodecyl sulfate (SDS; Carl Roth),
and 1 tablet cOmpleteTM mini EDTA-free protease-inhibitor tablet protease inhibitor
(Roche) in dH2O) was added directly to the cells. The cells were scraped from the
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surface of the plate using a Cell Scraper S (TPP), and pipetted into a QIAShredder
column (QIAGEN). The lysate was centrifuged once for two minutes at 16,000 xg,
RT, and then reloaded directly onto the same column and centrifuged again follow-
ing the same specifications. The lysate could then be directly flash-frozen in liquid
nitrogen and stored at -80°C for later use, or placed on ice for immediate use.

Protein concentration was determined using the QubitTM Protein and Protein Broad
Range (BR) Assay Kit (Invitrogen) with the Qubit® 2.0 fluorometer (Invitrogen)
system following manufacturer protocols [191]. Once the concentration had been
determined, an appropriate quantity of protein was mixed with 5 µl Laemmli sample
buffer (Bio-Rad Laboratories) and dH2O ad 20 µl and boiled at 95°C for 5 minutes.
The samples could then be stored at -20°C until use.

Prepared protein lysates were pipetted into the wells of a 4% SDS polyacrylamide
(SDS-PAGE) stacking gel and subsequently 10% sodium dodecyl-sulfate polyacry-
lamide gels (Appendix 7.6.1) at 100V in a Mini Trans-Blot® cell (Bio-Rad Labora-
tories) until the dye front of the Laemmli buffer reached the bottom of the gel. 5µl
of PageRulerTM Prestained Protein Ladder (Thermo Scientific) was always run in an
empty lane of the gel as a reference for protein size in kilodaltons (kDa). The trans-
fer cassette was then assembled, comprising two filter pads, two filter papers, and
an AmershamTM ProtranTM 0.45 µm NC Nitrocellulose Blotting Membrane (Cytiva)
pre-soaked in 1x transfer buffer (192 mM glycine (Carl Roth), 25 mM Tris-HCL pH
7.6, 20% methanol (VWR) [192]) carefully and directionally layered with the gel to
ensure the correct transfer of proteins. The transfer ran for 1 hour at 4°C, 100v with
an ice pack, following manufacturer instructions [193]. The blot was then removed
and the excess membrane trimmed with a scalpel. The blot was incubated in 5%
milk buffer (5% skim milk (BD) and 0.1% Tween-20 (Fisher Bioreagents) in 1x PBS)
for 30 minutes at RT, gently rocking. The blot was then incubated overnight with
primary antibody (Appendix 7.2) in 5% milk buffer at 4°C in a 50 ml tube, contin-
ually rolling. The next day, the blot was washed 3x for five minutes with PBS-T
(0.1% Tween-20 in 1x PBS). The blot was subsequently incubated with horseradish-
peroxidase-conjugated (HRP) secondary antibody (Appendix 7.2) in 5% milk buffer
for one hour at RT in a 50 ml tube, continually rolling. The blot was washed 3x five
minutes with PBS-T, and then incubated with PierceTM ECL Western Blotting Sub-
strate (Thermo Scientific) for approximately two minutes at RT, before being imaged
for chemiluminescence at the ChemiDocTM Imaging System (Bio-Rad Laboratories).
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Once the blot had been imaged for chemiluminescence, a colorimetric image was
taken and merged using the ChemiDocTM Image Lab Touch software (Bio-Rad) or
Affinity Designer.

2.7 RNA-seq

2.7.1 RNA-seq library preparation and sequencing

RNA was isolated for RNA-sequencing (RNA-seq) library preparation using the
RNeasyTM RNA isolation kit. Before RNA-seq library prep was performed, the qual-
ity of RNA was assessed using a Fragment Analyzer (Agilent), which generates a
RNA Quality Number (RQN) as an indication of RNA quality, with values ranging
from 1 (completely degraded) to 10 (ideal) [194]. Any RNA sample with an RQN
< 7.0 was not used for RNA-seq library preparation. RNA was collected from ESC,
EpiLC, and d4/d6 GFP+ FACS-sorted samples. 3x WT samples were collected for
each cell state condition, while one sample was collected for each AP2γ KO line,
however three separate lines were used per condition. Thus, the RNA input used to
generate the RNA-seq libraries comprised 3x WT samples and 3x separate KO lines
per condition.

The RNA sample concentration was measured using a Qubit® 2.0 fluorometer and
Qubit® high-sensitivity RNA assay kit (Life Technologies) following manufacturer
instructions [195]. 100 nanograms (ng) of RNA per sample was used for input with
the NEBNext® UltraTM II Directional RNA library prep kit for Illumina® (New
England BioLabs). The protocol provided by the manufacturer [196] was followed
exactly, with the sole user specifications being that 14 cycles were chosen for PCR
library amplification following adaptor ligation in 1:25 diluted adaptor. Single index
Illumina® primers were selected from NEBNext® Multiplex Oligos for Illumina®

primer sets 2-3 (New England BioLabs). All sequencing primers may be found in
Appendix 7.10.2.2. The libraries were single left-sided bead purified an additional
time with 1x Agencourt® RNAClean® XP Beads (Beckman Coulter) following man-
ufacturer instructions [197], and then re-analyzed at the Fragment Analyzer to ensure
that the libraries had correctly amplified and no primer or adapter contamination
remained.

Two of the libraries (samples B1B_ESC and B1D_ESC, renamed for clarity and sim-
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plicity in this work ESC WT1 and ESC WT3) were sequenced on a NovaSeq 6000
(Illumina) for paired-end 100 bp reads, however the rest of the RNA-seq libraries
were sequenced on a NovaSeq 6000 for single-end 100 bp reads. These libraries,
originally named B1C_ESC, B3.2_ESC, B3.3_ESC, B1A_EpiLC, B1B_EpiLC,
B1C_EpiLC, B3.2_EpiLC, B3.3_EpiLC, B3.11_EpiLC, B1A_d4, B1B_d4, B1C_d4,
B3.2_d4, B3.3_d4, B3.11_d4, B1A_d6, B1B_d6, B1C_d6, B3.2_d6, B3.3_d6,
B3.11_d6 were renamed to WT2 ESC, KO1 ESC, KO2 ESC, KO3 ESC, WT1 EpiLC,
WT2 EpiLC, WT3 EpiLC, KO1 EpiLC, KO2 EpiLC, KO3 EpiLC, WT1 d4 GFP+,
WT2 d4 GFP+, WT3 d4 GFP+, KO1 d4 GFP+, KO2 d4 GFP+, KO3, d4 GFP+,
WT1 d6 GFP+, WT2 d6 GFP+, WT3 d6 GFP+, KO1 d6 GFP+, KO2 d6 GFP+,
and KO3 d6 GFP+, respectively, for clarity and simplicity. Total reads from the
single-end libraries ranged from approximately 36 million (Mio) to 58 Mio reads,
while paired-end reads comprised 46 Mio fragments (ESC WT1) and 38 Mio frag-
ments (ESC WT3). Only one pair of the paired-end reads was used for sequencing
analysis, and the files were thus treated as single-end.

2.7.2 RNA-seq data analysis

RNA-seq data was largely analyzed using the Galaxy Browser [198]. First, RNA-
seq read quality was assessed using the tools FastQC [199] and the quality report
aggregator MultiQC [200]. 3’ adapter sequences were trimmed from the reads using
CutAdapt [201] with the reference Illumina adapter sequence of AGATCGGAA-
GAGCACACGTCTGAACTCCAGTCAC, and reads with a quality score below 20
and a total length below 20 were filtered from the trimmed reads. and the quality
of the trimmed reads was re-assessed using FastQC. The trimmed reads were then
aligned to the mm10 genome using HISAT2 [202] and duplicates were marked with
the Picard [203] tool MarkDuplicates. Count tables were generated from the aligned
reads using featureCounts [204], with the reverse stranded specification included.
The subsequent count tables were annotated with annotateMyIDs [205]. Differen-
tial expression between samples was quantified using DESeq2 [206]. Differentially
expressed genes were visualized using heatmap2 [207], by which the data was clus-
tered by column and scaled by row. Gene ontology was performed on differentially
expressed gene sets with GOseq [208]. pcaExplorer [209] was used to generate prin-
cipal component analysis (PCA) plots and Euclidian hierarchical clustering analysis
heatmaps to better assess the quality of RNA-seq data at the counts level, as well as
to produce plots of normalized read counts of genes.
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As a quality control step, the Read Distribution [210], Gene Body Coverage [210],
IdxStats [211], and Infer Experiment [210] tools were used to examine: the read
distribution across features, the distribution of reads along the gene body from 5’ to
3’ as an indication of degradation, the number of reads mapped per chromosome, and
the strandedness of the libraries, respectively. RNA-seq BAM files were converted
to Bigwig files for visualization with the Interactive Genomics Viewer (IGV; [212])
using the deepTools bamCoverage tool [213].

2.8 ATAC-seq

Assay for Transposase Accessible Chromatin with high-throughput sequencing (ATAC-
seq) was performed to identify changes in chromatin accessibility between AP2γ-KO
and WT cells, as well as to compare the WT cell states ESCs, EpiLCs, and PG-
CLCs. To this end, 3x B1 WT samples were used per cell state condition, while
2x AP2γ-KO samples were used, each deriving from an individual clonal AP2γ-KO
line (lines KO1-2). The ATAC-seq protocol was modified by Dominik Mühlen of the
University of Göttingen from the original 2015 Buenrostro et al. protocol [214], in
short: 5 x 104 ESCs or EpiLCs, or 2.5 x 104 d4 or d6 GFP+ FACS-sorted PGCLCs
were washed 1x with 50 µl ice-cold PBS, and centrifuged for five minutes at 500 xg,
4°C. The cell pellet was gently resuspended in ATAC lysis buffer (10 mM Tris-HCl
pH 7.4, 10 mM NaCl, 3 mM MgCl2 (Carl Roth), and 0.1% IGEPAL CA-630 (Sigma
Aldrich) in dH2O). The cell suspension was immediately centrifuged for ten minutes
at 500 xg, 4°C. The supernatant was discarded, and the pellet was resuspended in
transposition reaction: 25 µl Nextera Transposition buffer (Illumina), 2.5 µl Nextera
Tn5 Transposase (Illumina), and 22.5 µl dH2O for the 5 x 104 ESCs or EpiLCs, or
12.5 µl Nextera Transposition buffer (Illumina), 1.25 µl Nextera Tn5 Transposase
(Illumina), and 11.25 µl dH2O for the 2.5 x 104 d4/d6 GFP+ cells. The reactions
were incubated at 37°C for 75 minutes in a thermocycler.

The transposed library fragments were PCR amplified in a reaction containing the
transposed DNA, 25 µM forward custom Nextera primer, 25 µM reverse custom
Nextera primer, 1x NEBNext® High Fidelity PCR master mix (New England Bio-
Labs), and dH2O ad 50 µl. All custom Nextera sequencing primers may be found
in Appendix 7.10.2.2. The PCR reaction was performed according to the following
cycle:
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1. 98°C for 30 seconds

2. 12 cycles of:

98°C for 10 seconds

63°C for 30 seconds

72°C for 1 minute

3. Hold at 4°C

To determine the correct number of cycles for amplification, the first time this PCR
was run, after 5x cycles the PCR was aborted and placed on ice. 5 µl of the reaction
was taken for quantitative PCR (qPCR) amplification to examine the amplification
curve in real-time and calculate the ideal total number of amplification cycles for the
library PCR. The qPCR reaction was composed of 5 µl PCR reaction template, 0.25
µl forward custom Nextera primer, 0.25 µl reverse custom Nextera primer, 0.09 µl
SYBR® Green 1 nucleic acid stain (Lonza), 5 µl NEBNext® High-Fidelity 2x PCR
master mix, and 4.41 µl dH2O. The qPCR reaction was run at the CFX96 Real-Time
cycler with the following parameters:

1. 98°C for 30 seconds

2. 10 cycles of:

98°C for 10 seconds

63°C for 30 seconds

72°C for 1 minute

The reaction cycle threshold (Ct) values were plotted against the cycle number to
produce a graph. The cycle number which was equivalent to 1/3 the total max-
imum fluorescent intensity was then selected as the total number of cycles neces-
sary for library preparation, in this case twelve total cycles for ATAC-seq library
PCR. Once all libraries had been amplified, they were purified using the MinElute®

PCR Purification Kit (QIAGEN) and eluted in 20 µl elution buffer. The libraries
were 1.8x single left-sided bead purified following manufacturer instructions [197]
and the libraries were visualized using a TapeStation D1000 fragment analysis de-
vice (Agilent) to examine the libraries for expected size distribution and presence
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of nucleosomal ladder peaks. The libraries were subsequently underwent paired-
end 50 bp sequencing on a NovaSeq 6000 sequencer. The resulting sequenced li-
braries resulted in between 23 Mio and 85 Mio fragments, per sample. The sequenc-
ing samples were originally named B1A_ESC, B1B_ESC, B1C_ESC, B3.2_ESC,
B3.3_ESC, B1A_EpiLC, B1B_EpiLC, B1C_EpiLC, B3.2_EpiLC, B3.3_EpiLC,
B1A_d4, B1B_d4, B1C_d4, B3.2_d4, B3.3_d4, B1A_d6, B1B_d6, B1C_d6,
B3.2_d6, B3.3_d6, and were renamed to WT1 ESC, WT2 ESC, WT3 ESC, KO1
ESC, KO2 ESC, WT1 EpiLC, WT2 EpiLC, WT3 EpiLC, KO1 EpiLC, KO2 EpiLC,
WT1 d4 GFP+, WT2 d4 GFP+, WT3 d4 GFP+, KO1 d4 GFP+, KO2 d4 GFP+,
WT1 d6 GFP+, WT2 d6 GFP+, WT3 d6 GFP+, KO1 d6 GFP+, and KO2 d6
GFP+, respectively, for clarity and simplicity.

Using the Scientific Computing Cluster (SCC) hosted by the Gesellschaft für wis-
senschaftliche Datenverarbeitung mbH Göttingen (GWDG) for the University of Göt-
tingen, the quality of the reads of the ATAC-seq libraries was assessed using FastQC
and the quality score aggregator MultiQC. Nextera adapter sequences were trimmed
from the reads using the tool Trim Galore! [215], and the quality of the trimmed reads
was again assessed using FastQC and MultiQC. The trimmed reads were aligned to
the mm10 genome using Bowtie2 [216] with the specifications: −−very−sensitive,
up to 10 alignments per read (−k 10), and the maximum fragment length for reads
was set to 2000 bps (−X 2000). The alignment success was examined using FastQC,
and mitochondrial reads were removed from the libraries. Duplicates were marked
and removed using the Picard MarkDuplicates tool, and SAMtools [211] was used
to filter out reads with a quality score below 30 (−q 30), reads with the flag 1024
indicating unmapped, optical duplicate, or incorrectly paired reads (−F 1024), and
reads with the flag 1804 indicating unmapped, improperly aligned reads which fail
quality checks (−F 1804). The deepTools [213] tool AlignmentSieve was used to shift
reads to accurately center the transposon site. The BAM files containing the shifted
reads were converted to BigWig files for visualization on IGV using the deepTools
bamCoverage tool. The shifted reads were used to call peaks with Macs2 [217] with
the callpeak function and the specifications: BED file as input file (−f BED), mm10
as reference genome (−g mm), no Macs2 model should be built (−−nomodel) and
duplicates are kept (−−keep-dup all).

To find differentially accessible peaks (DAPs) between cell types and between KO
and WT states, the peak files of all samples of the same cell type and KO status,
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i.e. all WT ESC peak files, were merged using a custom R (R Core Team) [218]
script designed by Xiaojuan Li of Georg-August University of Göttingen. This script
identified the coordinates of all peaks which were present in 2/3 or 2/2 input files,
and output a file comprised of the identified coordinates. The WT and KO merged
peak files for each given cell state were concatenated to generate a master merged
peaks file of all peaks which were present in 2/3 WT samples and 2/2 KO samples.
This file was used as the reference file with the featureCounts tool to count which
coordinates identified in the merged peaks files were present in the shifted reads BAM
files. The resulting count tables were used to identify DAPs between WT and KO
samples within a particular cell type using the EdgeR [219; 220] tool on the Galaxy
browser, with the specifications: use robust settings, adjusted p-value of < 0.05 for
significance, and use the likelihood ratio test. The resulting DAPs were genomically
annotated using the hypergeometric optimization of motif enrichment (HOMER)
[221] tool annotatePeaks.pl, using the specifications: mm10 as reference genome and
perform gene ontology analysis (-go). The HOMER tool findMotifsGenome.pl was
used to identify TF motif enrichment in DP files [221], with the specifications to
use mm10 as reference and to use the size of the ATAC fragments directly via “-
size given”. The HOMER tool getDifferentialPeaks was used to generate overlapping
peak data [221], which was visualized for quality control purposes with UpSetR [222]
using a script developed by Stephen Kelly [223].

2.9 Tfap2c tiling screen

2.9.1 Tfap2c-screen gRNA library design

The gRNA sequences used in the Tfap2c tiling screen gRNA library were primar-
ily generated by Xiaojuan Li at Georg-August University of Göttingen using the
count_spacers.py script developed by Joung et al. [156; 224] with the following
modifications: the maximum number of guides selected per gene (-n) was set to
zero and the minimum spacing required between cleavage sites (-s) was set to one
nt. All resultant gRNAs with an off-target score > 0.50 were selected. gRNAs
targeting the negative control ESC enhancers, 5 kb negative control genomic re-
gions, and Tdtomato were generated using the Benchling CRISPR guide RNA design
tool [225]. The six Tdtomato-targeting gRNAs with the highest on- and off-target
scores were chosen for use, while the top one hundred scoring gRNAs were cho-
sen per each targeted genomic region. Individual gRNAs targeting control mouse
genes were taken from the GeCKO mouse library, version 2 [153], and are named
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in the original library as follows: Tfap2c (MGLibA_53528-30, MGLibB_53512-
14), Prdm1 (MGLibA_42592-4, MGLibB_42579-81), Prdm14 (MGLibA_42583-
5, MGLibB_42571-3), Dppa3 (MGLibA_14830-32, MGLibB_14823-5), and Dppa5a
(MGLibA_14836-8, MGLibB_14829-31). One thousand scrambled gRNAs were also
taken from the GeCKOmouse library, version 2, and are identified as MGLibA_66406
- 67405 in the GeCKO library. Six Egfp-targeting gRNAs were taken from the 2014
Shalem et al. publication [226]. The final library comprised 30,714 unique gRNAs.
All information concerning regions used for gRNA design, origin of gRNAs, responsi-
ble gRNA designer, and purpose of gRNA may be seen in the table in Appendix 7.11.
The gRNA library was ordered from Genscript with the forward adapter sequence:

5’ - GCAGATGGCTCTTTGTCCTAGACATCGAAGACAACACCGN20GTTTTAGTCTTCTCGTCGC - 3 ’

where N20 represents the unique twenty nucleotide gRNA sequence. This adapter
sequence allows for the amplification and insertion of the BbsI-HF-processed gRNA
sequence into the CRISPR gRNA expression plasmid pKLV2-U6gRNA5(BbsI)-PGK
puro2ABFP-W (Appendix 7.8.4) as described by Tzelepis et al., 2016 [154]. Plasmid
pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-W (pKLV2-W) was a gift from Kosuke
Yusa [227].

2.9.2 Tfap2c-screen gRNA library generation

Preparation of the gRNA library for insertion into the pKLV2-W plasmid followed the
protocol from Tzelepis et al., 2016 [154], and is described below with modifications
included:

100 µl of NEBNext® UltraTM II Q5® Master Mix (New England BioLabs) was mixed
on ice with 8 µl of the gRNA oligo pool (final concentration of 0.04 ng/µl), 2.5 µl
primer 79-mer U1 (final concentration of 0.5 µM), 2.5 µl primer 79-mer L1 (final
concentration of 0.5 µM), and dH2O ad 200 µl. Primers used during the generation
of this library maybe found in Appendix 7.10.2.2. The mixture was pipetted into 25
µl aliquots in PCR strips and placed in the thermocycler with the following protocol:
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1. 98°C for 30 seconds

2. 20 cycles of:

98°C for 10 seconds

63°C for 10 seconds

72°C for 15 seconds

3. 72°C for 2 minutes

4. Hold at 4°C

The PCR reactions were then pooled and purified with the QIAquick Nucleotide
Removal Kit (QIAGEN) following manufacturer instructions [228]. The resulting
PCR product was run in a 10% Tris-Borate-EDTA (TBE) gel (Appendix 7.6.2) in
a Mini-PROTEAN® Tetra gel electrophoresis chamber at 100V for approximately
one hour. The gel was soaked in 1:10,000 SYBRTM Safe DNA Gel Stain (Invitrogen)
for 10 minutes at RT in the dark, and was subsequently visualized on the blue light
transilluminator. The digested bands were cut from the gel with a scalpel, and the
DNA was removed from the gel using the Lonza Group crush and soak procedure
[229], in brief: the TBE gel containing the DNA was cut and crushed using a scalpel.
One to two volumes of TE buffer was added and the gel was incubated for four
hours at 37°C, and subsequently centrifuged for one minute at 4°C at 12,000 xg in a
tabletop centrifuge. The supernatant was gently removed and placed in a fresh tube,
and 0.5 volumes of TE buffer was added to the crushed gel and again centrifuged. The
supernatant was removed and added to the previously collected supernatant, and the
gel was discarded. Gel fragments were removed by running the supernatant through a
NucleoSpinTM gel and PCR clean-up kit column, and two volumes of cold ethanol was
then added to the flow-through. The solution was incubated on ice for thirty minutes,
and subsequently centrifuged for ten minutes at 4°C, 12,000 xg. The supernatant
was carefully removed, and the pellet was resuspended in 200 µl TE buffer. 25 µl
of 3M sodium acetate (Alfa Aesar), pH 5.2 was added to the solution, after which
two volumes of cold ethanol was again added, and the incubation and subsequent
centrifugation proceeded as previously described. The resultant pellet was washed
once in 70% ethanol before air drying for ten minutes, and was subsequently dissolved
in 10 µl TE buffer.

In parallel, 25 µl CutSmartTM 10x buffer was mixed with 5 µl BbsI-HF®, 5 µg pKLV2-
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W plasmid, and dH2O ad 250 µl. Once the reaction had been thoroughly mixed, it
was aliquoted into 50 µl reactions and incubated at 37°C in a thermoblock for 1 hour.
A control restriction-digestion proceeded in parallel following the same specification
however using BbsI-HF® and BamHI-HF® restriction digestion enzymes in order to
generate a replication-incompetent ligation control. The restriction-digested plas-
mids were then run on a 1.5% agarose gel at 100V for 30 minutes, and the resulting
gel was visualized on the blue light transilluminator to identify the 8.6 kb band of
the linearized pKLV2-W plasmid. The band was cut from the gel and the DNA was
purified using the NucleoSpinTM gel and PCR clean-up kit following manufacturer
instructions [230].

Ligation of the gRNA library insert into the linearized pKLV2-W plasmid occurred
according to the T4 DNA ligase manufacturer’s protocol [231], and was prepared as
follows: 200 ng of the RE-digested, purified gRNA library and 1.32 µg of purified,
digested pKLV2 plasmid were mixed with 32 µl 10X T4 ligase buffer, 18 µl T4
DNA ligase, and dH2O ad 360 µl. The reaction was incubated overnight at 16°C
in a thermoblock. One 20 µl control reaction was also generated, containing only
the BbsI-HF®/BamHI-HF® linearized plasmid and lacking the gRNA library insert.
Purification of the ligated plasmid and control were performed according to the Joung
et al., protocol [156]: the following day, the ligation reactions were combined with
one volume 100% isopropanol, 0.01 volumes GlycoBlueTM coprecipitant (Thermo
Fisher), and 0.02 volumes 5M NaCl. The solution was vortexed and incubated at
RT for fifteen minutes. The solution was centrifuged for fifteen minutes at RT, 15,000
xg, and the subsequent blue pellet contained the precipitated DNA. The supernatant
was carefully removed, and the pellet was washed gently and without disturbance in
ice-cold 80% ethanol two times, and after the ethanol was completely removed the
pellet was air-dried for one minute at RT. The pellet containing the ligated plasmid
was resuspended in 20 µl of TE buffer, while the control was resuspended in 10 µl
TE buffer. The DNA solutions were incubated at 55°C for ten minutes, and the
concentration was subsequently measured at the NanoDropTM.

The ligated gRNA plasmid library, the ligation control, and positive control plasmid
pUC19 (New England BioLabs) were transformed into NEB Turbo electrocompetent
E. coli (New England BioLabs) using a Gene Pulser XcellTM total electroporation
system (Bio-Rad) following manufacturer instructions [232; 233] and are described
including the modifications: SOC medium and 10 cm bacterial Petri dishes as well as
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Corning® 245 mm square bioassay dishes (Sigma-Aldrich) containing LB agar (see
Appendix 5) with 100 µg/ml ampicillin were pre-warmed at 37°C. 1 millimeter (mm)
pre-sterilized electroporation cuvettes (Molecular BioProducts) were placed on ice,
and the electrocompetent E. coli was thawed on ice for ten minutes and gently flicked
to mix. 25 µl of electrocompetent E. coli were added directly to the bottom of the
cuvette and gently tapped to ensure uniform distribution of the bacteria within the
cuvette. 100 ng of DNA (comprising no more than 2 µl) was added to the bacteria,
and the bacteria were electroporated with the BioRad exponential decay bacterial
transformation program 1 “E. coli”, with the following specifications: voltage of 2.1
kilovolts (kV), capacitance of 200 microfarads (µF), and resistance of 200 Ω. Eight
total transformations of the gRNA plasmid library were performed in addition to one
transformation of the ligation control reaction and one transformation of the pUC19
plasmid. 975 µl of pre-warmed SOC was added to each cuvette immediately following
transformation. The transformed bacteria were transferred to a microreaction tube
and incubated at 37°C and 300 rpm for one hour in a thermoblock.

The bacteria transformed with the gRNA plasmid library were pooled, and 10 µl of
the pooled bacteria were diluted 1:1,000 in LB medium. One volume of LB medium
was added to the pooled gRNA plasmid library-transformed bacteria, and 2 ml of
the bacterial suspension was plated per 245 mm square bioassay dish, 100 µl of the
1:1,000 diluted pooled gRNA plasmid library-transformed bacteria was plated on a
10 cm dish, 100 µl of the ligation control-transformed bacteria was plated on a 10
cm dish, and 100 µl of the pUC19-transformed bacteria was plated on a 10 cm dish.
The plates were incubated at 37°C in a bacterial incubator for 14 hours. The 10 cm
plate containing the 1:10,000 diluted gRNA plasmid library-transformed bacteria
was used as an indictor of transformation success: the total number of colonies was
counted and multiplied by 10,000 and again by 8 to determine the total number of
colonies. >500 colonies per unique gRNA were necessary in order to ensure that
the complexity of the gRNA library had been maintained. Additionally, 20x more
total colonies were expected on the plates with gRNA plasmid library-transformed
bacteria relative to the ligation control transformation.

The gRNA plasmid library-transformed bacteria was harvested from the bioassay
dishes by pipetting 10 ml of LB medium onto the plate and gently scraping the
colonies with a cell scraper. The bacterial suspension was collected, and the plates
were washed two more times with 10 ml LB. The bacterial suspension was centrifuged
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in a 50 ml tube for 10 minutes at 4°C at full speed. The supernatant was removed and
the plasmid DNA was harvested using the EndoFree® Plasmid Maxi Kit (QIAGEN)
following manufacturer instructions [234], with one maxiprep used per 50 ml tube.
The resulting DNA solution was pooled and the DNA concentration was measured
using the NanoDropTM.

The plasmid library was PCR amplified (2x NEBNext® High Fidelity PCR Master
Mix (New England BioLabs), 1 µl 20 ng/µl gRNA plasmid library template, 1.25
µl 3.33 µM TTS Universal forward primer, 1.25 µl 3.33 µM TTS Universal forward
primer +1 stagger, 1.25 µl 3.33 µM TTS Universal forward primer +2 staggers, 1.25
µl 10 µM TTS Index 2 reverse, 19 µl dH2O) using the following protocol:

1. 98°C for 3 minutes

2. 22 cycles of:

98°C for 10 seconds

63°C for 10 seconds

72°C for 25 seconds

3. 72°C for 2 minutes

4. Hold at 4°C

All sequencing primers used in this work may be found in Appendix 7.10.2.2. The
PCR reaction was purified using the MinElute PCR purification kit (QIAGEN) fol-
lowing manufacturer instructions [235]. The concentration of the PCR reaction was
measured at the NanoDrop®, and 2 µg of DNA was run in a 2% agarose gel at 100V
for approximately forty minutes. The resulting 320 bp band was cut and also puri-
fied using the MinElute PCR purification kit. The plasmid library was paired-end
sequenced on a MiSeq generating 18 Mio 150 bp fragments. The composition and
complexity of the library was analyzed using model-based analysis of genome-wide
CRISPR/Cas9 knockout (MaGECK) software [236].

2.9.3 Generation of lentivirus

Generation of lentivirus from the gRNA plasmid library proceeded according to the
Joung et al. protocol [156]. In short, four 225 cm2 NuncTM EasYFlaskTM cell culture
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flasks were coated with poly-l-lysine as previously described (Section 2.1.4) and 1.8 x
107 HEK cells were plated per flask in 45 ml D10 medium. The next day, 9 ml Opti-
MEMTM, 61.2 µg lentiviral helper plasmid pMD2.G (see Appendix 7.8.5), 93.6 µg
lentiviral helper plasmid psPAX2 (see Appendix 7.8.10), and 122.4 µg gRNA library
plasmid were mixed. Plasmids pMD2.G and psPAX2 were both gifts from Didier
Trono [237; 238]. Separately, 9 ml Opti-MEMTM and 1,188 µl PLUSTM reagent (Invit-
rogen) were mixed, added to the plasmid mix, and incubated at RT for five minutes.
In parallel, 18 ml Opti-MEMTM and 1.08 ml LipofectamineTM 2000 were mixed and
also incubated at RT for five minutes. The LipofectamineTM and plasmid/PLUSTM

mixes were combined and well mixed, and incubated at RT for five minutes further.
9 ml of the transfection mix was then added per flask of HEK cells and gently mixed,
and the flasks were then incubated at 37°C in a humidified incubator for four hours.
After four hours, the medium was replaced with 45 ml fresh D10 medium, and the
flasks were incubated at 37°C in a humidified incubator for 48 hours. The medium
was then removed and filtered with a Millex-HV 0.45 µM polyvinylidene (PVDF)
filter (Merck), aliquotted, and stored at -80°C until use.

To determine the lentiviral titer, 1 x 105 SGET-Cas9 ESCs, which had previously
been transfected with pPY-CAG-PBase and pPB-CAG-Cas9-IRES-Hygro to allow
for the genomic insertion of the Cas9 gene, were plated per well of a 12-well plate pre-
coated with fibronectin. In five wells, the cells were plated with 1 ml 2i+LIF medium
as well as a volume of the filtered lentivirus-containing medium harvested from the
HEK cell supernatant. The volumes of lentiviral supernatant added were: 10 µl,
20 µl, 40 µl, 80 µl, and 160 µl. The medium, lentiviral supernatant, and cells were
well-mixed. Two addition wells were left untreated with viral supernatant as either a
negative control or a puromycin-untreated control. After 24 hours, the medium was
changed to fresh 2i+LIF medium containing 12 µg/ml puromycin, except for one of
the wells without virus, which was left untreated with puromycin and received only
fresh 2i+LIF medium. The medium was changed freshly every day, and after four
days the cells were washed in PBS, dissociated for four minutes at 37C in TrypLETM

Express, resuspended in passaging medium, centrifuged for four minutes at 1,200
xg, RT, and finally resuspended in 1 ml 2i+LIF per condition. The cells were then
counted, and the multiplicity of infection (MOI) was determined by dividing the
number of cells in each lentivirus-treated well or the negative control well by the
number of cells in the puromycin-untreated control, and plotting the values and
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generating a linear trendline in Microsoft Excel (Microsoft). The percentage of cells
infected per MOI was determined using the following equations, taken from Figliozzi
et al., 2016 [239]:

Uninfected = e−MOI

Singly infected = MOI × e−MOI

Multiply infected = 1 - (uninfected + singly infected)

2.9.4 Tfap2c tiling screen in ESCs, EpiLCs, and PGCLCs

6.43 x 106 SGET cells were plated in 25 ml 2i+LIF medium per flask of a 225 cm2

NuncTM EasYFlaskTM cell culture flask pre-coated with fibronectin. Three flasks in
total were used to ensure that more than 1.54 x 107 cells were always in culture, as
this is the number of gRNAs multiplied by 500 - this value is suggested by Joung et
al. to ensure even coverage of all gRNA-containing cells throughout the screen [156].
Additionally, cells were plated at the same density in a 10 cm dish as a no-virus con-
trol. 1.684 ml lentivirus was added per flask, equivalent to an MOI of 0.3815. The
cells and lentivirus were well mixed by pipetting up and down with a cannula, and the
cells were incubated at 37°C in a humidified incubator for 24 hours. After 24 hours,
the medium was changed to fresh 2i+LIF medium containing 12 µg/ml puromycin,
and the cells were selected for twelve days in total, with the medium changed ap-
proximately every 1-2 days to fresh puromycin-containing medium as needed. The
medium of the 10 cm plate was also changed to puromycin-containing medium, and
was observed for cell death. The cells were passaged every 3-4 days, and approxi-
mately 1.9 x 107 cells were always plated to ensure even gRNA coverage. After twelve
days, approximately 1.9 x 107 ESCs were induced towards EpiLCs as previously de-
scribed (Section 2.1.2), and the rest of the dissociated ESCs were centrifuged and
frozen in a pellet at -20°C until gDNA harvesting could occur. The EpiLC medium
did not contain puromycin, and was replaced with fresh EpiLC medium after 24
hours. After 42 hours of EpiLC induction, 1.73 x 107 EpiLCs were induced towards
PGCLC fate in 23 total wells of 6-well EZSPHERETM Microwell plates as previously
described (Section 2.1.2) in puromycin-free GK15 medium. One additional well con-
taining 7.5 x 105 cells was maintained without cytokines, while 23 wells contained
cytokines required for PGCLC induction. EpiLCs not required for PGCLC induction
were centrifuged and stored as a pellet at -20°C until gDNA harvesting could occur.
The EBs were maintained as previously described, and on day six of differentiation
were FACS-sorted at the SH800S cell sorter for GFP+/tdTomato- cell populations
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indicating correct PGCLC fate. The sorted cells were centrifuged and stored as a
pellet at -20°C until gDNA harvesting could occur. The process of ESC infection,
EpiLC and PGCLC differentiation, and FACS-sorting occurred three times in total
with the SGET-Cas9 cell line.

2.9.5 Library preparation, sequencing, and analysis of Tfap2c
screen results

Genomic DNA from each of the cell pellets collected during the screen was isolated
using the Quick-DNATM Midiprep Plus Kit (Zymo) following manufacturer instruc-
tions [240]. The concentration of gDNA was quantified at the NanoDropTM. PCR
purification of the genomically inserted gDNA sequence occurred as previously de-
scribed with respect to gRNA plasmid library amplification with NEBNext high
fidelity 2x PCR master mix (see Section 2.9.2), however up to 2.5 µg of gDNA was
used as template per 50 µl reaction, and one of five unique reverse index primers was
used per sample type in addition to the three forward stagger primers. Sequencing
primers may be found in Appendix 7.10.2.2. The pooled PCR product for each con-
dition was run on a 2% agarose gel at 100V for approximately forty minutes, cut,
and gel-purified with the MinElute® gel purification kit as previously described. The
previously described gRNA library plasmid amplification was also repeated. The size
of each library assessed at the TapeStation prior to being sent for sequencing.

Sequencing of the libraries occurred in three runs, wherein the ESC, EpiLC, and PG-
CLC samples were pooled with others’ libraries and sequenced in consecutive runs.
All libraries were ultimately sequenced on the NovaSeq 6000 resulting in 150 bp
paired-end fragments. Ultimately between 10 Mio and 27 Mio paired-end fragments
were sequenced and analyzed using MaGECK-VISPR using maximum-likelihood es-
timation (MLE) [241], although only one single-end file was used per library for
analysis. To identify positively or negatively enriched gRNAs, each condition (plas-
mid, ESC, EpiLC, d6 PGCLC) was compared to the previous state, i.e. ESC gRNA
counts were compared to plasmid gRNA counts, EpiLC gRNA counts were com-
pared against ESC gRNA counts, and PGCLC gRNA counts were compared against
EpiLC gRNA counts. The reference library used to determine enrichment grouped
exon-targeting GeCKO library control gRNAS, such that these control gRNAs were
evaluated simultaneously to produce one enrichment score, but did not cluster indi-
vidual custom gRNAs generated for the screen, which were each analyzed separately.
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The scrambled gRNAs were used to normalize the gRNA read counts and determine
the gRNA significance and false discovery rate (FDR) of the control and custom
gRNAs. During analysis it was noted that some gRNAs designed via Benchling
exhibited off-target activity, and thus all Benchling gRNAs were re-checked with
the IDT CRISPR-Cas9 gRNA checker [242]. All gRNAs designed as unsuitable for
use by the tool were removed from analysis, resulting in 29,192 unique test gRNAs,
i.e. excluding GeCKO controls, scrambled gRNAs, and off-target Benchling gRNAs.
Individual, significant gRNAs were annotated with the University of Santa Cruz
(UCSC) Genome Browser [243] and its the Blast-like alignment tool (BLAT) [244].
Significant gRNAs and their intersections between cell types was visualized using
DeepVenn [245; 246].
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Results

3.1 Knockout of AP2γ in mouse ESCs

To characterize the role of AP2γ in PGCLC differentiation, I first generated AP2γ-
ESC lines. To achieve this, I applied CRISPR/Cas9 gene editing technology to knock
AP2γ out of mouse ESCs by targeting Cas9 to the second exon of the gene encoding
AP2γ, Tfap2c. This experiment was designed to allow for the characterization of
ESCs, EpiLCs, and FACS-sorted GFP+ d4/d6 putative PGCLCs in the absence of
AP2γ. AP2γ-KO lines were originally produced with Blimp1-meGFP (B1) ESCs.
B1 ESCs are mouse embryonic stem cells containing a membrane-targeted enhanced
GFP (meGFP) transgene which is under the transcriptional control of the regula-
tory elements acting on Prdm1 [26]. Prdm1 encodes the protein BLIMP1, which is
strongly expressed in PGCs; thus, the expression of meGFP in B1 PGCLCs reports
PGCLC induction in vitro [26].

To generate the AP2γ-KO ESC lines, I transfected B1 ESCs with one of two plasmids
containing the Cas9 gene and a gRNA targeting exon two of Tfap2c (plasmids pX330-
a’mTfap2c-exon2-g2 or pX330-a’mTfap2c-exon2-g3) as well as the pPY-CAG-mKO-
Puro-IP plasmid containing the puromycin resistance gene encoding Puromycin N-
acetyltransferase from Streptomyces alboniger. Following selection with puromycin
for two days, I sorted single cells at the FACS. I investigated the resultant individual
AP2γ-KO lines for the presence of mutations in exon two of Tfap2c. To accomplish
this, I PCR-amplified the gRNA-targeted region of Tfap2c exon two, and cloned
the amplicon into the pMiniTTM 2.0 vector. I transformed the resultant plasmid
into transformation-competent E. coli, and sent plasmid DNA harvested from resul-
tant single-colony inoculates for Sanger sequencing. At least ten colonies were sent
for sequencing per putative AP2γ-KO line, to increase the likelihood that ampli-
cons from both alleles would be sequenced. Ultimately, I identified three putative
AP2γ-KO lines in this manner: B1 AP2γ-KO gRNA #3 clone #2 (here termed
KO1), B1 AP2γ-KO gRNA #3 clone #3 (KO2), and B1 AP2γ-KO gRNA #3
clone #11 (KO3). Lines KO1 and KO2 contain an eight base pair (bp) deletion
in exon two of Tfap2c which introduces a frameshift and ultimately an early stop
codon (Figure 8A). One allele of line KO3 contains the same 8 bp deletion as
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Figure 8: Validation of B1-based AP2γ-KO ESC lines. A) Comparison of translated AP2γ
protein sequences between WT B1 ESCs and AP2γ-KO lines KO1, KO2, KO3. Premature stop
codons are indicated as asterisks (*), and blue-highlighting demonstrates consensus between the WT
and KO amino acid (aa) sequences. B) Western blot of WT, KO1, KO2, and KO3 ESC lysates,
with 80 µg protein/lane. AP2γ isoforms 1 and 2 are indicated, with expected size in kilodaltons
(kDa) of 49 and 53 kDa, respectively. The upper blot indicates α’AP2γ-HRP labeling, while the
lower blot indicates sequential α’GAPDH-HRP labeling of the same blot, with expected size in kDa
of 37 kDa. A protein ladder indicates sizes in kDa in the leftmost lane. C) 40x confocal images
depicting the IF staining of WT and KO1, KO2, and KO3 ESCs. α-AP2γ-Alexa-488 is shown in
green and DAPI is shown in blue, with scale bar of 100 µm indicated. D) 10x phase-contrast light
microscopy images of live WT, KO1, KO2, and KO3 ESCs. Inset demonstrates digital zoom of
region of interest, and scale bar of 200 µm is indicated.
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Figure 9: The AP2γ-KO phenotype is validated in IF stainings of d6 KO1 EBs.
WT and KO1 EpiLCs were aggregated as EBs for six days in either -cyto control medium or
+cyto medium which induces the cells towards PGCLC fate. The EBs were subsequently fixed,
cryosectioned, and labeled with α’AP2γ-Alexa-555 (shown in red), α’GFP-Alexa-488 (shown in
green), and DAPI. Overlay images of the α’AP2γ and α’GFP channels are shown, as are scale bars
of 50 µm.

identified in lines KO1 and KO2, however the other allele contains a one bp deletion,
which nevertheless introduces a frameshift and early stop codon (Figure 8A).

I then further characterized lines KO1, KO2, and KO3 via Western blot (WB) to
identify whether the introduced genomic mutations resulted in the loss of AP2γ on
the protein level. Indeed, WB analysis demonstrated that both isoforms of AP2γ
are completely undetectable in lysates isolated from all B1-based AP2γ-KO lines
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(Figure 8B). I additionally performed immunofluorescence staining (IF) to further
demonstrate the absence of AP2γ expression in the AP2γ-KO lines. IF staining of
WT ESCs with AP2γ targeting-antibody demonstrates a strong signal which colo-
calizes with DNA-binding DAPI [184] signal, indicating that in the WT cells, AP2γ
is localized to the nucleus as is expected for a transcription factor [133]. This strong
nuclear stain is lost in all KO lines (Figure 8C). All AP2γ-KO lines appeared to pro-
liferate normally in culture, although proliferation was not quantified. Lines KO1
and KO2 were observed to be generally phenotypically normal, demonstrating the
typical rounded colonies characteristic of WT ESCS, although the appearance of
individual cells around the edge of some colonies was noted (Figure 8D). KO3 was
phenotypically distinguishable from the WT and other KO lines due to the increase
in individual cells peripheral to colonies and the emergence of flatter colonies with
distinguishable single cells.

Figure 10: GFP expression not signifi-
cantly different between d6 cyto+ WT and
AP2γ-KO cells. The percentage of GFP+ cells
indirectly reporting BLIMP1 expression in B1 WT
and KO1, KO2, and KO3 EBs grown in +/- cyto
medium is indicated. N = 3 for all samples. Signif-
icance of p < 0.05 is indicated, and was determined
using the unpaired t-test in Prism 9.

I then aimed to address the question of
whether the KO of AP2γ affects PG-
CLC induction. To accomplish this,
I induced WT and AP2γ-KO ESCs
first towards EpiLC fate, and subse-
quently towards PGCLC fate within
embryoid bodies (EBs). No pheno-
type was observed in the AP2γ-KO
EpiLCs relative to WT EpiLCs (data
not shown), nor in the AP2γ-KO EBs
relative to WT EBs. IF staining of d6
WT and KO1 EBs demonstrates that
meGFP, reporting BLIMP1 expression,
is expressed in both WT and KO1
EBs following induction with PGCLC-
inducing cytokines (“+cyto” condition;
Figure 9). This result demonstrates
that BLIMP1 expression is not im-
paired by the KO of AP2γ. A small population of cells in the no cytokine (“-cyto”)
negative control condition is also GFP+ in the WT and KO1 EBs. Strong AP2γ
staining colocalizes with meGFP staining in WT +cyto EBs as expected, as well as
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a small number of meGFP+ cells in the -cyto condition. In contrast, the AP2γ stain
is completely lost in the +/-cyto KO1 EBs, further validating that the KO of AP2γ
was successful.

To quantify the effect of the KO of AP2γ on BLIMP1 expression, I FACS-sorted WT
and AP2γ-KO cells from +/- cyto d6 EBs to determine the percentage of GFP+
cells reporting BLIMP1 expression in each line (Figure 10). A significant increase in
GFP+ cells was detected between WT +cyto d6 cells relative to the -cyto condition,
as expected. The increase in GFP+ cells between the +cyto condition relative to
the -cyto condition was significant in all cell lines except for KO1. The average
percentage of GFP+ cells varied between cells lines, which may be attributed to
clonal variability. No significant difference could be detected between the percentage
of GFP+ WT cells and any of the KO lines, demonstrating that the KO of AP2γ has
no effect on the expression of BLIMP1 in d6 +cyto EBs relative to WT. BLIMP1
directly induces AP2γ expression in PGCs [37], and as such it is unsurprising that
the KO of AP2γ would not affect expression of its upstream regulator.

3.2 RNA-sequencing of AP2γ-KO cells

3.2.1 Determination of differential expression in ESCs, EpiLCs,
and d4/d6 GFP+ cells

To characterize the transcriptomic effect of the KO of AP2γ on PGCLC differen-
tiation, I prepared RNA-sequencing (RNA-seq) libraries using WT and AP2γ-KO
ESCs and EpiLCs, as well as d4 and d6 GFP+ cells from dissociated and FACS-sorted
+cyto EBs. RNA-seq allows for the direct comparison of transcriptomes between dif-
ferent cell types and conditions [247], and was thus performed to investigate whether
the KO of AP2γ affected gene expression and cell fate in each collected cell type.

RNA-seq libraries were generated using 100 ng of input RNA from each sample
type, and sequencing resulted in between ∼36-58 million (Mio) single-end reads. I
qualitatively assessed the RNA-seq libraries based on the percentage of reads which
mapped to the genome, the percentage of duplicated reads, the percentage of features
assigned to mapped reads, the strandedness of the data, the alignment of the reads
along the gene body, and the ratio of mapped reads relative to each chromosome,
and this data may be seen in Appendix 7.9.3.1.
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Figure 11: RNA-seq analysis demonstrates transcriptional differences between cell
types as well as WT and AP2γ-KO d4/d6 GFP+ cells. A) PCA plots of RNA-seq samples
with and without the inclusion of KO3 samples. KO3 d4/d6 GFP+ samples which clustered
with WT d4/d6 GFP+ samples are indicated in the red ring, all other cell types and clusters are
indicated in black. Color of marker indicates cell type and KO status and is explained in the key,
and the variance of principal components (PC1 and PC2) is indicated. B) Scree plot of principal
components used to generate PCA plots. The number of principal components and proportion of
explained variance is indicated. C) Euclidian sample-to-sample distance of all RNA-seq samples,
with genotype (condition) and cell type (type) indicated. Scale indicates relative difference between
samples.

I performed principal component analysis (PCA) to compare the transcriptomic sim-
ilarity between the samples using count tables produced from the mapped reads
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(Figure 11A). Both WT and AP2γ-KO ESC and EpiLC samples clustered closely
together. However the WT and KO1/KO2 d4 and d6 GFP+ samples clustered sep-
arately, comprising separate populations. The KO3 d4/d6 GFP+ samples clustered
with the WT d4/d6 GFP+ samples, and closer examination of the KO3 lines showed
measurable expression of Tfap2c mRNA (Appendix 7.9.3.4). Thus, the KO3 samples
were removed further analysis, as they could not be considered true knockouts. The
PCA scree plot is indicated to demonstrate the level of variation captured by each
principal component [209], and demonstrated that most variation is accounted for
in the first two dimensions (PC1 and PC2; Figure 11B). Euclidian sample-to-sample
distance was also mapped to represent an unbiased comparison of sample similarity
(Figure 11C) [209]. This shows that both WT and AP2γ-KO ESCs and WT and
AP2γ-KO EpiLCs share a low relative distance, indicating similarity of the AP2γ-
KO samples to the WT, while KO d4/d6 GFP+ cells demonstrate a high relative
distance from the WT d4/d6 GFP+ cells, indicating sample dissimilarity.

Next, I asked whether the KO of AP2γ impairs the expression of genes associated
with PGC fate and pluripotency. To accomplish this, I compared the expression of
key pluripotency and/or PGC marker genes Tfap2c, Prdm1, Prdm14, Dppa3, and
Dazl between samples (Figure 12). In the WT samples, all five genes are strongly
upregulated in the PGCLCs relative to the EpiLCs, which is consistent with their
established identities as markers of PGC fate (see Section 1.2.2). In contrast, by
d4 in the AP2γ-KO lines Tfap2c, Dppa3, and Dazl are significantly downregulated,
and by d6 all markers except for Prdm1 are strongly downregulated. This result
indicates that AP2γ is required for correct PGC factor expression, with the exception
of Prdm1, which encodes the upstream regulator of Tfap2c expression BLIMP1.
Interestingly, pluripotency factor Dppa3 is also significantly downregulated in KO
ESCs and EpiLCs, suggesting that AP2γ may play a regulatory role in the expression
of some naïve pluripotency markers.

I then performed differential gene expression analysis in order to systematically an-
alyze the transcriptomic differences between WT and AP2γ-KO cells. Differential
gene expression was investigated between WT1-3 and KO1-2 samples per cell type
with significant differential expression determined by adjusted p-value (adj. p.) <
0.01 and fold-change (fc) of +/- 1.5x. In the AP2γ-KO ESCs, 449 genes were differ-
entially expressed (DE), of which 288 were upregulated and 161 were downregulated
(Figure 13A). Gene ontology (GO) analysis via GOseq of DE biological process genes
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Figure 12: Key PGC markers are differentially expressed in d4/d6 GFP+ KO cells.
Expression of each gene is indicated by normalized counts (log10 scale). Significance was determined
between AP2γ-KO and WT samples of a given cell type using DESeq2, and is indicated in the key.
The color of each bar indicates the sample type, and is written in the key on the bottom right. N
= 3 for WT samples, N = 2 for KO samples.

revealed many developmental terms such as “developmental process”, “system devel-
opment”, and “multicellular organismal” process (Figure 13B), as well as the terms
“biological adhesion” and “regulation of cell population proliferation”.

To better understand the differential expression of developmental genes in AP2γ-KO
ESCs, I analyzed DE developmental genes of interest to this work, e.g. pluripotency
genes, markers of specific embryonic lineages, or imprinted genes (Figure 13C). This
analysis showed that naïve pluripotency markers Dppa3 and Kit were downregulated
while Jam2 (Junctional adhesion molecule B) and Klf2 (Krüppel-like factor 2) were
upregulated in the AP2γ-KO ESCs. The PGC marker Prdm1, which is not strongly
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expressed in WT ESCs, was downregulated even further in the AP2γ-KO ESCs.
Markers of embryonic lineages were upregulated in the AP2γ-KO ESCs, including
multi-lineage marker Krt8 (Keratin 8), mesendoderm marker Nodal (Nodal growth
generation factor), mesoderm markers Lefty2 (Left-right determination factor 2) and
Meis2 (Meis homeobox 2), and primitive endoderm markers Col4a2 (Collagen type
IV alpha 2 chain) and Serpinh1 (Serpin family H, member 1). A small set of im-
printed genes were also identified to be DE in the AP2γ-KO ESCs, and may be
seen in Figure 13D. These findings show that modest but measurable transcriptomic
misregulation occurs in the AP2γ-KO ESCs relative to WT, and results in the dif-
ferential expression of a small number of naïve pluripotency, developmental, and
imprinted genes, thus raising the question of whether AP2γ may play a role in the
differentiation and/or pluripotency of ESCs.

I next investigated whether the AP2γ-KO ESCs could correctly be induced into
EpiLCs. As Tfap2c expression is downregulated in the WT EpiLCs relative to the
WT ESCs (Figure 12), i.e. during the exit from naïve pluripotency and into forma-
tive pluripotency, it is not expected that the KO of AP2γ should profoundly affect the
EpiLC transcriptome. However, as the EpiLCs were induced from AP2γ-KO ESCs,
it was of interest to determine if the differential expression identified in the AP2γ-KO
ESCs would impair the induction towards EpiLC fate. Thus, I performed differen-
tial expression analysis and identified 792 genes which were DE between AP2γ-KO
and WT EpiLCs, of which 436 were upregulated and 356 were downregulated (Figure
14A). GOseq analysis of all DE genes between AP2γ-KO and WT EpiLCs resulted in
the over-representation of many developmental GO terms including “developmental
process”, “anatomical structure morphogenesis”, and “cellular development process“
14B).

WT EpiLCs downregulate naïve pluripotency genes including Dppa3 and Prdm14
(Figure 12), while markers of formative pluripotency including Dnmt3b (DNAmethyl-
transferase 3 beta), Fgf5 (Fibroblast growth factor 5), and Otx2 (Orthodenticle
homeobox 2) are upregulated [21]. It was therefore striking that a small set of pluripo-
tency genes were in fact downregulated even further in the AP2γ-KO EpiLCs relative
to WT, including seven markers of naïve pluripotency and two markers of forma-
tive pluripotency, namely Etv5 (ETS variant transcription factor 5) and Fgf5 (Figure
14C). A small number of markers for fate-specified embryonic lineages were upregulated, in
cluding markers for the embryonic ectoderm (Ec), primitive endoderm (PE), and
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Figure 13: KO of AP2γ results in differential developmental gene expression in ESCs.
A) Log ratio (M) and mean average (A) plot (MA plot) of AP2γ-KO versus WT ESC RNA-seq
genes, generated using DESeq2. Differentially expressed (adj. p. < 0.01) genes are indicated in
blue. B) GOseq gene ontology results for biological process GO terms overrepresented in DE genes
between AP2γ-KO and WT ESC samples. Significance is indicated by the color of the marker, and
gene counts associated with each cluster are indicated by the size of the marker. C) Heatmap of
developmental DE genes. D) Heatmap of imprinted DE genes. All heatmaps were generated with
heatmap2, and the general classification of each gene is provided to the right of the gene name,
with sample name and KO status indicated below. Red indicates upregulation and blue indicates
downregulation. Samples are hierarchically clustered by similarity.

visceral endoderm (VE), while markers for the extraembryonic ectoderm (ExE) were
largely downregulated (Figure 14D). Eleven imprinted genes were also identified to
be DE, however these genes were both up- and downregulated in KO EpiLCs (Figure
14E). As AP2γ is not strongly expressed in WT EpiLCs, it is likely that the increased
DE gene expression identified in the AP2γ-KO EpiLCs derives from misregulation
originating in the AP2γ EpiLCs. These results suggest that AP2γ may be required
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to correctly prime the ESCs for the exit from naïve pluripotency towards EpiLC fate.

In order to determine whether the AP2γ-KO EpiLCs could give rise to PGCLCs, I
then investigated DE gene expression in d4 GFP+ AP2γ-KO cells. In total, 1,009
genes were considered significantly DE between AP2γ-KO and WT d4 GFP+ cells,
of which 622 were upregulated and 387 downregulated (Figure 15A). GOseq GO
analysis demonstrated that DE genes were enriched for terms in the developmental
categories of “multicellular organism development”, “tissue development”, and “animal
organ morphogenesis”, as well as the terms “biological adhesion” and “cell adhesion”
(Figure 15B). However the GO term “biological adhesion”, first identified in the
AP2γ-KO ESC GOseq analysis, is also overrepresented in the AP2γ-KO d4 GFP+
DE genes, as is the term “cell adhesion” (Figure 15C).

AP2γ-KO d4 GFP+ cells significantly downregulated six PGC factors relative to
WT cells, including Dazl and Nanog. Additionally, three factors of formative and
primed pluripotency were upregulated, as was the somatic marker Hoxb1 (Homeobox
B1; Figure 15C). Further, naïve pluripotency markers Zfp42 (Zinc finger protein
42) and Nanog were found to be downregulated. Importantly, numerous DE genes
marking non-PGC embryonic lineages were upregulated in the AP2γ-KO d4 GFP+
cells relative to WT, including markers for DE, mesendoderm, mesoderm, PE, TE,
and VE fates (Figure 15D). Finally, fifteen imprinted genes were also found to be
DE in the AP2γ-KO d4 GFP+ cells relative to WT (Figure 15E).

As the EBs developmentally progressed from d4 to d6, the number of DE genes dra-
matically increased: I identified 4,813 genes to be DE between the AP2γ-KO and
WT d6 GFP+ cells, of which 2,644 were upregulated and 2,169 were downregulated
(Figure 16A). GOseq GO analysis demonstrated that DE genes were overrepresented
in developmental categories including “anatomical structure morphogenesis”, “devel-
opmental process”, “multicellular organism development”, among others, indicating
that DE genes are involved in development. However, DE genes also are overrepre-
sented in categories associated with “tube morphogenesis” and “tube development”,
indicating an association with genes involved in differentiation towards somatic cell
types.
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Figure 14: KO of AP2γ results in differential developmental gene expression in
EpiLCs. A) MA plot of AP2γ-KO EpiLC versus WT RNA-seq genes, generated using DESeq2.
Differentially expressed (adj. p. < 0.01) genes are indicated in blue. B) GOseq gene ontology results
for biological process GO terms overrepresented in DE genes between AP2γ-KO and WT EpiLC
samples. Significance is indicated by the color of the marker, and gene counts associated with each
cluster are indicated by the size of the marker. C) Heatmap of pluripotency and developmental DE
genes. D) Heatmap of imprinted DE genes. E) Heatmap of DE embryonic lineage genes. Heatmaps
were generated with heatmap2, and the general classification of each gene is provided to the right
of the gene name, with sample name and KO status indicated below. Red indicates upregulation
and blue indicates downregulation. Samples are hierarchically clustered by similarity.

78



Figure 15: KO of AP2γ impairs the expression of PGC and pluripotency markers in
d4 GFP+ cells. A) MA plot of AP2γ-KO d4 GFP+ versus WT RNA-seq genes, generated using
DESeq2. Differentially expressed (adj. p. < 0.01) genes are indicated in blue. B) GOseq gene
ontology results for biological process GO terms overrepresented in DE genes between AP2γ-KO
and WT d4 GFP+ samples. Significance is indicated by the color of the marker, and gene counts
associated with each cluster are indicated by the size of the marker. C) Heatmap of pluripotency
and developmental DE genes. D) Heatmap of imprinted DE genes. E) Heatmap of DE embryonic
lineage genes. Heatmaps were generated with heatmap2, and the general classification of each gene
is provided to the right of the gene name, with sample name and KO status indicated below. Red
indicates upregulation and blue indicates downregulation. Samples are hierarchically clustered by
similarity.
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Figure 16: KO of AP2γ profoundly alters differential expression of developmental
genes in d6 GFP+ cells. A) MA plot of AP2γ-KO d6 GFP+ versus WT RNA-seq genes,
generated using DESeq2. Differentially expressed (adj. p. < 0.01) genes are indicated in blue. B)
GOseq gene ontology results for biological process GO terms overrepresented in DE genes between
AP2γ-KO and WT d6 GFP+ samples. Significance is indicated by the color of the marker, and
gene counts associated with each cluster are indicated by the size of the marker.

The KO of AP2γ profoundly affects the expression of DE genes in the d6 GFP+ cells;
many known PGC and pluripotency markers were downregulated in the KO cells
relative to the WT, including Dppa3, Prdm14, and Sox2, while markers of formative
and primed pluripotency were upregulated, including Dnmt3b and Fgf5 (Figure 17A-
B). Further, numerous markers of non-PGC embryonic lineages, including DE, Ec,
ExE, mesendodermal, mesodermal, PE, TE, and VE fates were upregulated in the
AP2γ-KO cells relative to WT (Figure 17C). Additionally, the number of imprinted
genes which were determined to be DE in the d6 AP2γ-KO GFP+ cells increased
relative to d4 (Figure 17D).

Overall, the analysis of DE genes in the AP2γ-KO d6 GFP+ cells clearly indicates
that PGCLC differentiation is impaired, as PGC and naïve pluripotency markers
are uniformly downregulated and somatic markers as well as formative and primed
pluripotency markers are correspondingly upregulated. Further, the aberrant expres-
sion of many markers of somatic or extraembryonic lineages shows global transcrip-
tional misregulation, and reinforces the non-PGCLC identify of the AP2γ-KO cells.
Addi tionally, numerous imprinted genes were identified to be DE in the AP2γ-KO d6 GFP+
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Figure 17: Many pluripotency, somatic, and imprinted genes are aberrantly ex-
pressed in AP2γ-KO d6 GFP+ cells relative to WT. A) Heatmap of PGC and somatic fate
DE genes. B) Heatmap of DE pluripotency genes. C) Heatmap of DE embryonic lineage genes.
D) Heatmap of DE imprinting genes. Heatmaps were generated with heatmap2, and the general
classification of each gene is provided to the right of the gene name, with sample name and KO
status indicated below. Red indicates upregulation and blue indicates downregulation. Samples are
hierarchically clustered by similarity.
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cells; as imprinting is regulated by DNA methylation [248], this raises the possibility
that AP2γ is associated with epigenetic regulation during PGCLC differentiation.
Finally, it should be noted that many more genes were identified as DE in the AP2γ-
KO d6 GFP+ cells relative to d4, which demonstrates that the effect of the KO of
AP2γ increases with developmental time during PGCLC differentiation.

Figure 18: Tfap2a, Myc, and Cd44 are DE in AP2α-KO d6 GFP+ cells. The normal-
ized counts of DE genes of interest Tfap2a, Myc, and Cd44 in AP2α-KO and WT ESCs, EpiLCs,
and PGCLCs are shown. Significance between AP2α-KO and WT samples was determined with
DESeq2. WT N = 3, AP2α-KO N = 2. Normalized counts are shown (log10 scale), and the sam-
ple/significance key is included below the plots.

It should be noted that during the examination of the RNA-seq data, I identified three
particular DE genes of interest: Tfap2a, Myc, and Cd44 (CD44 antigen) (Figure 18).
Tfap2a encodes AP2α, the protein within the AP2 family most closely associated
with AP2γ (discussed in Section 1.3.1), and is upregulated in d4 and d6 GFP+ AP2α-
KO cells relative to WT cells. This fact is intriguing, as the potential redundancy
of AP2γ and AP2α has been discussed in literature [88; 106; 107]. Myc is a well-
characterized oncogene [249] and is upregulated in AP2α-KO EpiLCs and d6 GFP+
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cells relative to WT, while Cd44 is a marker of cancer stem cells and is upregulated
in AP2γ-KO EpiLCs and d4/d6 GFP+ cells relative to WT [250]. As AP2γ has
been implicated in many forms of cancer, both as an ameliorating or exacerbating
factor (see Section 1.3.1), it is thus interesting that the AP2γ-KO EpiLCs and d4/d6
GFP+ cells differentially express known cancer markers.

3.2.2 Upregulation of EMPmarkers in AP2α-KO d4/d6 GFP+
cells

The upregulation of numerous non-PGC lineage factors and the downregulation of
pluripotency markers in AP2α-KO d4/d6 GFP+ cells raised the question of whether
this was the result of uniform misregulation of gene expression, or whether a pro-
gram of differentiation towards a specific fate was occurring in the absence of AP2α
and under the experimental conditions of PGCLC induction, i.e. in the presence of
BMP4 or other cytokines. To address this, I investigated published works describing
embryonic cell populations characterized by BLIMP1 expression, to identify whether
the described cells also expressed genes identified as upregulated in the d6 GFP+ KO
line. BLIMP1 is expressed in highly proliferative cells of the pubescent mammary
gland [251], and AP2γ has been identified as a regulator of post-natal mammary
development [131]; when knocked-out in mammary tissue, the branching of mam-
mary epithelia is impaired although not lost [131] and cells are skewed towards a basal
rather than luminal fate [76]. Thus, I specifically surveyed published works concern-
ing embryonic mammary specification. A 2018 paper by Wuidart et al. describes
a precursor embryonic mammary gland population termed embryonic multipotent
precursors (EMPs) [252]. These cells emerge by approximately E14 in the mouse
embryo, and express markers including Sox9 (SRY-box transcription factor 9) and
Sox11 (SRY-box transcription factor 11), and do not express the E18.5 mammary
tissue marker Sox10 (SRY-box transcription factor 10). Similarly, Sox9 and Sox11
are both significantly upregulated (adj. p. < 0.05, fc +/- 1.5x) in the AP2α-KO d6
GFP+ cells, while Sox10 is not upregulated and is lowly expressed (<18 normalized
counts in any d6 WT/AP2α-KO samples).
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Figure 19: AP2γ-KO d4/d6 GFP+ cells upregulate many markers of EMP fate. EMP
gene expression was examined by determining the significance (adj. p. < 0.01, fc +/- 1.5x) of DE
genes in AP2α-KO d6 GFP+ cells against WT, and using heatmap2 to visualize the expression
of these genes as the cells develop from ESCs towards d6 GFP+ cells. LC indicates luminal cell,
EMP indicates embryonic multipotent progenitor cell, and BC indicates basal cell. LC/EMP and
BC/EMP indicate markers present in both cell populations. The general classification of each
gene is provided to the right of the gene name. Red indicates upregulation and blue indicates
downregulation.
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The expression of genes upregulated in EMPs as well as adult luminal (LC) and basal
(BC) mammary cell populations, as identified through single-cell sequencing in the
(scRNA-seq) Wuidart et al. study, was examined in the AP2α-KO d6 GFP+ cells
from this study. Numerous genes identified as markers of EMP cells, markers shared
by both BC and EMP (BC/EMP) cells, and BC markers were also upregulated in the
AP2α-KO d6 GFP+ cells relative to WT cells (Figure 19). However, few markers of LC
fate or markers shared by LC and EMP (LC/EMP) cells were upregulated in the
AP2α-KO d6 GFP+ cells. Overall, the upregulation of EMP markers underlines
the divergence of the AP2γ-KO d4/d6 GFP+ cells from the PGC gene program and
towards a somatic fate, with a bias towards specific cell types.

3.2.3 Validation of the AP2γ-KO phenotype in an SGET ESC
line

To validate and confirm my previous results from the AP2γ-KO B1-based lines, I
developed an Stella-eGFP ESG1-tdTomato (SGET) ESC line harboring the KO of
AP2γ. SGET ESCs contain an eGFP gene located upstream of the stop codon
of the gene Dppa3, encoding Stella, as well as a Tdtomato gene in-frame of exon
one of an allele of the gene Dppa5a (Developmental pluripotency associated 5), en-
coding ESG1 [172]. This cell line is a “traffic-light” reporter, wherein the strong
expression of Stella in ESCs and PGCLCs and the strong expression of ESG1 in
ESCs and EpiLCs allows for the fluorescent identification of three discrete cell pop-
ulations; the GFP+/tdTomato+ ESCs, the GFP-/tdTomato+ EpiLCs, and the
GFP+/tdTomato- PGCLCs [172].

I generated the AP2γ-KO SGET line by targeting exon two of Tfap2c as previously
described (Section 3.1). The generated SGET AP2γ-KO gRNA #2 clone #13 (S-
KO) ESC line was validated via Sanger sequencing to have separate frame-shifting
mutations on each allele, exhibiting an 8 bp or 14 bp deletion, respectively. Both
mutant alleles introduce an early stop codon (Figure 20A). Western blotting (Fig-
ure 20B) and IF staining (Figure 20C) demonstrated complete depletion of both
isoforms of the AP2γ protein in the S-KO line. Another potential AP2γ-KO line
was characterized, here termed S-Het (Figure 20B), and appeared to demonstrate a
heterozygous KO phenotype and was thus excluded from further analysis.
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Figure 20: Validation of SGET-based AP2γ-KO ESC line S-KO. A) Comparison of
translated AP2γ protein sequences between SGET-WT ESCs and AP2γ-KO ESC line S-KO. Pre-
mature stop codons are indicated as asterisks (*), and blue-highlighting demonstrates consensus
between the WT and AP2γ-KO aa sequences. B) Western blot of SGET WT, S-Het, and S-KO
ESC lysates, with 80 µg protein/lane. AP2γ isoforms 1 and 2 are indicated, with expected size
in kDa of 49 and 53 kDa, respectively. The upper blot indicates α’AP2γ-HRP labeling, while the
lower blot indicates sequential α’GAPDH-HRP labeling of the same blot, with expected size of 37
kDa. A protein ladder indicates sizes in kDa in the leftmost lane. C) 40x confocal images depicting
the IF staining of SGET WT and S-KO ESCs. α-AP2γ-Alexa-647 is shown in red and DAPI is
shown in blue, with scale bars of 100 µm indicated.
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Figure 21: KO of AP2γ impairs PGC marker expression on d6 of PGCLC differ-
entiation in S-KO cells. WT SGET and S-KO EpiLCs were aggregated as EBs for six days in
either -cyto control medium or +cyto medium which induces the cells towards PGCLC fate. The
EBs were subsequently fixed, cryosectioned, and labeled with α’GFP-Alexa-488 (shown in green),
α’DAZL-Alexa-647 (shown in red), and DAPI. Overlay images of the α’DAZL and α’GFP channels
are shown, as are scale bars indicating 50 µm.

To determine whether the effects of the KO of AP2γ identified in B1 cells were
maintained in a distinct fluorescent reporter line, I induced SGET WT and S-KO
cells towards PGCLC fate and fixed the resulting EBs on d6 of differentiation for
cryosectioning and IF staining to analyze the expression of PGC markers. The
sections were labeled with primary and fluorescence-coupled secondary antibodies
antibodies targeting AP2γ and DAZL for confocal imaging. The SGET WT d6
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+cyto cells demonstrate strong GFP expression (reporting Stella expression) as well
as strong cytosolic DAZL expression, with many of the Stella+ cells colocalizing
with DAZL+ cells, indicating mature PGC fate (Figure 21). In contrast, few S-
KO d6 +cyto cells were GFP+ or DAZL+, and cells which were positive for either
label rarely colocalized. This result is consistent with RNA-seq data from the B1
AP2γ-KO lines demonstrating downregulated Dazl and Dppa3 expression on d6 of
differentiation (Figure 12).

Figure 22: Loss of GFP+/tdTomato-
cells in the d6 +cyto EBs S-KO line indi-
cates impaired PGCLC differentiation.
The percentage of GFP+/tdTomato- cells re-
porting Stella+/ESG1- expression in SGET
WT and S-KO EBs grown in +/- cyto medium
for six days is indicated. N = 3 for all sam-
ples. Significance (p < 0.05) is indicated and
was determined using the unpaired t-test in
Prism 9.

To quantify the number of cells report-
ing PGCLC fate in the AP2γ-KO con-
text, d6 +/- cyto SGET WT and S-KO
EBs were dissociated and FACS-sorted. As
per the traffic-light fluorescence profiles of
the SGET cells, d6 GFP+/tdTomato- cells
indicate correct PGCLC induction [172].
SGET WT d6 +cyto EBs generally gave
rise to ∼11% GFP+/tdTomato- cells, while
S-KO d6 +cyto EBs gave rise to far fewer
GFP+/tdTomato- cells on average, at ∼4%
(Figure 22). This data further reinforces
the finding that Dppa3 expression is down-
regulated in the absence of AP2γ 12).

To characterize the gene expression profiles
of the S-KO cells, I isolated RNA from
FACS-sorted GFP+/tdTomato- cells from
SGET WT and S-KO d6 +cyto EBs. I
subsequently performed qRT-PCR to in-
vestigate whether DE genes identified by
RNA-seq were similarly up- or downregu-
lated in the S-KO GFP+/tdTomato- cells
(Figure 23). Consistent with my previous
data (Figures 10, 12, 17A), Prdm1 expression was not downregulated in the S-KO d6
GFP+/tdTomato- cells relative to the SGET WT, while downregulation of Tfap2c,
Prdm14, Sox, and Dazl expression and upregulation of Dnmt3b expression was in-
deed observed. However, Tfap2a expression is in fact downregulated in the S-KO d6
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GFP+/tdTomato- cells relative to SGET WT, although upregulation of Tfap2a was
observed in the AP2γ-KO d6 GFP+ RNA-seq data (Figure 18). This suggests that
while the S-KO line largely confirms that while the downregulation of PGC factors in
d6 AP2γ-KO cells is AP2γ-specific and not a cell-line specific effect, it appears that
the d6 Blimp1 GFP+ and SGET GFP+/tdTomato- cells may represent different
populations to some extent.

Figure 23: S-KO d6 GFP+/tdTomato- cells do not upregulate PGC markers. The
qRT-PCR analysis of SGET EpiLC (grey bars), SGET d6 GFP+/tdTomato- cell (blue bars), and
S-KO d6 GFP+/tdTomato- cell cDNA (red bars) for genes determined to be DE in d6 B1-based
AP2γ-KO GFP+ cells is shown. Fold change is indicated relative to SGET-EpiLC, and standard
deviation is indicated via error bars. Significance of p < 0.05 was determined using the z-test in
Microsoft Excel. N = 3 for all samples.
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3.3 Analysis of chromatin accessibility in AP2γ-KO
cells

3.3.1 TSS accessibility examined in AP2γ-KO cells

RNA-seq analysis demonstrated that in the absence of AP2γ, the transcriptome of
every examined cell type is altered. As AP2γ has been described as a potential
pioneer factor [73; 77; 52], i.e. a TF capable of opening closed chromatin [253],
I wanted to investigate whether the transcriptomic misregulation identified in the
AP2γ-KO cells was related to altered chromatin accessibility. Thus, I prepared and
analyzed ATAC-seq libraries from B1-based WT and AP2γ-KO ESCs, EpiLCs, and
d4/d6 GFP+ cells. 50,000 ESCs and EpiLCs, and 25,000 thousand d4/d6 GFP+
cells were collected from WT and KO1/2 B1-based lines for ATAC-seq library pro-
cessing, amplification, and purification. The libraries were sequenced to produce
between ∼23-85 Mio fragments per 50 bp paired-end library. The libraries were
qualitatively assessed based on per-sequence GC content, sequencing quality scores,
sequence length pre- and post-adapter trimming, percentage genomic alignment, and
percentage read duplication (Appendix 7.9.1.1), as well as fragment length distribu-
tion (Appendix 7.9.1.2).

To examine if the KO of AP2γ had a global effect upon chromatin accessibility, I
examined the ATAC-seq read alignment to all transcriptional start sites (TSSs) in
each library using the deepTools computeMatrix tool [213]. The TSS of a gene rep-
resents the location where transcription of a gene is initiated [254], and is located
downstream of the promoter and within the nucleosome-free region (NFR) [255].
Downstream of the TSS, the characteristic “nucleosomal ladder” indicating nucle-
osomes wrapped with DNA may be detected [254]. The ATAC-seq libraries were
examined to determine if there was a global TSS profile phenotype upon depletion
of AP2γ which resulted in an altered TSS profile. To accomplish this, the libraries
were aligned +/- 2 kb around known TSS coordinates to allow for the visual rep-
resentation of promoter and nucleosomal ladder enrichment. In both the WT and
AP2γ-KO samples, a clear peak is detected at the TSS, indicating the accessible
NFR has been detected (Figure 24). Additionally, a faint nucleosomal ladder may
be detected immediately adjacent to the center of the TSS in all samples. Thus,
the KO of AP2γ does not appear to affect global TSS accessibility nor the presence
of the nucleosomal ladder downstream of the promoter sequence. The mapped TSS
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profiles for all libraries may be found in Appendix 7.9.1.3.

Figure 24: The TSS chromatin accessibility profile is not altered in AP2γ-KO cells.
The alignment of mapped reads at transcription start sites (TSS) of ATAC-seq libraries is shown
as a heatmap, with one example of a WT or AP2γ-KO sample per cell type and KO status. The
cell type and specific cell line used are both indicated, as are the number of reads in thousands
(0-15), and the distance from the TSS in bp. Color indicates reads aligning to the TSS, with blue
indicating high alignment and red indicating low alignment. The average TSS profile per library is
shown above the heatmap.

3.3.2 Characterization of DAPs upon AP2γ-KO

In order to identify and analyze genomic coordinates significantly enriched for aligned
reads, I called peaks with a false discovery rate (FDR) < 0.05 on ATAC-seq libraries
using MACS2. The number of unique and shared peaks between AP2γ-KO and
WT samples within a particular cell type was compared using the HOMER function
getDifferentialPeaks and plotted using the R package UpSetR (Figure 25). In ESC,
EpiLC, and d4 GFP+ samples, the majority of peaks are shared between all of
the WT and AP2γ-KO samples of a cell type. However, the WT3 d6 GFP+ sample
showed a large number of unique peaks relative to the other d6 samples (Figure 25D).
This dissimilarity was confirmed by performing PCA analysis (Appendix 7.9.1.4),
which demonstrated that the d6 GFP+ sample WT3 clusters separately from the
other samples. In addition, this sample also has a more discernible nucleosomal
ladder (Appendix 7.9.1.2). Thus, it is likely that the WT3 d6 GFP+ sample differs
from WT1-2 d6 GFP+ samples due to the number of callable peaks and the resulting
genomic resolution this data provides. This information should be taken into account
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when assessing the d6 GFP+ results.

Figure 25: Overlapping and unique peaks in ATAC-seq libraries. The number of
unique and overlapping peaks in each ATAC-seq library was determined using the HOMER function
getDifferentialPeaks, and plotted using UpSetR. The number of total peaks per sample is indicated,
as are the number of unique and shared peaks per individual sample or per multiple samples. A)
ESC peaks. B) EpiLC peaks. C) D4 GFP+ peaks. D) D6 GFP+ peaks.

Towards the aim of identifying and characterizing the genomic regions which demon-
strated altered chromatin accessibility upon the KO of AP2γ, I identified differen-
tially accessible peaks (DAPs) using EdgeR (significance FDR < 0.01, fc +/- 2x).
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DAPs are defined in this work as peaks which may be positively enriched (a new peak
is called or an existing peak increases in size) or negatively enriched (a peak is lost
or an existing peak decreases in size) when two sample sets are compared. Figure
26 visually demonstrates example DAPs which were identified at the Tfap2c gene
locus, and are differential between WT cell types as well as between WT and AP2γ-
KO samples. I then began the process of DAP characterization by performing motif
enrichment analysis using the HOMER genomic known TF motif enrichment tool
findMotifsGenome.pl. Motif enrichment analysis allows for the identification of TF
DNA-binding motifs in genomic sequences, and thus for the potential correspondence
of identified TF motifs with TF activity in a particular sample [256].

Figure 26: Interactive genome viewer (IGV) tracks of WT and AP2γ-KO ATAC-
seq libraries with DAPs indicated at the Tfap2c gene locus. WT1-3 and KO1-2 Bigwig
files demonstrating genomically aligned reads are overlaid by cell type and AP2γ-KO status. Peak
1 indicates a peak that is differentially present in WT ESCs but is lost in AP2γ-KO ESCs and
WT EpiLCs. Peak 2 indicates a peak that is present in all WT samples, however is reduced in
size in AP2γ-KO ESCs and d4/d6 GFP+ cells. Chromosomal coordinates and increments are
indicated. Transcription start sites for Tfap2c isoforms 1 and 2 are indicated in red adjacent to the
chromosomal coordinates, with isoform 1 (indicated by “1”) located upstream of isoform 2 (indicated
by “2”).

I first investigated motifs enriched in DAPs betweenWT cell states, as the enrichment
of naïve or primed pluripotency TF motifs within DAPs of the correct cell type
may act as a quality control to ensure that peak-calling and motif enrichment was
performed correctly and that the cells accurately represent the correct cell type. In
this context, naïve-specific peaks refers to DAPs found to be significantly enriched in
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WT ESCs relative to WT EpiLCs, while primed-specific peaks refer to DAPs found
to be significantly enriched in WT EpiLCs relative to WT ESCs. An additional
reason to investigate the motif enrichment of the WT dataset is the fact that the
AP2γ DNA-binding motif was found to be enriched in naïve-specific ATAC-seq peaks
of both mouse and human [257], so it was of interest to determine whether the same
effect could be identified in the ATAC-seq data analyzed in this work.

The motif enrichment analysis of DAPs identified substantial differences between WT
cell states. 29.3% of all peaks were considered differentially accessible in WT EpiLCs
relative to WT ESCs, with 15.2% (23,801/156,620) of peaks negatively and 9.4%
(14,723/156,620) positively enriched (Appendix 7.9.1.5A). 28.9% of peaks were found
to be differentially accessible in WT d4 GFP+ PGCLCs relative to WT EpiLCs,
with 6.2% (6,726/108,866) negatively and 4.4% (4,789/108,866) positively enriched
(Appendix 7.9.1.5B). Only one DAP was found between WT d6 and d4 GFP+ PG-
CLCs; the negatively enriched peak is located at chr14:24,828,865-24,829,445 within
a predicted CRE. I then investigated naı"ve-specific DAPs for motif enrichment,
and both AP2γ and AP2α were found to be negatively enriched in EpiLC DAPs
relative to ESCs, i.e. accessible genomic regions containing AP2γ and AP2α mo-
tifs became less accessible once the cells had differentiated from ESCs to EpiLCs
(Figure 27A). These naïve-specific peaks also demonstrated the upregulation of mo-
tifs associated with naïve pluripotency factors SOX2, KLF4, OCT4, NANOG, and
NR5A2 (Nuclear receptor subfamily 5 group A member 2), among others. Exam-
ination of primed-specific peaks demonstrated the enrichment of motifs associated
with primed pluripotency, including OCT6 (Octamer transcription factor 6, encoded
by Pou3f1 ) and OTX2, as well as formative pluripotency factor SOX4 (SRY-box
transcription factor 4), in addition to naïve pluripotency factors SOX2 and OCT4
(Figure 27B). Interestingly, regulators of three-dimensional (3D) genome architec-
ture CTCF (CCCTC-binding factor) and CTCFL (CCCTC-binding factor-like; also
known as BORIS) [258] are also positively enriched in the primed-specific peaks. It
should finally be noted that two negatively enriched DAPs were identified on en-
hancers identified to be acting on known enhancers of the gene Pou5f1, and may be
seen in Appendix 7.9.1.6. Overall, this analysis indicates that motifs of naïve and
primed pluripotency TFs are indeed enriched in the correct cell type, and confirms
that motifs of AP2γ as well as AP2α are enriched in the naïve-specific peaks.
Next, I investigated motifs negatively enriched in the d4 GFP+ PGCLCs relative to
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Figure 27: AP2γ and AP2α are enriched in naïve- and PGC-specific ATAC-seq peaks.
Motif enrichment analysis of DAPs negatively or positively enriched in WT cells compared to the
previous cell state. The rank and p-value calculated by HOMER are indicated, and significance is
determined by p-value < 1e-3. A) Negatively enriched motifs in WT EpiLCs relative to ESCs. B)
Positively enriched motifs in WT EpiLCs relative to ESCs. C) Negatively enriched motifs in d4
GFP+ PGCLCs relative to EpiLCs. D) Positively enriched motifs in d4 GFP+ PGCLCs relative
to EpiLCs.

EpiLCs, i.e. accessible genomic regions which became less accessible once the cells
had differentiated from EpiLCs towards PGCLC fate. Negatively enriched motifs
included motifs for primed pluripotency factor OTX2 as well as Myc, a factor iden-
tified to be upregulated in EpiLCs relative to d4/d6 GFP+ PGCLCs (Figure 18).
Additionally, motifs for CTCF, the mesodermal/PGC-specifying factor Brachyury
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[34] and naïve pluripotency factors OCT4 and SOX2 were negatively enriched. (Fig-
ure 27C). Motifs positively enriched in the d4 GFP+ PGCLCs relative to EpiLCs
also included naïve pluripotency factors SOX2 and OCT4, as well as NANOG, and
ESRRB (Figure 27D). Motifs of PGC factors were also positively enriched, includ-
ing motifs of AP2γ and BLIMP1. Intriguingly, motifs for AP2α and CTCFL were
positively enriched. Thus, analysis of WT motifs which are enriched during the dif-
ferentiation of EpiLCs towards PGCLC fate demonstrates the negative enrichment of
motifs associated with EpiLC TFs and upregulation of motifs associated with PGC
factors, as expected.

I then identified DAPs in AP2γ-KO cells relative to WT by cell type, in order
to determine if and when during the process of PGC differentiation the KO of
AP2γ affects chromatin accessibility. Strikingly, the greatest percentage of DAPs
of any of the examined samples was identified in the AP2γ-KO ESCs relative to
WT: 8.3% of all peaks were DAPs, with 4.1% (6,463/156,620 peaks) negatively and
4.2% (6,500/156,620 peaks) positively enriched (Figure 28A). This result was sur-
prising, as the AP2γ-KO ESCs demonstrated the least differential gene expression
of all examined cell types (see Section 3.2). In comparison, only 0.15% (158/105,876
peaks) of peaks were DAPs in the AP2γ-KO EpiLCs relative to WT, of which 0.11%
(111/105,876 peaks) were negatively enriched and 0.044% (47/105,876 peaks) were
positively enriched (Figure 28B). Upon differentiation towards PGCLC fate, 0.18%
(161/91,003) of the DAPs identified in d4 GFP+ AP2γ-KO cells relative to WT
were negatively and 0.077% (70/91,003) were positively enriched (Figure 28C). Al-
though this represents a small increase in the percentage of DAPs relative to what
was observed in the AP2γ-KO EpiLCs, it is a surprising result given that AP2γ
expression increases in the WT PGCLCs relative to EpiLCs (Figure 12), and also
given the fact that AP2γ is a putative pioneer factor. Finally, only seventeen peaks
were considered to be DAP in the d6 GFP+ AP2γ-KO cells relative to WT, of which
five were negatively and twelve were positively enriched (Figure 28D). The very low
number of peaks identified to be DAP may be a result of the dissimilarity of the WT
samples previously demonstrated in Figure 25 and Appendices 7.9.1.2 and 7.9.1.4.
Overall, it may be concluded that most DAPs may be identified in the AP2γ-KO
ESCs, and a very small percentage of peaks are to be considered DAPs as the cells
develop further.
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Figure 28: Differential chromatin accessibility is greatest in AP2γ-KO ESCs. MD
plots depicting DAPs identified to be significant by EdgeR (FDR < 0.05, fc not considered; it
should be noted that this significance is less stringent than that used for analysis in this work). Red
indicates positive enrichment, while blue indicates negative enrichment. Log fold-change (LogFC)
and average expression are indicated. MD plots represent: A) DAPs found between AP2γ-KO and
WT ESCs, A) DAPs found between AP2γ-KO and WT EpiLCs, A) DAPs found between AP2γ-KO
and WT d4 GFP+ cells, and D) DAPs found between AP2γ-KO and WT d6 GFP+ cells.

Subsequently, I began the characterization of the AP2γ-KO ESC DAPs via mo-
tif enrichment analysis, and additionally annotated the DAPs to the nearest TSS
using the HOMER function annotatePeaks.pl. This was performed to better under-
stand why such a high percentage of peaks were differentially accessible in the cells
which demonstrated the least differential gene expression. Annotation of the peaks
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demonstrated that 4,076 genes were annotated to negatively enriched peaks while
4,395 genes were annotated positively enriched peaks (Appendix 7.9.1.7). It should
be noted that annotation proceeds based on the nearest TSS relative to the iden-
tified peak [221], and thus the annotation may lack functional relevance. Of these
genes, only 2.6% (107/4,076) of the genes associated with negatively enriched peaks
and 2.9% of the genes associated with positively enriched peaks were differentially
expressed in the AP2γ-KO ESC RNA-seq data. It thus appears that the altered
accessibility of a peak in the AP2γ-KO ESCs has little overall effect upon gene ex-
pression. As many annotated peaks are located in intergenic regions and thus may
not have a functional relationship to their annotated gene, I compared DAPs anno-
tated to promoter regions with DE genes identified in RNA-seq. Of 85 promoters
identified in the negatively enriched DAPs, only 6 corresponded to DE genes in the
RNA-seq data (7.1%), while 294 promoters annotated to positively enriched DAPs
corresponded to only 20 (6.8%) genes which were found to be differentially expressed
in the RNA-seq data. It should be noted that one gene identified to have a differen-
tially accessible promoter in addition to DE gene expression was Dppa3, which had
a negatively enriched peak at the promoter and also exhibited downregulation in
AP2γ-KO ESCs (Figure 12). This result strongly suggests that AP2γ directly regu-
lates the expression of Dppa3 by binding to the promoter. Aside from the example
of Dppa3, it can generally be concluded that the altered accessibility of a promoter
in the AP2γ-KO ESCs generally does not correspond to differential expression of the
target gene.

Known motif enrichment was then analyzed in the negatively and positively enriched
DAPs of the AP2γ-KO ESCs relative to WT, and numerous SOX (SRY-box) family
TFs were identified in the top ten negatively enriched AP2γ-KO ESCs motifs, in-
cluding naïve pluripotency factor SOX2 and endodermal marker SOX17 (SRY-box
transcription factor 17; Figure 29A). It is to be noted that the only DE (adj. p. <
0.01, fc +/- 1.5x) SOX gene in the AP2γ-KO ESC RNA-seq data is Sox21 (SRY-box
transcription factor 21), which is downregulated. Motifs belonging to AP2 fam-
ily members AP2α and AP2γ represented the two most negatively enriched motifs,
while the naïve pluripotency factor NR5A2 was also identified. Numerous TEAD
(transcriptional enhanced associate domain) family factors including key TE factor
TEAD4 were found in the top ten most positively enriched motifs in the KO ESCs
relative to the WT (Figure 29B), as well as motifs for oncogene Myc, 3D chromatin
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regulators CTCF and CTCFL, and GATA factors GATA3 and GATA4, which are
markers of TE and VE/PE fate, respectively. Broadly, the negative enrichment of
the AP2γ motif supports the possibility of AP2γ functioning as a pioneer factor in
the WT ESCs, as pioneer factors bind to their own motifs on closed chromatin in
order to begin the process of opening chromatin. Further, the enrichment of SOX
and TEAD motifs in DAPs is intriguing and suggests that the loss of AP2γ may
affect the ability of certain TF families to access and thus regulate target genes.

Figure 29: AP2γ and AP2α are negatively enriched in DAPs of AP2γ-KO ESCs.
Motif enrichment analysis of DAPs negatively or positively enriched in AP2γ-KO ESCs relative to
WT. The rank and p-value calculated by HOMER are indicated, and significance is determined by
p-value < 1e-3. A) Negatively enriched motifs. B) Positively enriched motifs.

Next, I investigated the annotation and motif enrichment of DAPs identified in AP2γ-
KO EpiLCs. Although very few DAPs were identified (Figure 28B), I nevertheless
wanted to examine if the annotation of DAPs had any relevance to gene expression
and if the identified DAPs also demonstrated TF family-specific enrichment. 104
genes were annotated to negatively enriched DAPs, of which only 12 (11.5%) were
considered DE, while 47 genes were annotated to positively enriched DAPs, of which
only 7 (14.9%) were considered DE (Appendix 7.9.1.7). While this demonstrates
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that a greater percentage of annotated genes corresponded to differentially expressed
genes in the AP2γ-KO EpiLCs as compared to in the AP2γ-KO ESCs, as the num-
ber of overall DAPs is small the percentages may lack functional relevance. Of the
6 negatively enriched and 1 positively enriched DAPs annotated to promoters, none
corresponded to DE genes identified in the RNA-seq dataset. Thus, the presence
of DAPs in the AP2γ-KO ESCs does not appear to correspond to differential gene
expression. Motif enrichment analysis also provided very few results: only two motifs
were identified to be significant in the negatively enriched DAPs, belonging to naïve
pluripotency factor KLF4 and EKLF (Erythroid Krüppel-like factor), a TF which
forms active chromatin hubs (ACHs) during erythropoiesis [259] (Figure 30A). Only
nine motifs were found to be significant in the positively enriched DAPs, of which
four were associated with POU (Pituitary-specific Pit-1, octamer transcription fac-
tor proteins Oct-1 and Oct-2, and Unc-86 transcription factor) class family factors
(Figure 30B). The most significantly positively enriched motif belonged to NFY (Nu-
clear transcription factor Y, also known as NF-Y), a TF enriched in the nucleosome
depleted regions of promoters [260]. As very few DAPs were identified, and those
that could be were annotated to very few genes and enriched for very few motifs, it
may concluded that the reduced expression AP2γ in the EpiLCs corresponds to few
global changes in genome accessibility.

I then aimed to characterize the AP2γ-KO d4 GFP+ DAPs to determine if genomic
accessibility was altered, although as previously noted, only a small percentage of
DAPs were identified in the AP2γ-KO cells at this stage (Figure 28C). 147 genes
were annotated to the negatively enriched DAPs, of which 22 (15.0%) corresponded
to differentially expressed genes, while 67 genes were annotated to the positively
enriched DAPs, of which 8 (11.9%) corresponded to differentially expressed genes
(Appendix 7.9.1.7). Only four promoter regions were annotated to DAPs, and corre-
sponded to negatively enriched DAPs. Three of the four annotated promoters did in
fact correspond to genes considered to be DE in the AP2γ-KO d4 GFP+ RNA-seq
data, namely Tfap2c and the imprinted genes Peg13 (Paternally expressed 13) and
Mest (Mesoderm-specific transcript homolog). The IGV profiles demonstrating the
DAPs are striking for Peg13 and Mest, as complete depletion of accessible peaks
is demonstrated in the AP2γ-KO cells relative to WT in all cell types (Appendix
7.9.1.6A-B). This finding suggests that AP2γ may directly regulate itself as well as
some imprinted genes during PGCLC differentiation, although this effect could be
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indirect, i.e. AP2γ may directly regulate other pioneer factors which in turn directly
regulate these genes of interest.

Figure 30: POU family motifs are positively enriched in DAPs of AP2γ-KO EpiLCs.
Motif enrichment analysis of DAPs negatively or positively enriched in AP2γ-KO EpiLCs relative
to WT. The rank and p-value calculated by HOMER are indicated, and significance is determined
by p-value < 1e-3. A) Negatively enriched motifs. B) Positively enriched motifs.

Motif enrichment of AP2γ-KO d4 GFP+ cells, although performed on a very small
number of DAPs, detected motifs with more functional relevance to the cell types
studied in this work than those identified in the AP2γ-KO EpiLC DAPs. The two
most negatively enriched motifs detected in DAPs were AP2α and AP2γ. Addition-
ally, numerous KLF (Krüppel-like factor) family motifs were also negatively enriched
(Figure 31A). The positively enriched motifs detected in DAPs contained numerous
motifs corresponding to SOX family TFs as well as motifs corresponding to the ZIC
(Zinc finger of the cerebellum) TF family and TEAD (TEA domain) TF family
(Figure 31B). As the SOX TF family has been shown to exert pioneer factor activ-
ity, I examined the RNA-seq data for the expression of Sox genes. Indeed, several
SOX motifs found to be positively enriched in the AP2γ-KO d4 GFP+ DAPs corre-
sponded to genes which were upregulated in the DE AP2γ-KO d4 GFP+ RNA-seq
data, including Sox1, Sox3, Sox4, Sox11, and Sox13. Generally, expression of SOX
family factors appears to increase with differentiation towards PGC fate in AP2γ-KO
cells relative to WT (Appendix 7.9.3.2.) Further, TEAD family genes Tead1, Tead2,
and Tead3 are not considered significantly DE by d4 in the AP2γ-KO cells, however
they are significantly upregulated by d6 in the AP2γ-KO cells (Appendix 7.9.3.3).
This result therefore suggest that in the d4 GFP+ cells, the absence of AP2γ results
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in upregulation of SOX genes and corresponding pioneer factor activity, resulting
in the increased accessibility of SOX TF family motifs. Additionally, the positive
enrichment of TEAD family motifs precedes the upregulation of TEAD factors on
d6 in the AP2γ-KO GFP+ cells.

Figure 31: AP2γ and AP2α are negatively enriched in DAPs of AP2γ-KO d4 GFP+
cells. Motif enrichment analysis of DAPs negatively or positively enriched in AP2γ-KO d4 GFP+
cells relative to WT. The rank and p-value calculated by HOMER are indicated, and significance
is determined by p-value < 1e-3. A) Negatively enriched motifs. B) Positively enriched motifs.

Finally, as only 17 peaks were considered to be DAP in the AP2γ-KO d6 GFP+
cells (Figure 28D), it was difficult to characterize the state of chromatin accessibility
in these cells. Genes annotated to these DAPs did not correspond to DE genes in
the AP2γ-KO d6 GFP+ RNA-seq data. No significant motifs could be identified
for the negatively enriched DAPs, while only two could be identified for the posi-
tively enriched DAPs, namely p73 (Transformation related protein 73, also known
as TRP63), an oncogenic transcription factor associated with cancer stem cells [261]
and SOX9 (Figure 32). As the WT d6 GFP+ samples were so dissimilar, it is diffi-
cult to assess the relevance of this data. It cannot be concluded that so few DAPs
or enriched motifs resulted from the unaltered chromatin accessibility of these cells,
rather it is more likely that the dissimilarity of the WT samples do not allow for the
correct identification of significant DAPs relative to AP2γ-KO d6 GFP+ cells.
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Figure 32: Only SOX9 and p73 are positively enriched in DAPs of AP2γ-KO d6
GFP+ cells. Motif enrichment analysis of positively enriched DAPs in AP2γ-KO d6 GFP+ cells
relative to WT. The rank and p-value calculated by HOMER are indicated, and significance is
determined by p-value < 1e-3.

Overall, ATAC-seq analysis has demonstrated that DNA binding motifs for AP2γ as
well as closely-related AP2 family member AP2α are enriched in naïve- and PGC-
specific ATAC peaks in WT cells. Additionally, the motifs of both factors are neg-
atively enriched in AP2γ-KO ESCs and d4 GFP+ cells. As WT ESCs and d4
GFP+ cells upregulate Tfap2c, this result therefore suggests that AP2γ may indeed
be behaving as a pioneer factor in WT ESCs and d4 GFP+ by opening chromatin
containing the AP2γ or AP2α binding motifs, and in its absence these regions demon-
strate reduced accessibility. The negative enrichment of AP2γ/AP2α binding motifs
is not observed in AP2γ-KO EpiLCs, and as AP2γ is downregulated in EpiLCs, this
result indicates that when AP2γ is not strongly expressed, there is not difference in
accessibility of chromatin bearing its motif. Further, several classes of TF families,
including SOX, ZIC, KLF, and TEAD families, were strongly enriched in the AP2γ-
KO ESC and d4 GFP+ DAPs. This result raises the possibility that AP2γ may
directly or indirectly regulate the accessibility of chromatin for certain classes of TF
in cell-type specific contexts. Finally, it is of note that most DAPs were identified
in the AP2γ-KO ESCs and a very small number were identified in the AP2γ-KO d4
GPF+ cells, as more genes are differentially expressed in the AP2γ-KO d4 GFP+
cells relative to the AP2γ-KO ESCs. The paradoxical nature of this result raises the
possibility that a redundant pioneer factor is upregulated in the AP2γ-KO d4 GFP+
cells which is able to compensate for the pioneer factor activity of AP2γ, yet cannot
compensate for its gene regulatory activities.

3.3.3 Expression of markers of neural fate in AP2γ-KO cells

The intriguing finding that AP2γ-KO d4 GFP+ cells upregulate SOX family TF
factors and demonstrate positive enrichment for SOX, TEAD, and ZIC family TF
binding sites corresponds to a finding by Pastor et al.: primed human AP2γ-KO
ESCs fail to revert to naïve pluripotency, and rather exhibit positive enrichment
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Figure 33: Expression of neural fate genes increases with development towards PG-
CLC fate following KO of AP2γ. Heatmap of genes associated with neural stem cells (NSCs),
neural plate development, or neural crest fate. Red indicates increased expression, blue indicates
downregulation. Significance (adj. p. < 0.01, fc +/- 1.5x) determined in AP2γ-KO d6 GFP+ cells
against WT. Sample and gene names are indicated.

of SOX and ZIC family TF binding motifs, which they conclude indicates a skew
towards neural fate [257]. As it has additionally been shown that the KD of AP2γ
primes mouse ESCs towards neural fate upon EB differentiation [262], I examined
the expression of neural crest, neural plate, and neural stem cell (NSC) markers in the
RNA-seq dataset to determine if the upregulation of SOX and ZIC factors corresponded to
the upregulation of neural markers. Indeed, numerous markers of the neural crest, plate,
and NSCs were found to be significantly upregulated in the AP2γ-KO d4/d6 GFP+ cells
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(Figure 58). This finding underlines the fact that AP2γ-KO d4/d6 GFP+ cells fail to
maintain the PGCLC transcriptional program, and instead aberrantly express markers of
somatic fate. Further, it raises the question of whether the downregulation of PGC and
naïve pluripotency markers and corresponding upregulation of SOX family factors and
neural markers in AP2γ-KO d4/d6 GFP+ cells may also be explained by the Pastor et al.
finding, that AP2γ behaves as a pioneer factor and is required to open naïve-specific peaks
necessary for the re-expression of naïve pluripotency factors.

3.4 Tfap2c Tiling screen

3.4.1 Development of AP2γ reporter cell line

The expression of Tfap2c corresponds to a “V” or ‘”high-low-high” expression profile, mean-
ing that Tfap2c is expressed in ESCs, downregulated in EpiLCs, and upregulated in PG-
CLCs (Figure 12). I thus designed a Tfap2c reporter cell line with two aims in mind:
1) to study Tfap2c transcriptional dynamics via cell type-specific fluorescence reporting,
and 2) to utilize the cell line in the Tfap2c tiling screen to report the downregulation
or loss of Tfap2c expression. Towards this end, I employed CRISPR/Cas9 to introduce
a double-strand break (DSB) into the seventh and final exon of Tfap2c immediately up-
stream of the stop codon, in order to introduce the tdTomato fluorescent reporter gene
using a homology directed repair (HDR) repair template. The repair template, plasmid
pmTfap2c (pmTfap2c-T2A-tdTomato-RoxPGKPuro; Appendix 7.8.6), was designed using
the phNANOS3 plasmid [175] as a design template, with the fluorescence reporter cassette
and selection cassette being entirely copied from the phNANOS3 plasmid (Appendix 7.8.2).
A linear sequence from plasmid pmTfap2c is shown in Figure 34A and demonstrates the
planned design of the plasmid. The sequences of the 5’ and 3’ homology arms flanking
the stop codon of Tfap2c, as well as the Tdtomato red fluorescent reporter cassette are
indicated. Between the 5’ homology arm and the Tdtomato cassette, a Thosea asigna virus
2A (T2A) sequence was inserted, which allows for the internal processing of the protein
tdTomato from the expressed AP2γ protein [263], thus alleviating the potential risk of the
reporter actively changing the conformation of the tagged protein. A roxP-flanked selec-
tion cassette containing a mouse phosphoglycerate kinase 1 (PGK) promoter, a puromycin
resistance cassette, a ∆TK cassette, and a bovine growth hormone polyadenylation (bGH
poly(A)) signal was located downstream of the Tdtomato cassette. The puromycin resis-
tance gene confers resistance to the eukaryotic antibiotic puromycin, and thus allows for
the selection of correctly transfected cells which contained the knock-in sequence. ROX
sites are recombination target sites of Dre recombinase [183] - the ROX sites flanking the
selection cassette allow for the possibility of the targeted excision of the selection cassette
following completed puromycin selection. ∆TK is a truncated Herpes simplex virus type 1
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thymidine kinase gene which converts Ganciclovir into a cytotoxic chemical, thus acting as
a “suicide gene” and killing the cell [264]. ∆TK can thus be used as a control to determine if
the Dre recombination of the selection cassette was successful. A diptheria toxin A (DTA)
gene was inserted under the control of an MC1 promoter to negatively select cells which
aberrantly genomically inserted plasmid sequences located outside of the homology arms.

Figure 34: Design and identification of plasmid pmTfap2c. A) Plasmid pmTfap2c is
comprised of the following features: the 5’ Tfap2c homology arm (turquoise), a tdTomato cassette
(red) separated from the Tfap2c 5’ homology arm by a T2A site (pink), a PGK promoter (white)
upstream of a puromycin resistance gene (green), a ∆TK gene (purple) immediately upstream of a
bGH pol(A) signal (grey), the 3’ Tfap2c homology arm (blue) separated from the poly(A), and an
MC1-DTA cassette (grey). The selection cassette is flanked by two ROX sites (pink). B) pmTfap2c
was Gibson-cloned and transformed into DH5α transformation-competent bacteria. Single clones
were isolated and resulting plasmids were purified and digested with SnaBI/XhoI to identify correct
clones. Here, two bands indicate correct cloned pmTfap2c plasmids, with sized in kb/bps indicated.

I cloned the plasmid using the Gibson cloning method [181], and RE digested cloned plas-
mids isolated from bacterial colonies with SnaBI/XhoI to identify correct ligation of frag-
ments as well as correct plasmid size (Figure 34B). One plasmid clone was completely
characterized and found to have all fragments correctly inserted (plasmid A, Figure 34B).
I then used Sanger sequencing to validate that the cloned sequences were directionally and
sequentially correct.
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Figure 35: The BGAT reporter line demonstrates reduced tdTomato expression
following AP2γ-KO. A) gDNA isolated from B1 and BGAT cells was genotyped for the presence
of the WT Tfap2c allele, the tdTomato cassette, and four combinations of knock-in (KI) primers.
No-template control was included, and sized in bps are indicated. B) pMiniTTM cloning and Sanger
sequencing was translated to aa sequences in SnapGene®. Premature stop codons are indicated
as asterisks (*), and blue-highlighting demonstrates consensus between the WT and AP2γ-KO
aa sequences. C) 40x confocal images depicting the ICC staining of BGAT and BGAT-KO ESCs.
α’AP2γ-Alexa-488 is shown in green, α’tdTomato-Alexa-647 is shown in purple, and DAPI is shown
in blue, with scale bar of 100 µm indicated. D) The percentage of tdTomato+ BGAT and BGAT-
KO ESCs, potentially reporting AP2γ expression, is indicated. N = 3 for all samples. Significance
(p < 0.05) is indicated, and was determined using the unpaired t-test in Prism 9.

Next, I transfected B1 WT cells with the repair template pmTfap2c as well as the plasmid
pX330-a’mTfap2c-stop-g5, containing the Cas9 gene as well as a gRNA targeting Cas9
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to the region immediately upstream of the Tfap2c stop codon. Following two days of
selection in puromycin, I sorted the transfected cells as single cells using FACS. Lines derived
from single clones were characterized based on live cell tdTomato+ fluorescence. I further
transfected tdTomato+ clonal lines with pCAGGS-Dre-IH, pPY-CAG-PBase, and pPB-
CAG-Cas9-IRES-Hygro to both excise the ROX-flanked selection cassette and genomically
insert Cas9 via PiggyBac transposase-directed activity. I then sorted the resulting cell
lines again as single cells using FACS. The individual clonal cell line characterized in this
work was termed Blimp1-meGFP AP2γ-tdTomato gRNA #5 clone 2A ESC line (BGAT).
I initially attempted to characterize the BGAT line via genotyping PCR, however only the
WT allele and the Tdtomato insertion could detected, and PCR reactions targeting the
knock-in region for amplification, wherein one primer bound to the WT genomic DNA and
the other primer bound to the inserted DNA, routinely failed (Figure 35A).

As an alternative means to genotype the cells, I employed CRISPR/Cas9 to knock-out
Tfap2c and observe the subsequent effect upon tdTomato expression. To this end, I trans-
fected BGAT cells with plasmids pX330-a’mTfap2c-exon2-g2 as previously described (Sec-
tion 3.1) and sorted single cells using FACS to generate individual clonal lines. Sanger
sequencing of pMiniTTM plasmids inserted with the gRNA-targeted Tfap2c exon two ge-
nomic sequence revealed that one KO line was an AP2γ-KO line, with an allele containing
a 74 bp deletion and another allele containing an 11 bp deletion (Figure 35B). Both mu-
tations generate frameshifts which result in predicted early stop codons. This line was
henceforth termed Blimp1-meGFP AP2γ-tdTomato gRNA #5 clone A AP2γ-KO clone #
14 ESC line (BGAT-KO). I then stained the BGAT and BGAT-KO cells with tdTomato-
and AP2γ-targeting antibodies and imaged the IF samples at the confocal microscope,
which demonstrated that in the BGAT line tdTomato expression colocalizes with AP2γ ex-
pression, while in the BGAT-KO line the nuclear AP2γ stain is completely ablated and the
tdTomato stain is completely lost (Figure 35C). It should be noted, however, that the td-
Tomato stain observed in the BGAT cells is nuclear, although the tdTomato protein should
be processed from the AP2γ protein via the T2A site, and has no nuclear localization tag.
To quantify the loss in tdTomato fluorescence, I sorted the BGAT and BGAT-KO ESCs
using FACS. On average, 87.4% of the BGAT cells were tdTomato+, while only 4.02% of
the BGAT-KO cells were tdTomato+, a significant (p < 0.05) reduction (Figure 35D).

I next characterized the BGAT cells as EpiLCs and d6 PGCLCs. BGAT ESC and EpiLCs
were sorted using FACS and directly compared; BGAT EpiLCs did not lose red fluores-
cence compared to BGAT ESCs (Figure 36A), which was inconsistent with RNA-seq data
demonstrating that Tfap2c expression is reduced in EpiLCs relative to ESCS (Figure 12).
However, on d6 of PGCLC differentiation, a population of tdTomato+/GFP+ cells emerged
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Figure 36: Expression of tdTomato in BGAT cells during PGCLC differentiation.
A) FACS profiles of B1 WT ESCs, BGAT ESCs, and BGAT EpiLCs with GFP and tdTomato
fluorescence indicated. Gating was performed around B1 WT ESCs to indicate tdTomato+/GFP+
fluorescence in the daughter BGAT line. The overlay of BGAT ESC and EpiLC profiles is included,
with the colored population indicating cell type - ESC in blue, EpiLC in red. B) FACS profiles
of BGAT d6 -cyto and +cyto cell populations with GFP and tdTomato fluorescence indicated.
Gating was performed around the d6 BGAT -cyto population to identify gained GFP+/tdTomato+
fluorescence upon the addition of cytokines, and the overlay of +/-cyto populations indicates -
cyto cells in blue and +cyto cells in red. C) Statistical analysis of the percentage of BGAT d6
tdTomato+/GFP+ cells +/-cyto, with significance (p < 0.05) calculated via unpaired t-test in
Prism 9 indicated. N = 3 for all samples.

in the +cyto EBs which was not observed in the -cyto EBs (Figure 36B). On average, this
resulted in 12.4% tdTomato+/GFP+ BGAT +cyto d6 cells, compared to 0.73% double-
positive cells in the -cyto negative control condition (Figure 36C).

In consideration of the fact that the knock-in allele could not be genotyped, the tdTomato
was localized aberrantly to the nucleus, and no change in tdTomato expression was seen
between ESCs and EpiLCs, I determined that the BGAT cell line could not be considered
a reliable reporter of AP2γ, and thus decided to find an alternative cell line in which to
perform the screen. A suitable alternative was presented by the SGET cells, which have
previously been shown to demonstrate reduced GFP expression in the S-KO line (Figure
22). The reduction in GFP+ cells therefore indirectly reports the loss of AP2γ expression.
I chose this line for use in the Tfap2c tiling screen, and subsequently transfected SGET
ESCs with pPY-CAG-PBase and pPB-CAG-Cas9-IRES-Hygro to genomically insert the
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Cas9 gene via the action of the PiggyBac transposase. The resulting cell line was named
Stella-eGFP ESG1-tdTomato Cas9 clone # 10 (SGET-Cas9) ESC line.

3.4.2 Tfap2c tiling screen design and preparation

The Tfap2c CRISPR/Cas9 tiling screen required a library of gRNAs to introduce mutations
into the Tfap2c topologically active domain (TAD) and other targeted regions of interest
to potentially knockout, and thus allow the for the identification of, cis-regulatory elements
(CREs). The generation of gRNAs for the tiling library was designed by Xiaojuan Li (of the
Günesdogan Lab) using the Joung et al. script [156; 224]. This design included the TAD
where the gene Tfap2c is located, TAD 325 (chr2:172,454,500 - 172,814,499), which was
originally identified using Hi-C data [265]. The TAD of Tfap2c was chosen as the primary
target for gRNA library tiling, as it is expected that most interactions between a CRE and
the promoter of a gene occur within the same TAD [160]. The nearest quarter of each TAD
neighboring TAD 325 were included in the gRNA design process as negative control regions
(chr2:171,904,500 - 172,454,500, chr2:172,814,499 - 173,624,499). Unpublished Capture Hi-
C data from our lab and the lab of Dr. Stefan Schönfelder at the Babraham Institute
[266] has identified twenty-two potential CREs interacting with the promoter of Tfap2c in
ESCs, and ten potential CREs interacting with the promoter of Tfap2c in EpiLCs. The
majority of these interactions are located within TAD 325, however seven regions outside
of this TAD were identified (chr2:170,246,202 - 170,503,872, chr2:158,575,739 - 158,597,087,
chr2:178,627,369 - 178,633,710, chr1:100,238,852 - 100,242,467, chr11:78,007,245 - 78,013,145).
These regions were also included during the gRNA design process.

As a control for enhancer detection within the screen, gRNAs targeting eight putative
enhancers identified in ESCs [267] were included. Four of the enhancers were functionally
validated and demonstrated to be required for maintenance of the ESC fate and were
included in the screen as positive controls (chr5:119,656,454 - 119,661,324, chr8:43,351,590
- 43,356,510, chr8:72,290,869 - 72,293,289, chr14:99,323,583 - 99,327,543), while the other
four enhancers were not found to be required for ESC fate maintenance and were included in
the screen as negative controls (chr8:43,327,503 - 43,332,433, chr14:99,333,716 - 99,341,806,
chr17:47,950,985 - 47,959,425, chr18:81,196,705 - 81,198,815). gRNAs targeting key PGC
genes Tfap2c, Prdm1, and Prdm14, genes Dppa3 and Dppa5a with fluorescent reporter
activity in the Stella-eGFP Esg1-tdTomato (SGET) cell-line used during the screen, and
the genes of the fluorescent reporters themselves, Egfp and Tdtomato, were included in the
generation of gRNAs in the library as positive controls. Finally, scrambled gRNAS which
do not have a target in the mouse genome were as negative controls, and two five kb non-
coding genetic regions with no known relationship to Tfap2c expression or regulation were
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included as regions for negative control gRNA generation (chr9:29,055,657 - 29,060,656;
chr13:66,700,268 - 66,705,267).

The gRNA library was ordered as an oligo library, and I cloned it into the plasmid pKLV2-
U6gRNA5(BbsI)-PGKpuro2ABFP-W, transformed the resulting plasmid library into electro-
competent bacteria, and purified the resulting plasmid library. I then PCR-amplified the
gRNA-containing region of the plasmid and sent the purified amplicon for sequencing on
an Illumina Hi-Seq, which produced ∼18 Mio 150 bp single-end fragments. Sequencing
analysis demonstrated that 30,313/30,714 gRNAs were accounted for, in total 98.7% of all
gRNAs. 1.3% of gRNAs were lost, which is close to the suggested MaGECK quality control
standard of 1% [241]. The Gini index, a value indicating the evenness of distribution, was
0.08335. A value below 0.1 is recommended for the plasmid library control [241]. Thus, the
library was considered suitable for further use. It should be noted that one gRNA targeting
Tfap2cwas overrepresented (gRNA chr2_11723). As individual gRNAs contribute to single
viruses which generate single-KO lines in the pooled screen, the overrepresentation of a
single gRNA needs to be taken into consideration when analysing screening results.

To prepare lentivirus, I transfected HEK cells with plasmids psPAX2, pMD2.G, and the
pKLV2-W-based gRNA library. I then collected and filtered the lentiviral supernatant was,
and determined the lentiviral titer by transducing SGET-Cas9 with 0-160 µl of lentiviral
supernatant per well for twenty-four hours and selecting the cells in puromycin-containing
medium for four days. Following selection, I counted the cells, and the proportion of
surviving cells to untransduced/puromycin-untreated cells was used to determine the mul-
tiplicity of infection (MOI). Two parameters were suboptimal: First, a higher concentration
of puromycin was employed than is generally used to transfect ESCs (see Section 2.9.3),
which may increase the likelihood that cells transfected with multiple gRNAs were selected
[156]. However, the volumes of lentiviral supernatant per ml necessary to calculate the
MOI were well within the range suggested by Joung et al. [156], indicating that the concen-
tration of puromycin did not affect the MOI determination. Second, the MOI used during
the screen to transduce the SGET-Cas9 ESCs was ultimately determined to be 0.3815,
slightly higher than the standard value of 0.3. With an MOI of 0.3, 74.1% of cells are
untransduced with virus, 22.2% are singly-transduced, i.e. one viral particle is predicted
to infect a cell, and 3.7% of cells are multiply-transduced [239]. With an MOI of 0.3815,
the likelihood of transfecting one cell with multiple viral particles instead of one is slightly
increased (1.9%). However, this small difference in MOI is unlikely to affect the overall
performance or read-out of the screen.
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3.4.3 Tiling screen of Tfap2c TAD in SGET-Cas9 cells

SGET-Cas9 ESCs were transduced with lentiviral medium for 24 hours, and selected for
twelve days in puromycin-containing medium. The cells were subsequently differentiated
towards EpiLC fate, and a pellet containing more than 1.54 x 107 ESCs was collected.
This value was chosen to ensure that at least 500 cells per gRNA were represented in
the screen. Following 42 hours of EpiLC differentiation, the cells were induced towards
PGCLC fate, and a pellet of at least 1.54 x 107 EpiLCs were again collected. After six
days of differentiation, cells were FACS-sorted to isolate GFP+/tdTomato- cells. The
transduction and differentiation process proceeded in total three times, and resulted in
the collection of 2.31 x 106, 4.62 x 106, and 4.84 x 106 d6 SGET-Cas9 GFP+/tdTomato-
PGCLCs, resulting in a gRNA coverage of 75, 150, and 159 cells per gRNA, respectively,
and resulting on average ∼128 cells/gRNA.

Figure 37: Unique and shared gRNAs per cell type and enrichment status. Venn
diagram depicting negatively and positively enriched gRNAs identified to be significant (FDR <
0.05) per cell type analyzed in screen. Overlapping regions without numbers do not indicate shared
gRNAs, rather are a spatial necessity of the graph. Cell type and enrichment status are indicated
in key. Venn diagram generated using DeepVenn.

To amplify the genomically-inserted gRNA sequences, I collected genomic DNA from each
sample pellet for template in the PCR to generate sequencing libraries. The resulting
libraries were sequenced, resulting in between ∼10-27 Mio single-end reads. All libraries
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mapped >78% with the reference gRNAs, and statistics including the number of gRNAs not
identified per library and Gini indexes may be found in Appendix 7.9.2.1. I analyzed the
sequenced libraries with MaGECK-VISPR MLE (Maximum-likelihood estimation), which
identified 107 negatively enriched and 28 positively enriched gRNAs in the ESC samples,
151 negatively enriched and 53 positively enriched gRNAs in the EpiLC samples, and 21
negatively enriched and 36 positively enriched gRNAs in the d6 GFP+/tdTomato- PGCLCS
(Figure 37). Multiple gRNAs were enriched between cell types and even between enrichment
states, i.e. 21 gRNAs which were negatively enriched in EpiLCs were positively enriched
in PGCLCs. A visual overview of the Tfap2c TAD and the quarters of surrounding TADs
may be seen in Figure 38, with the gRNA library coverage and significant gRNAs indicated,
and WT ATAC-seq and RNA-seq Bigwig files included for reference. The Tfap2c gene is
indicated, to demonstrate the coverage of the gRNA library as well as the significant gRNAs
targeting the gene.

I then examined the enrichment of control GeCKO gRNAs targeting PGC genes Tfap2c,
Prdm14, Dppa3, and Blimp1, cell line-specific gene Dppa5a, or reporter genes Gfp and
Tdtomato to identify if the controls were appropriately positively- or negatively-enriched
in the PGCLCs (positive or negative enrichment is indicated by positive or negative beta
score; Table 2). Indeed, in the d6 PGCLCs gRNAs targeting Dppa3, Prdm14, and Gfp
were found to be negatively enriched, while Tdtomato-targeting gRNAs were found to
be positively enriched, all as expected. However, gRNAs targeting Tfap2c, Dppa5a, and
Prdm1 were not determined to be significant in the d6 PGCLCs. It should be noted
that the 5/6 gRNAs targeting Dppa5a, although taken from the published GeCKO library,
show multiple 100% off-target hits in the genome when aligned with the mm10 mouse
genome using the UCSC BLAT (BLAST-like alignment tool) tool (data not shown). This
may explain why they were not identified to be positively enriched in the d6 PGCLCs,
as was expected. Thus, significant enrichment of most PGC control gRNAs demonstrates
that the screen successfully detected most genes detecting PGC fate, and increases the
overall confidence that other gRNAs detected in the screen are correctly reporting positive
or negative enrichment. However, the failure to detect Tfap2c-targeting gRNAs raises
questions about the ability of the screen to detect gRNA-targeted CREs of Tfap2c.

Although the GeCKO control gRNAs were included to ensure that gRNAs targeting PGC
genes could be detected in the d6 PGCLC samples, it is intriguing that gRNAs targeting
both Dppa3 and Dppa5a were depleted in ESCs, while Prdm14 -targeting gRNAs exhib-
ited positive enrichment. The negative enrichment of Dppa5a gRNAs may lack functional
relevance due to the fact that 5/6 gRNAs map to multiple 100% off-target sites in the
genome. Negative enrichment of Dppa3 -targeting gRNAs was also detected in the EpiLCs,

113



as was the positive enrichment of Prdm14 -targeting gRNAs. As these gRNAs were not
included as controls for ESC or EpiLC fate, the functional relevance of the enrichment they
demonstrate cannot easily be determined.

Table 2: PGCLC control gRNAs found to be significant in sequenced cell types
Cell type: Enrichment: Gene name: Beta score: FDR:

ESC Negative Dppa3 -0.76 0
Dppa5a -0.4 0.022

ESC Positive Prdm14 1.9 0

EpiLC Negative Dppa3 -0.38 0.0098

EpiLC Positive Prdm14 0.36 0.015

d6 PGCLC Negative Dppa3 -0.75 0
Prdm14 -0.71 0
Gfp -0.53 0.017

d6 PGCLC Positive Tdtomato 0.73 0.017

Once I had determined that most relevant controls in the d6 PGCLCs had exhibited correct
enrichment following analysis, I annotated significant gRNAs to genomic features. Inter-
estingly, analysis demonstrates that most gRNAs target intergenic regions (“No features”)
and introns, locations where CREs are generally located [135]. I identified hits in ENCODE
candidate CREs (cCREs), exons, introns, previously discussed control genes, and a psue-
dogene (Ppp4r1l-ps; Protein phosphatase 4, regulatory subunit 1-like, pseudogene) It was
also observed that in every analyzed condition except the positively enriched EpiLC gR-
NAs, gRNA sequences fall within the coordinates of cCREs. Of note, most exon-targeting
gRNAs are negatively enriched in EpiLCs. 25 Cstf1 -, 16 Aurka-, and 10 Rae1 -targeting
gRNAs were negatively enriched in EpiLCs. Enriched gRNAs targeting either Aurka or
Cstf1 are visualized in Figure 40. All three genes encode proteins which provide house-
keeping functions: Aurka (Aurora kinase A) is involved in mitotic spindle regulation and
entry into mitosis [268], Cstf1 (Cleavage stimulation factor, 3’ pre-RNA, subunit 1; also
known as CstF-50) is a component of a complex which is involved in mRNA poly(A) tail
processing [269], and Rae1 is a mitotic checkpoint regulator required for the correct segre-
gation of chromosomes [270]. The significant negative depletion of gRNAs targeting these
genes indicates that they may be required for EpiLC induction, differentiation, or survival.

In total, only five gRNAs targeting Tfap2c were considered significant (Figure 38), and
only one of these gRNAs was exon-targeting (chr2C_8108). In consideration of the fact
that the GeCKO Tfap2c-targeting control gRNAs were determined to be not significant in
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Figure 38: Tfap2c TAD and surrounding regions demonstrate coverage of gRNA
library and significant hits by cell type and enrichment status. gRNA coverage of the
Tfap2c TAD is indicated in the lane “gRNA library”. Significantly enriched (FDR < 0.05) gRNAs
are identified in each indicated lane by cell type and positive or negative enrichment status. WT
ATAC-seq and RNA-seq data is included for reference, with NGS library and cell type indicated.
The Tfap2c gene is indicated and digitally enlarged to demonstrate significant gRNAs. Image
generated in IGV with genes and chromosomal coordinates and increments indicated.

the PGCLC samples, it can be concluded that this screen did not detect Tfap2c depletion
in any of the examined cell types. It is therefore unlikely that gRNAs are targeting sites
within CREs which only act on Tfap2c, however it is still possible that significant gRNAs
identified in this screen target sites within CREs which may also regulate Tfap2c.

Outside of the Tfap2c TAD and the surrounding regions, only three other tiled regions were
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Figure 39: Genomic features of significant gRNAs. Pie charts of genomic features identi-
fied in significantly negatively- or positively-enriched gRNAs per cell type are indicated. A features
key is included below, and “no features” indicates broadly intergenic sequences exhibiting no overlap
with the listed features.

detected in the screen: potential regulatory region 1 (PRR1; chr2:170,246,202-170,503,872),
positive control enhancer 3 (PCE3; chr14:99,323,583-99,327,543), and negative control en-
hancer 2 (NCE2; chr14:99,333,716- 99,341,806). 41 significant gRNAs were targeted to
unique sites in PRR1 (data not shown), and thus interesting potential targets for further
characterization may be found in this region, which was initially included in the screen
because it contained sites identified via Hi-C to be directly interacting with the Tfap2c
promoter. Only one significant gRNA was detected in PCE3, although it was detected
in both negatively enriched ESCs and positively enriched PGCs, and only one significant
gRNA was detected in NCE2. Aisde from PCE3, no gRNAs targeting other positive control
enhancers identified to be necessary for ESC survival by Kearns et al. [267] were shown
to be enriched in any sample. It may thus be concluded that this screen could not detect
entire enhancers. However, due to the identification of significant gRNAs in intronic or
intergenic CREs, it is very possible that the screen was able to identify TF binding sites
within enhancers which may be further characterized.

Taken together, this screen appeared was only partially successful. I was able to identify
most PGC-gene targeting gRNAs, although it was not able to identify Tfap2c-targeting
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Figure 40: The Aurka/Cstf1 locus on chromosome 2 indicates negative enrichment
of significant gRNAs in exons following EpiLC induction. Significant gRNAs are plotted
in IGV and demonstrate enrichment of exon-targeting gRNAs in the EpiLC negative enrichment
sample. WT RNA-seq and ATAC-seq data are included and labeled for reference, and chromosomal
coordinates and increments are noted. Image generated in IGV.

gRNAs. It is unlikely that significant gRNAs identified in this screen are thus targeting
CREs which only act on Tfap2c, however the possibility remains identified gRNAs may
target CREs which also act on Tfap2c. Interestingly, gRNAs targeting individual exons of
the genes Aurka, Cstf1, and Rae1 were determined to be significantly negatively enriched
in EpiLCs, indicating a potential role for these gene in EpiLC induction or differentiation.
Finally, many significant gRNAs were detected in regions annotated to cCREs, indicating
that the gRNAs may have targeted TF binding sites relevant to cell type-specific CREs.
Ultimately, although the primary objective of the screen was not met, many interesting
gRNAs may nevertheless be investigated to identify CREs required for ESC, EpiLC, or
PGCLC fate.
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Discussion

AP2γ is a truly remarkable transcription factor required in three key moments of early
embryonic development: blastocyst formation [126], TE induction [70], and PGC differ-
entiation [35]. Accordingly, the KD of maternal and zygotic Tfap2c mRNA results in
embryonic death by E3.5 due to failure of blastocyst formation [126], while genetic KO
of AP2γ results in embryonic lethality between E8.5-E10.5 [124]. The study of AP2γ is
therefore vital for understanding embryonic development as well as PGC differentiation.
The work described in this dissertation aimed to improve our understanding of the role of
AP2γ in early development, as mimicked by an in vitro system, in two main respects: 1)
investigating the role of AP2γ as a regulator of gene expression and chromatin accessibil-
ity by characterizing AP2γ-KO cell lines via RNA-seq and ATAC-seq, and 2) employing
a CRISPR/Cas9-based tiling screen of the TAD harboring AP2γ-encoding gene Tfap2c to
regulatory elements acting on the gene. Taken together, these two projects were designed
to broaden our knowledge concerning regulation by and of AP2γ in the process of PGCLC
differentiation. Ultimately, the RNA-seq and ATAC-seq analyses demonstrated the mis-
regulation of genes and differential peak accessibility throughout all examined cell states,
and raises interesting questions about the role of AP2γ as a transcriptional regulator and
potential pioneer factor. Further, the tiling screen identified sites of interest which may be
located within regulatory elements required for the maintenance or induction of specific cell
types. The findings, interpretations, and outlook of both projects are discussed in detail in
the following sections.

4.1 The role of AP2γ in PGC induction

AP2γ has been well-established as a PGC factor in the mouse [37; 50; 35], however it is the
least examined of the three key PGC factors AP2γ, BLIMP1, and PRDM14. Published
work has established that conditional germ cell-specific TNAP-Cre AP2γ-KO mouse lines
result in the birth of healthy but sterile mice [35]. In this mouse model, PGC specification
occurs and PGCs are identifiable by E8.0 but are lost by E12.5, and the gonads of the
resulting adult mouse are reduced in size [35]. In vitro, AP2γ-KO PGCLCs have been
analyzed by microarray transcriptomic analysis, which demonstrated reduced expression
of PGC markers Dazl, Dppa3, and Kit, as well as upregulation of the primed pluripo-
tency marker Dnmt3b, indicating misregulation of the PGC gene program in the absence of
Tfap2c expression [50]. While published literature shows that AP2γ is a factor required for
PGC differentiation, open questions remain regarding how AP2γ exerts the transcriptional
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control necessary to ensure PGC fate. One aim of my work was to improve our understand-
ing of AP2γ as a transcriptional regulator by investigating WT and AP2γ-KO cells via
RNA-seq and ATAC-seq, to identify potential misregulation and alterations in chromatin
accessibility as ESCs embark on the developmental pathway towards PGCLC fate.

4.1.1 Loss of AP2γ affects the morphology of ESCs, but not
that of EpiLCs or EBs

To begin this work, AP2γ-KO cell lines were generated, validated, and characterized in
both B1 and SGET ESC lines (Figures 8 and 20). The B1-based AP2γ-KO ESC lines
grew normally in culture and were largely phenotypically normal, however single, differen-
tiated cells were seen in greater numbers around the periphery of rounded ESC colonies
(Figure 8). Interestingly, a recent study showed that single mouse ESC colonies grown on
artificial mesh islands demonstrate alterations in gene expression based on the location of
the cell relative to the overall colony, i.e. within a single colony, cells grown in the center
strongly expressed OCT4 and expressed low levels of AP2γ and BLIMP1, while the cells
on the periphery of the colonies strongly expressed AP2γ and BLIMP1 and OCT4 expres-
sion decreased [271]. It is further worth noting that tight-junction (TJ) proteins have been
identified as key components in serum-free hESC colony formation [272], and that AP2γ
has been identified as a regulator of TJ assembly in the blastocyst [126]. Thus, it can be
speculated that AP2γ expression may be involved in the maintenance of colony borders,
and in its absence peripheral cells of colonies may be more likely to undergo differentiation.
To better understand if the results demonstrated by Ando et al. may be found in 2i+LIF
culture conditions and potentially explain the observed phenotype, detailed confocal imag-
ing of B1 WT stained colonies could be performed to investigate if an AP2γ/BLIMP1
localization-specific expression phenotype exists in 2i+LIF culture conditions. If so, B1
WT and KO GFP+/- ESCs could be FACS-sorted and analyzed via qPCR for pluripo-
tency, cell junction, and motility factors to potentially identify changes in gene regulation
resulting in the phenotype identified in AP2γ-KO cells.

Tfap2c has also been identified as a potential regulator of cellular locomotion: one study
found that KD of Tfap2c in human fibroblasts resulted in failure of the fibroblasts to
correctly reorient themselves following collision, leading to the generation of a misaligned
extracellular matrix [273]. KD of Tfap2c in human breast cancer cells induced epithelial to
mesenchymal transition (EMT) [76], a process often upregulated in cancer through which
epithelial cells adopt a mesenchymal phenotype and increase their migratory behavior [274].
It is therefore possible that the single, differentiated cells identified at the periphery of
AP2γ-KO ESC lines exhibit a migratory phenotype. This could be investigated by live cell
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imaging to observe if and how the single cells travel in vitro, or via scratch-wound assay to
quantify the speed at which cells repair a scratched colony.

Understanding the effect of AP2γ-KO on cell motility is of interest as a necessary event
during PGC development is the migration from the proximal-posterior epiblast [26] to the
genital ridge [41]. AP2γ expression has been identified in migrating PGCs, and KO of
AP2γ has resulted in the failure of PGCs to migrate [35]. Thus, improved understanding of
the role of AP2γ in cellular locomotion may improve our understanding of PGC migration.
Further, AP2γ has been implicated as a factor in numerous cancers (see Section 1.3.1),
and was also shown to upregulate cancer markers in this work (Figure 18). EMT is a
feature of many cancers [274], and better understanding of how AP2γ may contribute to
the EMT phenotype or to altered cellular motility more generally may shed light on its
complicated and context-dependent role as either an ameliorating or exacerbating factor in
cancer pathogenicity.

Beyond the phenotype described for AP2γ-KO ESCs, the morphology of AP2γ-KO and
WT EpiLCs could not be distinguished, as was also observed between AP2γ-KO and WT
EBs. It is of note that the KO of AP2γ did not appear to reduce the percentage of cells
expressing BLIMP1 in d4/d6 +cyto EBs (Figures 9-10, 23). This is consistent with previous
studies showing that BLIMP1 is activated upstream of AP2γ during PGC induction and
acts directly on Tfap2c to induce its expression [26; 34; 37]. However, another study showed
that KO of AP2γ in ESCs resulted in reduced BLIMP1 expression upon PGCLC induction
[50].

To explore the effect of the KO of AP2γ beyond the morphological phenotype, RNA-seq
and ATAC-seq were performed on WT and AP2γ-KO ESCs, EpiLCs, and d4/d6 GFP+
cells to identify potential changes in the transcriptome or genomic accessibility induced by
the KO of AP2γ, and ultimately to interpret what differences may mean for the individual
cell state as well as the functional effect it may have during or following PGCLC induction.
The effect of AP2γ-KO on ESCs will be discussed first, as these cells represent the first
step in the developmental pathway leading ultimately to PGC fate.

4.1.2 AP2γ-KO results in misregulation of imprinted genes
and dramatically alters chromatin accessibility

Although AP2γ is not considered a pluripotency factor in the mouse [257], 449 genes were
significantly differentially expressed (DE) in the AP2γ-KO ESCs relative to the WT. This
included the downregulation of naiïve pluripotency factors Dppa3 and Kit and the upregula-
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tion of Jam2 and Klf2 (Figure 13C). Dppa3 represses the maintenance of DNA methylation
resulting in global DNA hypomethylation of the ESC genome [275]. In addition, it coun-
terintuitively protects methylation of largely maternally imprinted genes [276]. Imprinted
genes are a class of genes wherein either the maternal or paternal allele is silenced and ex-
pression is repressed, which leads to mono-allelic gene expression [277]. The downregulation
of Dppa3 may thus explain the misregulation of twelve imprinted genes in the KO ESCs
(Figure 13D). Dlk1 (Delta like non-canonical Notch ligand 1) is a paternally imprinted gene
which has been identified to be significantly upregulated in AP2γ-KO ESCs, and is known
to be directly protected from demethylation by Dppa3 [278]. Misregulation of imprinting
has been shown to affect ESC self-renewal and differentiation capacity [277], and it has
been proposed that imprinted genes should be observed as markers of ESC culture quality,
with misregulation indicating poor developmental potential [279]. Thus, in the ESCs both
imprinted genes and an important regulator of imprinting are misregulated. This raises
the question of whether AP2γ-KO ESCs exhibit the same developmental potential as WT
ESCs.

Additionally, a small number of genes associated with specific extra-embryonic and proper
embryonic lineages, including the PE, TE, and mesoderm, were upregulated in the AP2γ-
KO ESCs relative to WT (Figure 13C). However, as AP2γ-KO ESCs may be maintained
in cell culture and demonstrate normal self-renewal, it is unlikely that the differential ex-
pression observed in AP2γ-KO ESCs indicates that the cells have adopted another extra-
or proper embryonic fate. Rather, in concordance with the GOseq gene ontology analysis
of DE AP2γ-KO ESC genes indicating numerous developmentally-associated terms (Figure
13B), it is possible that the AP2γ-KO ESCs become more heterogeneous in culture and thus
more likely to spontaneously differentiate, potentially resulting in the phenotype discussed
in Section 4.1.1.

Following RNA-seq analysis, ATAC-seq was performed to identify whether the KO of AP2γ
resulted in differentially accessible chromatin, but also to determine if a correlation could
be found between identified DE genes and differentially accessible peaks (DAPs). ATAC-
seq analysis demonstrated a dramatic effect upon chromatin accessibility in the AP2γ-KO
ESCs: 8.3% of all investigated peaks were considered DAPs, with 4.2% (6,500/156,620
peaks) positively enriched and 4.1% (6,463/156,620 peaks) negatively enriched (Figure
28A). AP2γ was the third most negatively enriched motif in the KO ESCs, while AP2α was
the second-most negatively enriched motif (Figure 29A). This result demonstrates that in
the absence of AP2γ in ESCs the AP2γ motif is significantly less accessible, and strongly
indicates that AP2γ might act as a pioneer factor in ESCs. Alternatively, it is possible that
AP2γ regulates other pioneer factors which make these regions accessible, and in AP2γ-KO
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lines the misregulation of these factors leads to reduced AP2γ-motif accessibility.

Numerous SOX TF family motifs were found in the ten most negatively enriched motifs
of AP2γ-KO ESCs, including the motif of naïve pluripotency factor SOX2. SOX family
TFs are pioneer factors [280], and it is intriguing that in the absence of AP2γ, SOX family
motifs are negatively enriched, especially given that no SOX factors were found to be DE in
AP2γ-KO ESCs. The potential implications of this result are discussed further in Section
4.1.5. TEAD family factor motifs were found to be positively enriched in the AP2γ-KO
ESC and d4 GFP+ cell DAPs (Figure 29B, 31B). TEAD family TF factors are involved
in neural crest and trophectoderm development and are also implicated in tumorigenesis
[281]. It is intriguing that in AP2γ-KO ESC RNA-seq data, no TEAD factor genes were
found to be DE, however in the AP2γ-KO d6 GFP+ cell RNA-seq data, TEAD factor
genes Tead1, Tead2, and Tead3 are upregulated (Appendix 7.9.3.3). It was shown that
KD of AP2γ in mouse ESCs resulted in the differentiation of neural cell types in embryoid
bodies (EBs) [262]. Additionally, human TFAP2C -/- cells have been shown to upregulate
markers of neural lineage [257]. Thus, the enrichment of neural crest-associated TEAD
factors may prime the ESCs towards later expression of neural factors (Figure 58), and as
such is consistent with previously published works and helps to validate the output of the
ATAC-seq analysis.

The annotation of both negatively and positively enriched DAPs in AP2γ-KO ESCs resulted
in the identification of over 8,000 genes, however very few corresponded to genes found to
be DE in the AP2γ-KO ESC RNA-seq data; only 2.6% (107/4,076) of genes in positively
enriched DAPs and only 2.9% (128/4,395) of genes found in negatively enriched DAPs were
found to be DE (Appendix 7.9.1.7). Most ATAC-seq peaks are localized to enhancers [255],
and thus an identified DAP may not have a functional association with the nearest TSS of a
gene; for example, an Shh (sonic hedgehog) enhancer was identified over 1 megabase (Mb)
away from the target gene [139], and automated annotation of such a site would almost
certainly annotate the enhancer to a closer, unrelated gene [221]. Thus, I examined the
relationship between DAPs annotated to promoters and DE genes identified in the RNA-seq
dataset, however I again found very few DAPs corresponded to DE genes (Appendix 7.9.1.7),
with the exception of Dppa3. As Dppa3 is downregulated in the ESCs, it is thus likely that
AP2γ directly binds to the promoter of Dppa3 in ESCs and regulates its expression. This
may explain the misregulation of imprinted genes observed in AP2γ-KO ESCs, and should
be confirmed by identifying the genomic binding sites of AP2γ in ESCs with ChIP-seq
(Chromatin immunoprecipitation sequencing) or CUT&RUN (Cleavage under targets and
release using nuclease). If AP2γ binds directly to the Dppa3 promoter, it would place AP2γ
within a network of factors required to maintain naïve pluripotency, and indicate AP2γ as
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an upstream regulator of imprinting. More broadly, the ATAC-seq analysis of AP2γ-KO
ESCs demonstrates dramatic changes in chromatic accessibility while the overall effect on
gene expression is minor. This raises the possibility that the KO of AP2γ in ESCs may
primarily affect the accessibility of enhancers and thus the developmental potential of the
cells, without directly affecting gene expression within the ESCs.

4.1.3 AP2γ-KO EpiLCs upregulate lineage non-specific mark-
ers

Tfap2c is downregulated in EpiLCs (Figure 12) and is not expressed in post-implantation
epiblast cells in vivo [123]. It was therefore surprising to find that more genes were consid-
ered significantly DE in EpiLCs (792; Figure 14) than in ESCs (449; Figure 13). This result
may be explained by the fact that the AP2γ-KO ESCs demonstrated the misregulation of
numerous genes, as well as differential accessibility of thousands of individual genomic loci.
Thus, the increased number of misregulated genes identified in EpiLCs may derive from the
misregulation observed in ESCs.

I found that genes associated with pluripotency and embryonic lineages were misregulated
in EpiLCs, including the naïve pluripotency markers Prdm14 and Dppa3 (Figure 14C).
Additionally, markers of formative pluripotency fate Etv5 and Fgf5 were also downregulated
in the AP2γ-KO EpiLCs (14C). A small selection of markers indicating ectodermal, PE, and
VE fate were also upregulated in the AP2γ-KO EpiLCs relative to WT (14D), and eleven
imprinted genes were misregulated (14E). This raises the possibility that the AP2γ-KO
EpiLCs may not have completely achieved formative pluripotency.

ATAC-seq analysis shows that far fewer DAPs are identified in the AP2γ-KO EpiLCs
relative to the number identified in the AP2γ-KO ESCs (Figure 28B). Motif enrichment
analysis shows that KLF4 and EKLF motifs were negatively enriched in DAPs of AP2γ-KO
EpiLCs (Figure 30A). EKLF is a TF which forms active chromatin hubs (ACHs) during
erythropoiesis [259], while KLF4 is a naïve pluripotency factor [282]. Among the positively
enriched motifs, I identified four motifs associated with the POU family of TFs (Figure
30B). This family of TFs includes OCT4, which is considered a pioneer factor [283] as well
as a core pluripotency factor in ESCs [284]. Its expression is maintained in EpiLCs, albeit
through the regulatory action of different enhancers and promoters [285]. Although the
positive enrichment of OCT4 motifs may suggest that AP2γ plays a role in controlling the
accessibility of OCT4 binding sites in EpiLCs, expression of Pou5f1, encoding OCT4, is
not altered in AP2γ-KO EpiLCs relative to WT. Further, while changes in the accessibility
of CREs acting on OCT4 have been identified in this work in AP2γ-KO ESCs (Appendix
7.9.1.6), none were identified in EpiLCs. It is thus difficult to come to a conclusion about
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the enrichment of motifs in AP2γ-KO EpiLCs, however it could be that with a relatively
small number of peaks analyzed, the identified enrichment lacks developmental relevance.

Ultimately, it is not possible to determine whether the KO of AP2γ is directly or indirectly
affecting the differential expression of genes or changes in chromatin accessibility, as it
is possible that the identified misregulation derives from the already-misregulated AP2γ-
KO ESCs. In order to investigate whether the KO of AP2γ affects the phenotype of
EpiLCs, a degron system of AP2γ may be employed to deplete AP2γ at specific time
points during differentiation. This method functions by tagging an endogenous protein of
interest with a protein tag that in turn targets the protein for proteolysis. Such systems are
available for use, including the auxin-inducible degron (AiD) system or the dTag system
[286]. Once endogenous AP2γ has been depleted, for example over the 42 hour course
of EpiLC induction, EpiLCs could be harvested and analyzed for expression of naïve and
formative pluripotency markers.

4.1.4 Loss of AP2γ results in impaired PGCLC differentiation

The RNA- and ATAC-seq analysis of d4/d6 GFP+ AP2γ-KO cells demonstrates that PG-
CLC differentiation is impaired in the absence of AP2γ. RNA-seq analysis identified 1,009
genes to be DE between AP2γ-KO d4 GFP+ and WT, of which 622 were upregulated
and 387 were downregulated. By d6, 4,813 genes were identified to be DE in the AP2γ-
KO GFP+ cells, of which 2,644 were upregulated and 2,169 were downregulated. Thus,
the number of total DE genes from d4 to d6 of differentiation increased four-fold within
two days. This increased misregulation is consistent with published work which shows
that the conditional KO of AP2γ does not impair the specification of PGCs by E8.0 but
rather impairs their differentiation and maturation, resulting in depletion of PGC popu-
lations by E12.5 [35]. In this work, the loss of AP2γ resulted in the downregulation of
pluripotency and PGC genes (Figures 15C-17A,B), while numerous markers of somatic and
extra-embryonic lineages, including the DE, ExE, mesoderm, mesendoderm, PE, TE, and
VE were upregulated in both d4 and d6 datasets (Figures 15D-17C). As previously observed
in the AP2γ-KO ESCs and EpiLCs, imprinted genes are also misregulated in the AP2γ-KO
d4/d6 GFP+ cells (Figures 15E-17D). It may be concluded that the loss of AP2γ impairs
the differentiation of PGCLCs and rather differentiates the cells towards somatic lineages.

I was able to confirm some RNA-seq gene expression results identified in the B1-based
AP2γ-KO d6 GFP+ cells in the S-KO d6 GFP+/tdTomato- cells (Figures 21-23). However,
Tfap2a was not upregulated but rather downregulated in the S-KO d6 GFP+/tdTomato-
cells. While this result is intriguing, it must be acknowledged that the SGET-based AP2γ-
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KO cell lines represent a different population of cells. The B1-based AP2γ-KO GFP+
d4/d6 cells represent all cells which have upregulated the PGC master regulator Prdm1
and initiated the PGCLC transcriptional program, while upregulation of PGC downstream
marker Stella indicates cells of a more established PGCLC fate. It may be of interest
in the future to perform RNA-seq on S-KO d4/d6 GFP+/tdTomato- cells to identify if
transcriptomic changes, for example the misregulation of imprinted genes, are maintained.

Gene ontology analysis of d4/d6 GFP+ cells shows that DE genes in AP2γ-KO cells are
largely associated with developmental terms (Figures 31B-16B). These correspond to a sub-
stantial number of early embryonic lineage genes. The misregulation of non-PGC somatic
markers raised the question of whether the d4/d6 GFP+ AP2γ-KO cells had entered a
general state of global transcriptomic misregulation, or whether they had entered a lineage-
specific transcriptional program. Interestingly, numerous markers of the embryonic multi-
potent progenitor (EMP) fate were upregulated in the d6 GFP+ AP2γ-KO cells, as well as
markers which identify both EMP and basal cell (BC) fate. However, relatively few markers
shared between EMP and luminal cell (LC) fate were upregulated (Figure 19). This is note-
worthy, as the conditional mammary-specific knockout of Tfap2c in mice also resulted in an
increased BC population and reduced LC population [76]. Thus, one possibility is that the
generation of EBs in BMP4+ medium and in the absence of AP2γ drives the induction of an
EMP-like signature in cells throughout the EB. In support of this theory, BMP4 is released
by the ventral epidermis surrounding the mammary mesenchyme by at least E13.5 [287].
The mammary mesenchyme responds by upregulating BMP receptors and BMP4 targets
of regulation, including the genes Msx1 (Msh homeobox 1) and Msx2 (Msh homeobox 2)
[287]. All BMP receptor genes are upregulated in the d6 GFP+ AP2γ-KO cells relative to
WT, as are Msx1, Msx2, and all Id (inhibitor of DNA binding) genes, which are also direct
targets of BMP4 signaling [288]. In principle, this idea could be tested by generating EBs
directly from AP2γ-KO ESCs in medium containing BMP4, and performing qRT-PCR on
resulting EBs to identify expression of EMP markers such as Sox11.

Another possibility is that the EMP-like cells require both BLIMP1 expression and BMP4
signaling as well as the absence of AP2γ in order to correctly specify. However, the pre-
viously described BLIMP1+ mammary subpopulation is identified by E17.5 in the mouse
[289], much later than the E9.5 identity of d6 GFP+ PGCLCs [24] or the E12.5 identity of
EMPs [252] and does not express basal markers [289]. The contribution of BLIMP1 to the
EMP-like cells of the d6 GFP+ AP2γ-KO cells may be easily tested, namely by knocking-
out Prdm1 (encoding BLIMP1), generating EpiLCs and subsequently EBs with BMP4+
medium, and analyzing the EBs on d6 to determine of markers of EMP fate. Additionally,
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Prdm1 may be overexpressed in WT and AP2γ-KO ESCs to identify if markers of EMP
fate are upregulated. Alternatively, the upregulation of Tfap2a identified in the AP2γ-KO
d4/d6 GFP+ cells drives the EMP-like gene program in the presence of BMP4 and the
absence of AP2γ. As with BLIMP1, this explanation falls short as, although AP2α has
been identified in mammary tissue [290], it has also been identified as a positive regulator
of LC fate [290] and thus does not explain the upregulation of BC markers identified in the
EMP-like cells generated in this work. The role of AP2α in the generation of the EMP-
like AP2γ-KO d6 GFP+ cells may be tested as described with BLIMP1; the gene could
be knocked out and the cells differentiated towards PGCLC fate as previously described
and markers could be analyzed via qRT-PCR, or AP2α may be overexpressed in ESCs to
identify if EMP markers are correspondingly upregulated.

Ultimately, the question raised by the aberrant gene expression observed in AP2γ-KO
EpiLCs remains: is the failure of PGCLCs to specify a consequence of the absence of AP2γ,
or does it arise from misregulation in the ESCs or EpiLCs? Published work demonstrating
that PGC-specific AP2γ-KO lines demonstrate the loss of PGCs, resulting in healthy albeit
sterile mice [35], indicates that indeed AP2γ is required for PGC induction. Nevertheless,
the specific effects upon the transcriptome of AP2γ-KOd6 GFP+ cells may be different
than those observed in PGC-specific KO mice. To determine if dramatic transcriptomic
changes observed in the AP2γ-KO d4/d6 GFP+ cells, including misregulation of imprinting
genes and upregulation of EMP genes, are fundamental to the KO of AP2γ or are the ‘by-
product’ of AP2γ-KO ESC/EpiLC misregulation, the targeted degradation of AP2γ may
be employed. Depletion of AP2γ at the moment of PGC induction and subsequent qRT-
PCR of meGFP+ cells collected from d4/d6 EBs for identified DE markers of imprint
misregulation including Peg13 and H19, or previously mentioned EMP markers, should
allow for this point to be clarified.

4.1.5 Chromatin accessibility is altered during PGCLC in-
duction from AP2γ-KO EpiLCs

As RNA-seq analysis demonstrated global transcriptomic misregulation in the AP2γ-KO
d4/d6 GFP+ cells, it was of interest to determine whether the KO of putative pioneer
factor AP2γ resulted in a chromatin accessibility phenotype. As the quality of the WT
d6 GFP+ samples varied (Figures 7.9.1.4,7.9.1.2D), few DAPs were identified and these
results will not be discussed. In the AP2γ-KO d4 GFP+ cells, 0.18% (161/91,003) of the
identified DAPs were negatively enriched while only 0.077% (70/91,003) of the DAPs were
positively enriched. This represents a very small portion of all peaks and stands in contrast
to the much larger change in chromatin accessibility identified in AP2γ-KO ESCS. Thus,

127



it may be that AP2γ plays a context-dependent role in ESCs and PGCLCs.

AP2α and AP2γ were the two most negatively enriched identified motifs in the AP2γ-
KO d4 GFP+ cells, and numerous KLF family motifs were also found to be negatively
enriched (Figure 31). Within the positively enriched motifs identified in the AP2γ-KO d4
GFP+ cells were numerous SOX family factors, as well as the primed pluripotency factor
OTX2, two TEAD family factors, and two ZIC family factors. It is striking that SOX
family factors were identified to be negatively enriched with the AP2 factors in the AP2γ-
KO ESCs (Figure 29), and in the d4 GFP+ AP2γ-KO cells the opposite effect may be
observed. The upregulation of SOX and ZIC family factors was identified by Pastor et al.
in TFAP2c-/- enhancers following failed reversion from primed to naïve human ESC states,
and they determined that the positive enrichment of these factors is an indication of neural
fate [257]. This corresponds to the upregulation of neural stem cell DE genes identified in
d4/d6 GPF+ AP2γ-KOs (Figure 58). A likely explanation for the negative enrichment of
SOX factors in AP2γ-KO ESC DAPs and subsequent positive enrichment in AP2γ-KO d4
GFP+ cells is simply upregulation of Sox factor expression in the AP2γ-KO d4/d6 GFP+
cells relative to the AP2γ-KO d4 ESCs (Appendix 7.9.3.2). As SOX family factors are
pioneer factors [280], their upregulation intuitively corresponds to the increased chromatin
accessibility of their motifs.

Annotation of DAPs resulted in 147 genes annotated to the negatively enriched DAPs of
which 22 corresponded to DE genes (15.0%), and 67 genes annotated to the positively
enriched DAPs of which 8 corresponded to DE genes (11.9%; Appendix 7.9.1.7). No DAPs
in the positively enriched dataset were annotated to promoters, while four of the DAPs
in the negatively enriched data were annotated to promoters, of which three corresponded
to the DE downregulated genes Tfap2c, Mest, and Peg13. Mest and Peg13 are imprinted
genes whose DAPs were depleted in all AP2γ-KO cells analyzed via ATAC-seq (Appendix
7.9.1.6). Mest-KO mice exhibit a reduction of mesodiencephalic dopaminergic neurons
and a behavioral phenotype reminiscent of Parkinson’s disease [291], while Peg13 -KO mice
exhibit behavioral changes including depression [292]. As AP2γ has been shown to be
expressed in the brain [293; 78], it is intriguing that the KO of AP2γ results in DE expression
as well as negatively enriched DAPs of genes associated with behavioral phenotypes.

4.1.6 Different effects of AP2γ-KO on ESCs and d4 GFP+
cells

One unresolved issue identified this work is the counterintuitive result presented by the
RNA-seq and ATAC-seq datasets when comparing AP2γ-KO ESCs and d4 GFP+ cells.
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Namely, that AP2γ-KO ESCs exhibit less DE gene expression but numerous DAPs while
d4/d6 GFP+ AP2γ-KO cells demonstrate dramatic DE gene expression but exhibit far
fewer DAPs. A speculative explanation may be that a redundant pioneer such as AP2α
partially compensates for the loss of AP2γ on d4/d6 of PGCLC differentiation. The question
of whether AP2α and AP2γ are redundant has been studied in the early murine embryo
[88], in the zebrafish neural crest [107], and in murine epidermis [106]. The resulting double
KO of both factors often demonstrates a more severe phenotype, e.g. KO of both AP2α
and AP2γ in the mouse results in earlier embryonic lethality than either factor alone [88].
However, neither factor is truly redundant for the other, meaning the continued expression
of AP2α is not sufficient to rescue AP2γ-KO cells and vice versa. This is consistent with my
data, as Tfap2a expression is upregulated in d4/d6 GFP+ AP2γ-KO cells however does not
rescue the PGC gene program (Figure 18). A possible explanation for this is that AP2γ
and AP2α could be functionally redundant as pioneer factors but not as transcriptional
regulators.

In this model, the upregulation of AP2γ in AP2γ-KO d4/d6 GFP+ cells leads to the main-
tained accessibility of chromatin bearing AP2γ/AP2α motifs and thus explains why so
few DAPs may be identified in the d4 GFP+ AP2γ-KO cells. However, as AP2α cannot
compensate for the transcriptional regulation of AP2γ, widespread transcriptional misregu-
lation occurs. In support of this theory is the fact that both AP2 factors share a conserved
AP-2 binding domain [97], which detects extremely similar motifs (see for example Figure
27A). Additionally, they are both putative pioneer factors [52; 73; 77; 102; 103]. Further,
while the AP-2 binding domain is conserved between the two proteins, only 52% of the over-
all protein sequence is conserved [101]. This might explain why the two proteins exhibit
different interaction partners and tissue-specific expression [79].

In opposition to this theory is the fact that AP2α binding motifs are even more negatively
enriched in the d4 GFP+ AP2γ-KO cells than AP2γ binding motifs (Figure 31A). However,
it should be noted that this enrichment analysis was only performed upon a small number
of DAPs, and thus it is possible that the negative enrichment of AP2α/AP2γ corresponds
specifically to peaks requiring AP2α/AP2γ heterodimers, which have been identified in
the chick neural crest [77]. In total, 79 negatively enriched DAPs were found to contain
the AP2α binding motif, while 87 contained the AP2γ binding motif, meaning almost all
DAPs contained the motifs of both factors. To examine the potential functionally pioneer
factor redundancy of AP2α and AP2γ, ChIP-seq or CUT&RUN libraries of both factors
could be generated to identify unique and overlapping binding sites. AP2α binding sites in
AP2γ-KO cells could then be identified, to determine whether the upregulation identified in
AP2γ-KO d4/d6 GFP+ cells results in increased AP2α binding in AP2γ motif-containing
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peaks. Further, as Tfap2a was not found to be upregulated in the S-KO d6 GPF+ cells
(Figure 23), these cells could be used for ATAC-seq to determine if more DAPs may be
identified when Tfap2a is not upregulated.

4.1.7 Conclusions on the study of AP2γ activity

In this work, I have clearly demonstrated that PGCLC development from AP2γ-KO ESCs
is impaired. However, I have also identified new and intriguing potential targets of AP2γ
regulation, namely imprinted genes and EMP genes. I have raised questions about the true
identity of ESCs and EpiLCs following AP2γ-KO which should be investigated to better
determine the role the protein plays on early development. I have also proposed a model of
AP2α as functionally redundant to AP2γ within the context of chromatin accessibility and
non-redundant in the context of gene regulation. To conclude this first aim of my work,
concerning the activity of AP2γ as a transcriptional regulator and potential pioneer factor,
I will discuss the conclusions I have come to on AP2γ, as can best be determined by the
work I have presented here.

4.1.7.1 AP2γ should be evaluated as a potential factor supporting naïve

pluripotency

In this work, I have demonstrated that the loss of AP2γ results in altered gene expression
and chromatin accessibility. Recently, it was shown that AP2γ motifs are enriched in hu-
man ESC (hESC) naïve-specific ATAC peaks [257]. TFAP2C -KO primed hESC lines, which
when maintained in the primed state, did not show changes in pluripotent marker expres-
sion. However, naïve pluripotency markers were downregulated and naïve-specific DAPs
were no longer accessible upon reversion of TFAP2C -KO hESCs to the naiïve pluripotent
state, which was less pronounced when analyzing mouse ESCs. This study concluded that
“AP2 transcription factors play a more modest role in murine than human naive states”
[257]. The effect I observed in the mESCs was much larger than what is described by
Pastor et al., as I identify almost 13,000 DAPs in the AP2γ-KO ESCs relative to WT.
The differences observed between these works may be attributed to several factors: 1) they
compared different mESC lines to so-called mouse epiblast stem cells (EpiSCs), 2) they
used different bioinformatics tools, and 3) they did not examine the ATAC-seq profiles of
Tfap2c-KO cells alone but only AP2γ-/-/AP2α-/- dual KOs.

It is possible that AP2γ is required for the correct maintenance or priming of the mESC
naïve pluripotent state, while nevertheless playing a smaller and less consequential role than
is observed in hESCs. In this proposed model, AP2γ may directly and indirectly regulate
genes affecting chromatin accessibility in the naïve state, including DNA methylation reg-
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ulators/modifiers and pioneer factors which affect chromatin accessibility, however the KO
of the protein is insufficient to result in reduced proliferation or complete differentiation of
the ESCs. In support of this theory are the following facts: AP2γ is detectably expressed
on an mRNA (Figure 12) and protein level (Figure 8) in mESCs, which correlates with
published work demonstrating that it is expressed in vivo in the early mouse embryo [88].
AP2γ-KO ESCs demonstrate a phenotype as well as differential expression of 449 genes and
differential accessibility of almost 13,000 chromatin peaks, indicating significant transcrip-
tomic and chromatin accessibility consequences for AP2γ-KO ESCs. Further, AP2γ-KO
ESCs downregulate Dppa3, and ATAC-seq peaks associated with the Dppa3 promoter are
negatively enriched. Additionally, Dnmt3l is found to be upregulated, and the promoter of
Dnmt3l is identified as a positively enriched DAP in the AP2γ-KO ESCs. Dnmt3l is a de
novo DNA methylation enzyme, and the misregulation of the genes Dppa3 and Dnmt3l is
associated with negative enrichment in genome accessibility due to DNA methylation. Ad-
ditionally, several putative pioneer factors including Pbx1 (PBX homeobox 1), Ets1 (ETS
proto-oncogene 1), Meis2, and Meis3 (meis homeobox 3) as well as histone linker protein
H1f0 (Histone 1.0 linker)3 were found to be upregulated in the AP2γ-KO ESCs, while
chromatin-remodeling or accessibility associated proteins Tet1 (Tet methylcytosine dioxy-
genase 1), Hira (Histone cell cycle regulator), and Chd3 (Chromodomain-helicase-DNA-
binding protein 3) were downregulated. Of particular note are H1f0, which associates with
transposable elements and repetitive, non-coding, intergenic satellite regions and whose
upregulation is associated with differentiation [295], and Hira, which assists in transition
of enhancers to the poised state [296]. It should be noted that, with the exception of
Pbx1, Meis2, and Meis3, none of these genes are DE in the AP2γ-KO d4 GFP+ cells. The
widespread misregulation of factors associated with chromatin remodeling, accessibility,
and methylation may explain the similar number of DAPs found to be both positively and
negatively enriched in the AP2γ-KO ESCs.

The low expression of Tfap2c in the ICM of the murine pre-implantation embryo is one
of the grounds on which Pastor et al. discount the likelihood of AP2γ acting as a murine
pluripotency factor. To counter this argument, an interesting protein which may be used
as a case study for low but important expression in naïve ESCs is DAZL. DAZL is an
RNA-binding protein which was generally perceived to be a germ-cell specific protein [297].
However, work by Welling et al. demonstrates that DAZL is expressed in 80% of mESCs
in 2i+LIF culture and enhances the translation of Tet1 mRNA, thus positively regulating
global hypomethylation in ESCs [298].

3Although most histone genes do not have poly(A) tails and thus would not be isolated in this RNA-seq dataset,
histone gene H1f0 does in fact have a poly(A) tail [294] and thus was successfully sequenced.
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In opposition to the idea that AP2γ may play a role in maintaining naïve pluripotency is
the fact that Auman et al. found that mice with chimeric embryonic AP2γ-KO genotypes
specific to the embryo proper developed normally [124]. It should be noted that the chimeric
embryonic AP2γ-KO mice described by Auman et al. were not characterized beyond E12.5;
the survival rate, fertility, behavior, and physical characteristics of adult chimeric AP2γ-
KO mice are not indicated. This omission is notable, as tissue-specific AP2γ-KO mice have
demonstrated impaired vision [293], cognitive impairment [78], reduced sex organ size [35],
and infertility [35]. Depending on the gene of interest, chimeric mouse models may allow
for compensation of an otherwise significant phenotype [299]. This fact is acknowledged
in the Auman et al. paper, and as such they additionally developed a tetraploid chimeric
embryo, in which the extraembryonic tissues are WT and the embryo proper is almost
entirely comprised of AP2γ-KO cells [124]. They do not describe the resulting chimeric
AP2γ-KO embryos beyond E12.5, and do not provide information about the phenotypes
of the embryos in late gestation or after birth. As far as I can determine, this is the
only paper describing exclusively proper embryonic AP2γ-KO mice, and as such it may be
concluded that information is absent on the effect of AP2γ-KO on developmental potential
and postnatal survival of mice.

In order to better understand the role AP2γ may play in naïve pluripotency, teratomas
could be generated in mice with the KO1 or KO2 lines described in this paper. Teratomas,
in the context of pluripotency research, are artificial tumors generated by injecting stem
cells into the non-uterine tissue of immunocompromised mice [300]. If the resulting tumors
give rise to the three germ layers of ectoderm, mesoderm, and endoderm, the injected cells
were determined to be truly pluripotent [300]. However, the ethics of this experiment are
under debate, and the method is controversial due to pain and suffering of the injected
mice [300]. To overcome the ethical burdens of teratoma generation, a gastruloid could
be generated from either KO1 or KO2 lines. Gastruloids are EBs generated from ESCs
which are intended to mimic the process of gastrulation in the early embryo, and induce
differentiation of ESCs towards neural, endodermal, and mesodermal fates [301]. WT and
AP2γ-KO ESCs could thus be used to generate gastruloids, and the differentiation efficiency
towards neural, endodermal, and mesodermal fates could be compared. Additionally, an in
vitro teratoma assay has been developed for hESCS [302], and one could attempt to adapt
this protocol to mESCs and compare the developmental potential of WT and AP2γ-KO
in vitro teratoma EBs. Finally, the reversion experiment described by Pastor et al. in
which primed hESCs are reverted to naïve fate [257] could also be applied to mouse cells,
wherein AP2γ-KO EpiSCs could be reverted towards ESC fate [303] and ATAC-seq could
be performed to identify if naïve peaks re-emerge.
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4.1.7.2 The characterization of AP2γ as a potential pioneer factor is not

complete

With the work I have presented here, it is not possible to conclude whether AP2γ is a
pioneer factor in the cell types I have studied. To continue the work of characterizing AP2γ
as a potential pioneer factor, the next step is to perform ChIP-seq or CUT&RUN to iden-
tify where AP2γ directly interacts with chromatin throughout development. Additionally,
ChIP-seq or CUT&RUN libraries of the histone modification H3K4me1 could be generated;
H3K4me1 is not only a mark identified to flank primed or active enhancers [137], but also
is found to colocalize with putative pioneer factors on closed chromatin [253]. Thus, sites
where AP2γ may behave as a pioneer factor may be identified by looking for direct binding
of AP2γ to closed chromatin colocalizing with H3K4me1.

By characterizing AP2γ as a pioneer factor and identifying its targets, one can better
understand the process of differentiation between cell types. Further, misregulation of
AP2γ has been implicated in cancer including breast cancer (see Section 1.3.1). Thus,
our improved understanding of how and whether AP2γ opens chromatin will potentially
improve our understanding of the protein in a pathogenic context.

4.2 Single gRNA tiling screen of Tfap2c TAD iden-
tifies single gRNAs of interest

To accomplish the second aim of this work, a CRISPR/Cas9-based tiling screen of the
Tfap2c TAD was performed with the aim of identifying regulatory elements acting on the
gene Tfap2c. 328 out of 29,192 (1.12%) unique gRNAs were considered significant. The
output and outlook of the screen, as well as suggested improvements for future screens, are
discussed in the following sections.

4.2.1 Basis of screen

The basis of the lentiviral pooled screen performed in this work was to tile a defined set of
coordinates in the genome with single gRNAs, in this case the TAD of the gene Tfap2c, to
identify cis-regulatory elements (CREs) acting Tfap2c. Lentiviral transduction allows for
the random insertion of virally-packaged gRNA sequences into the genome, and the deter-
mination of the multiplicity of infection (MOI) allows for statistical confidence that most
cells will only be infected with one viral particle [304]. As such, the Cas9-expressing SGET-
Cas9 ESCs employed in this screen statistically were infected by one lentiviral particle and
subsequently expressed one gRNA, thus generating a potential KO phenotype specific to
the gRNA they expressed. Should the gRNA target Cas9 to a TF binding site affecting cell
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survival or proliferation, or in the case of cells sorted via FACS the loss of fluorescence, the
depletion of that cell from the pool can be identified by measuring the gRNA populations
at defined time points. In this work, four specific populations were collected and sequenced
to determine the gRNA populations: the plasmid library used to generate the virus, ESCs
following 12 days of selection, EpiLCs following 42 hours of differentiation, and d6 PGCLCs
sorted via FACS. This allowed me to track the normalized gRNA counts as the cell devel-
oped from ESCs towards PGCLC fate, and thus identify positively or negatively enriched
gRNAs between defined cell states.

The screen was designed to allow for the unbiased identification of CREs, as the Tfap2c
TAD was completely tiled without consideration for known features. This differs from
published work wherein known enhancer elements [152; 305; 306], 100 kilobase (kb) regions
surrounding specific genes [157], or known TF-binding motifs within CREs [307; 308] were
tiled with gRNAs. As enhancers may act on distant genes [309] and most interactions occur
between CREs and genes located within the same TAD [160], the entire Tfap2c TAD was
tiled to identify any possible CREs acting on the gene. Additionally, the screen was designed
to track gRNA enrichment over developmental time points, which has not previously been
shown in a CRE-targeting screen - other works cited here primarily examined one cell
type and one selection method, e.g. Sanjana et al. examined mutations affecting cancer
cell resistance to drug treatment [157], while Canver et al. examined mutations affecting
Pou5f1 expression in ESCs [158].

4.2.2 gRNA enrichment is demonstrated in each examined
cell type

The screen was employed in total three times, and gDNA isolated from ESCs, EpiLCs,
and d6 GFP+/tdTomato- PGCLCs collected during the screen was used to generate am-
plicon libraries which were subsequently sequenced. 328 out of 29,192 (1.12%) unique
test gRNAs, meaning gRNAs which were not taken from the GeCKO library as exonic or
scrambled controls, were considered significant. Of the total gRNAs, 129 were identified
in ESCs, of which 105 were negatively and 24 were positively enriched, 199 were identified
in EpiLCs, of which 147 were negative and 52 were positive, and 53 were identified in d6
GFP+/tdTomato- PGCLCs, of which 18 were negative and 35 were positive (Figure 37).
Negative enrichment means that a gRNA-carrying cell is depleted from the pool of cells,
indicating that the cell may have undergone apoptosis, experienced reduced proliferation,
or in the case of PGCLC negative enrichment, failed to express Stella and/or GFP. Positive
enrichment means that a gRNA-carrying cell is enriched in the pool of cells, indicating
increased proliferation or better survival relative to cells expressing other gRNAs. Addi-
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tionally, in the PGCLC dataset positive enrichment may indicate a gRNA-carrying cell was
enriched in the sorted population, i.e. KO of Tdtomato should result in the enrichment of
cells carrying a Tdtomato-targeting gRNAs, as it moves the population from the unselected
tdTomato+ population potentially into the sorted GFP+/tdTomato- population. It was
noted that most significant gRNAs in the screen were identified in the EpiLC samples; it is
therefore possible that the Tfap2c TAD harbors CREs required for or enhancing the transi-
tion to formative pluripotency. Further, most significant gRNAs identified in the ESCs and
EpiLCs were negatively enriched, while in the PGCLCs most gRNAs were positively en-
riched. This indicates that the gRNAs employed in this screen primarily targeted genomic
coordinates associated with reduced cellular fitness in the ESCs and EpiLCs, while coordi-
nates targeted in the PGCLCs may have enhanced either proliferative ability or induction
efficiency towards PGCLC fate.

4.2.2.1 gRNAs primarily target non-coding regions in ESCs

Control gRNAs were employed during this screen to target PGCLC markers genes or genes
involved in the sorting of PGCLCs at the FACS, including Prdm1, Prdm14, Dppa3, Dppa5a,
Gfp, Tfap2c, and Tdtomato. These genes were targeted as they are either upregulated in
PGCs and thus should appear negatively enriched in the PGCLC samples, or they target
genes which otherwise would exclude samples from being sorted for collection at the FACS,
i.e. Dppa5a and Tdtomato, and thus should appear positively enriched in the PGC samples.
In principle, these PGC-specific controls should allow for both cell type and fluorescence-
based evaluation of screen efficacy. Although they were designed to control the PGCLC
population, enrichment identified in the ESCs may nevertheless be discussed. In the ESCs,
gRNAs targeting Dppa3 and Dppa5a were found to be significantly negatively enriched,
while gRNAs targeting Prdm14 were found to be positively enriched (Table 2). It is known
that both Dppa3 and Dppa5a are expressed in ESCs [11], and KO of Dppa3 is generally em-
bryonic lethal due to cleavage defects in early embryogenesis [310], so it is unsurprising that
ESCs expressing Dppa3 -targeting gRNAs would experience impaired cellular fitness. How-
ever KO of Dppa5a is non-lethal in the mouse [311], and thus the negative enrichment was
unanticipated. One possible explanation for the negative enrichment of Dppa5a-targeting
gRNAs is the fact that, although the sequences were taken directly from the GeCKO li-
brary, I found that 5/6 of the gRNAs target multiple 100% off-target regions in the genome
when examined using the UCSC BLAT (BLAST-like alignment tool) search. Thus, their
enrichment may not be a reliable indicator of Dppa5a function in the ESCs. Further, while
the KO of Prdm14 in ESCs has been shown to not affect the survival of the cells, it did
result in reduced proliferation [312].
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One potential explanation for the positive enrichment of Prdm14 is the overall effect of
lentiviral transduction on ESCs. The endogenous ESC anti-viral defense response has been
characterized in the context of lentiviral transduction by Geis et al., and may result in
silencing of transgenes [313]. Further, it has been shown that small amounts of plasmid
may carry over from the lentiviral preparation into the transduction event, affecting the
transduction of infected cells [314]. Finally, the small volume of lentiviral supernatant used
to transduce the cells contained 10% fetal bovine serum (FBS), which affects the epigenetics
and developmental potential of ESCs [315]. The cumulative effect of the silencing, plasmid
carryover, and serum may affect the initial gRNA representation following transduction.
Essentially, the gRNA population on day one of puromycin selection may demonstrate
small differences from the gRNA population within the library, which could result in the
appearance of positive or negative enrichment when the ESCs are collected after twelve days
and the resulting gRNA population is compared to that of the plasmid library. Potential
means of improving this process may be found in Section 4.2.3.2.

Fourteen gRNAs were identified which are negatively enriched in ESCs but positively en-
riched in EpiLCs. Out these fourteen, two were found be be correspondingly negatively
enriched in PGCLCs. It is possible that these gRNAs are targeting TF binding sites asso-
ciated with naïve pluripotency, and should be examined closely. In total, eight negatively
enriched and five positively enriched gRNAs found to be significant in ESCs were located in
ENCODE candidate CREs (cCREs) (Figure 39), and these gRNAs should also be carefully
considered for future validation. Nineteen gRNAs targeting potential regulatory region 1
(PRR1; chr2:170,246,202-170,503,872) were identified to be significant in the negatively
enriched ESC dataset. PRR1 contains putative regulatory regions identified through Hi-C
chromatin capture to be interacting with the Tfap2c promoter in ESCs and EpiLCs. Of
these gRNAs, two were also located in cCREs and five were located within the intron of the
gene Bcas1 (Brain enriched myelin associated protein 1), a protein associated with myeli-
nation [316]. The numerous gRNAs identified in PRR1 indicate there may be a functionally
relevant role for this region in ESC regulation, and should be investigated further.

It should be noted that gRNAs targeting control enhancers identified to be necessary for
maintenance of the ESC state [267], namely the positive control enhancers (PCEs) 1-4
(Appendix 7.11), were largely not detected in the negatively enriched gRNA datasets, with
the exception of one gRNA detected in PCE3 (chr14_A_12, targeting chr14:99,324,398-
99,324,417). The control enhancers identified in the Kearns et al. paper were found by
targeting them with Cas9-LSD1 (Cas9 fused to lysine-specific demethylase 1A), a transcrip-
tional repressor, and looking for changes in morphology and expression of naïve pluripotency
genes [267]. As such, single TF binding sites were not characterized or mapped, rather the
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repression of the enhancer as a whole was used to determine its effect upon ESC state.
Thus, the failure to detect enriched gRNAs in these enhancers may not be a failure of the
screen, but rather it may be that few or no individual sites within these enhancers are
sufficient to impair ESC state maintenance.

4.2.2.2 Strong negative enrichment of gRNAS targeting exons in EpiLCs

Once the gRNA enrichment of ESCs had been determined, gRNA enrichment in EpiLCs was
examined. It should be noted that gRNA enrichment analysis in EpiLCs was found by com-
paring normalized EpiLC gRNA populations to the normalized ESC gRNA population, and
not the plasmid library. This represents an improved method of examination compared to
the method employed in the ESCs, as any changes detected in the normalized gRNA popu-
lation of the EpiLCs may be directly compared to the normalized gRNA population existent
at the moment of EpiLC induction in the ESCs. Analysis of PGC gene-targeting control
gRNAs determined to be significant in the EpiLCs found that again Prdm14 -targeting
gRNAs were positively enriched, while Dppa3 -targeting gRNAs were negatively enriched
(Table 2). As Prdm14 is a naïve pluripotency factor which is downregulated in the EpiLCs
(Figure 12), it is plausible that its KO may in fact enhance the proliferation of the for-
matively pluripotent EpiLCs. The negative depletion of Dppa3 -targeting gRNAs may be
explained by the fact that Dppa3 -KO has been shown to affect global DNA methylation
and misregulation of imprinting [275], and thus it is plausible that KO of the gene may
in fact impair EpiLC induction and subsequent proliferation, if the ESC state is already
impaired by misregulated gene expression.

53% of all significant negatively enriched gRNAs in the EpiLCs targeted exons, primarily
belonging to the genes Aurka, Cstf1, and Rae1. AURKA-KO ESCs demonstrate reduced
proliferation, enhanced differentiation, and cell death [317]. CSTF1 contributes to a com-
plex involved in the processing of mRNA poly(A) tails, and its KO results in reduced
affinity of the complex to the mRNA which strongly suggests a fundamental biological role
[269]. RAE1-KO results in embryonic lethality in the mouse, is required for segregation of
chromosomes, and is involved in regulation of the mitotic checkpoint [270]. These genes are
required for survival and exert extremely important cellular functions, so the single gRNA
readout of individual exons strongly indicates that the screen was successful at identifying
single gRNAs resulting in reduced cellular fitness, and that the CRISPR/Cas9 approach
was successfully employed. As the gRNAs targeting these genes were not detected to be
significant in the ESCs, it is possible that they are in fact required for EpiLC induction or
maintenance.

gRNAs targeting cCREs were only found to be significant in the EpiLCs within the nega-
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tively enriched dataset. Of these, eight are unique to EpiLCs and are not detected in other
cell types, and should be closely examined as potentially targeting regulatory sites involved
in formative pluripotency. The remaining four gRNAs are also identified in the positively
enriched PGCLC datasets. It is possible that these represent TF binding sites which impair
the formative pluripotent state and enhance the proliferation or induction of PGCLCs, and
should also be closely considered. Eight gRNAs were found to be negatively enriched in
PRR1, and may also be considered for further exploration.

4.2.2.3 gRNA enrichment in PGCLCs is primarily positive

Finally, the significant gRNA enrichment of PGCLCs was assessed, as the final stage of the
screen and the only stage requiring reporter gene-based FACS sorting. gRNA enrichment in
PGCLCs was determined by comparing the normalized PGCLC gRNA population against
the EpiLC population, and not the gRNA library. Control gene-targeting gRNA enrich-
ment, when detected, demonstrates that most controls were successfully detected within
the expected positive or negative enrichment dataset (Table 2): gRNAs targeting PGC
marker genes Dppa3, Prdm14 and Dppa3 -reporting Gfp were found to be negatively en-
riched, while TdTomato-targeting gRNAs were found to be positively enriched, as expected.
Notably, gRNAs targeting Dppa5a directly were not found to be significant. However, it
should again be noted that the Dppa5a gRNAs, although taken directly from the published
GeCKO library, demonstrate numerous off-targets. For this reason, the Dppa5a-targeting
gRNAs must be assessed critically.

gRNAs targeting Tfap2c and Prdm1 were not detected. One possible explanation for the
failure to detect these key gRNAs targeting PGCLCs genes, and specifically the gene of in-
terest for this screen Tfap2c, may be low overall coverage, i.e. the number of total PGCLCs
collected fell below the threshold of 500 cells/gRNA suggested by Joung et al. [156] or 300
cells/gRNA suggested by Dr. Ophir Shalem and Dr. Neville Sanjana, noted researchers in
the field of screen-based technology [318]. It is challenging to collect sufficient PGCLCs,
as PGCLC generation within EBs is not 100% efficient, as shown in Figure 22 representing
the average percentage of putative PGCLCs isolated from d6 SGET +cyto EBs. Addi-
tionally, the dissociation and processing of EBs is also a technical, time-consuming process
which limits the number of PGCLCs which can realistically be isolated on one day. For
this reason, I utilized microwell plates to generate the PGCLCs and increase the overall
number of cells which could be harvested upon d6 of PGCLC induction. Ultimately, I was
able to achieve an average coverage of ∼128 PGCLCs/gRNA. This may explain why the
screen failed to detect gRNAs targeting either Tfap2c or Prdm1, in spite of the fact that
Tfap2c-KO results in a significant decrease in GFP+/tdTomato- cells in S-KO d6 +cyto
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EBs relative to WT (Figure 22). It can thus be assumed that the gRNAs determined to be
significant in the d6 PGCLCs are not exclusively targeting CREs regulating Tfap2c.

Nevertheless, interesting gRNAs were identified, and their target regions may be further in-
vestigated for their role in overall PGCLC induction. These include three gRNAs targeting
CREs in the negatively enriched gRNA dataset and a gRNA identified to be negatively de-
pleted in the ESCs as well as the PGCLCs (chr2C_2313, chr2:172,128,088-172,128,107). A
greater number of significant gRNAs were identified as positively enriched than negatively
enriched in the PGCLCs, which is intriguing. Of these, three were found to be located
within cCREs. It is possible that these gRNAs target TF binding sites which may nega-
tively regulate Dppa3 expression or PGCLC induction, and as such should be investigated
further. Four gRNAs in PRR1 were negatively enriched, of which two were located in a
Bcas1 intron, and these may also represent interesting regulatory sites within a region pre-
dicted to regulate the Tfap2c promoter. It should be noted that significant gRNAs may
be targeting CREs which act on Tfap2c in addition to exerting cell type-specific activity.
Thus, the possibility of identifying CREs acting on Tfap2c using this data remains open.

4.2.3 Conclusions on Tfap2c tiling screen

It may be concluded that the Tfap2c tiling screen described in this work successfully iden-
tified most control gRNAs on d6 of PGCLC induction and successfully identified on a
single-gRNA resolution individual exons of putative housekeeping genes in the EpiLCs. Ad-
ditionally, numerous gRNAs were localized to cCREs as well as introns, which are known
to harbor CREs [135], indicating that the gRNAs may be detecting TF binding sites within
putative CREs. Methods to identify single gRNAs for further examination are discussed in
this conclusion, as well as potential methods to improve tiling screens in the future.

4.2.3.1 Identification of single gRNAs for further characterization

With the significant gRNAs presented in this work, it is possible to identify particular gR-
NAs which should be investigated further to determine whether the gRNA truly exerts an
influence on the corresponding cell type. Examination of individual gRNAs could begin in
ESCs, as the effect upon the naïve pluripotent state including differentiation or reduced pro-
liferation is easy to observe. Particular, significant gRNAs of interest whose target sequence
could examined for function in ESCs include: chr2C_6355 (chr2:172,440,868-172,440,887)
which is located within a cCRE negatively enriched in both ESCs and EpiLCs; chr2C_18114
(chr2:173,171,662-173,171,681), which is located within a cCRE and is negatively enriched
in ESCs and positively enriched in EpiLCs; or chr2B_1266 (chr2:170,343,597-170,343,616),
which is located within a cCRE in PRR1.
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To improve the identification of promising regulatory elements within the datasets, signif-
icant gRNAs may be compared to the ATAC-seq data presented in this work as well as
published H3K4Me1/H3K27ac ChIP-seq datasets to characterize enhancer-related histone
modifications and chromatin accessibility. Subsequently, motif enrichment analysis may be
performed upon these gRNAs to identify if specific TF binding motifs are present within
these regions, and the expression of identified TFs in each cell type may be confirmed via
the RNA-seq data presented in this work. Sites targeted by individual gRNAs may be
functionally investigated by using the gRNA in CRISPR/Cas9 to repeat the targeted mu-
tagenesis in a single line, and subsequently characterize the resulting phenotype. Further,
inducible dCas9-KRAB (Nuclease-dead Cas9 Krüppel-associated box) could be targeted to
CREs of interest to repress enhancer activity at different points of development, and the
resulting phenotype may be characterized. Finally, luciferase assays could be employed to
validate the interaction of the CRE of interest with a promoter element of a gene identified
to be of interest following CRE characterization [319].

4.2.3.2 Improvements suggested for further screens

To improve future screens, and specifically to control for potential variations in gRNA
representation within cells following transduction, a Dox-inducible Cas9-expressing ESC
line could be employed. In this model, a cell line is stably transfected with the reverse
tetracycline-controlled transactivator (rtTA) transgene as well as Cas9 under the control of
the tet response element (TRE) [320]. These cells will thus express Cas9 upon the addition
of tetracycline or doxicycline (dox). Thus, these cells could be transduced with lentivirus
to allow stable integration of the gRNA, passaged to ensure complete reacclimatization
to the 2i+LIF medium and ensure serum-specific effects are lost, and a pellet of the cells
may be collected for gDNA isolation and sequencing, with this sample representing the day
0/control sample for the ESCs instead of the plasmid library. The cells could then be treated
with Dox to induce Cas9 expression, grown for twelve days, and collected. The sequenced
gRNA populations in these cells could then be directly compared to the ESCs prior to
the addition of Dox and thus Cas9 expression, and may provide an improved method to
more sensitively determine changes in gRNA enrichment following CRISPR/Cas9 mediated
mutagenesis.

Future screens could employ a protospacer adjacent motif (PAM)-free or reduced-PAM
Cas9. The S. pyogenes Cas9 enzyme generally employed in CRISPR/Cas9 screen recognizes
the PAM site 5’ - NGG - 3’, however reduced-PAM Cas9 variants recognize broader sites
and thus dramatically increase the number of possible gRNAs which can be used to tile a
region, improving overall coverage [321]. Finally, future screen could employ control regions

140



identified in comparable single-gRNA screens, for example the Canver et al. screened
published in 2020 which identified on the single-gRNA level regulatory elements acting on
core pluripotency factor Pou5f1.
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Appendix

7.1 Additional buffers used in this work

7.1.1 Gibson assembly mastermix
The protocol for Gibson assembly mastermix was taken from Gibson et al., 2009 [181]. In order to prepare
the Gibson assembly mastermix, 5x isothermal (ISO) buffer must first be prepared:

Table 3: Requirements for the preparation of 5x ISO buffer
Component Quantity
1M Tris-HCl, pH 7.5 3 ml
1M MgCl2 300 µl
NAD+ (New England BioLabs) 300 µl
1M Dithiothreitol (DTT; Carl Roth) 300 µl
100 mM dATP (New England BioLabs) 60 µl
100 mM dCTP (New England BioLabs) 60 µl
100 mM dGTP (New England BioLabs) 60 µl
100 mM dTTP (New England BioLabs) 60 µl
Polyethylene glycol 8000 (PEG-8000;
Sigma-Aldrich) 1.5 g
dH2O ad 6 ml

Prepared 5x ISO buffer was aliquoted and stored at -20°C, prior to use in the Gibson cloning master mix.
To prepare the master mix, the following components were mixed:

Table 4: Requirements for the preparation of Gibson assembly master mix:
Component Quantity
40 U/µl Taq ligase (New England BioLabs) 50 µl
5x ISO buffer 100 µl
1 U/µl T5 Exonuclease (New England BioLabs) 2 µl
Phusion polymerase (provided by Department of
Developmental Biology, Georg-August University
of Göttingen)

6.25 µl

dH2O 216.75 µl

Gibson assembly master mix was aliquoted in 15 µl aliquots and stored at -20°C for up to one year. To
perform the Gibson method, DNA fragments and dH2O ad 5 µl are combined with 15 µl Gibson assembly
mastermix and incubated at 50°C for 15-60 minutes, and 1-2 µl is then immediately transformed into
transformation-competent bacteria.
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7.1.2 LB Agar

Table 5: Requirements for the preparation of LB agar
Component Quantity
High Gel-Strength Agar (Serva) 12 g
NaCl (AppliChem) 6 g
Tryptone (Oxoid) 6 g
Yeast extract (Oxoid) 3 g
dH2O ad 600 ml

The recipe for LB Agar was taken from the 2009 Cold Spring Harbor (CSH) protocol [322]. The agar was
autoclaved, and 100 µg/ml ampicillin was added to the agar once the glass bottle had reached a temperature
that was safe to touch. The agar was immediately poured into 10 cm or 245 x 245 mm square bioassay
dishes under a sterile hood until cooled to RT. Plates were then stored upside down and sealed in plastic
bags at 4°C until use.

7.1.3 PBS, 10x stock

Table 6: Requirements for the preparation of 10x PBS
Component Volume
Na2HPO4 * 2H2O (Carl Roth) 17.8 g
NaCl 80 g
KCl (Carl Roth) 2 g
KH2PO4 (AppliChem) 2 g
dH2O ad 1 L

The 10X PBS stock recipe was modified from the 2007 CSH protocol [323]. The stock was autoclaved and
diluted 1:10 in dH2O prior to use in IF stainings and as a component of PBS-T.

7.1.4 TBE, 10x stock

Table 7: Requirements for the preparation of 10x TBE buffer
Component Quantity to be added:
TRIS PUFFERAN® 108 g
Boric acid (Sigma-Aldrich) 55 g
0.5 M EDTA (Carl Roth), pH 8.0 40 ml
dH2O ad 1 L

The 10x TBE stock recipe was taken from QIAGEN [324]. TBE 10x stock was filtered through a 0.45 µm
filter, and diluted 1:10 in dH2O prior to use.
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7.2 Antibodies

Table 8: Antibodies used during the course of this work

Antibody
target:

Species of
origin:

Conj-
ugation: Dilution: Company, Catalog No.:

AP2γ Mouse N/A 1:50 IF
1:200 WB

Santa Cruz Antibodies,
sc-12762

Chicken IgG Goat N/A 1:100 IF Invitrogen, A11039

DAZL Rabbit N/A 1:100 IF Abcam, ab34139

GAPDH Mouse N/A 1:2000 WB antibodies.com, ABIN933343

GFP Chicken N/A 1:2000 IF Abcam, ab13970

Goat IgG Rabbit CFTM-647 1:300 IF SAB4600188

Mouse IgG Goat Alexa-488 1:300 IF Invitrogen, A11001

Mouse IgG Goat Alexa-555 1:300 IF Invitrogen, A21425

Mouse IgG Horse HRP 1:300 WB Cell Signaling, 7076P2

tdTomato Goat N/A 1:100 IF Sicgen, AB8181-200

In the above table, IgG indicated immunoglobulin G, IF indicates indirect immunofluorescence, WB indi-
cates Western blotting, and HRP indicates horseradish peroxidase.

iii



7.3 Cell culture media

7.3.1 2i+LIF medium
ESCs were cultured in 2i+LIF medium as described in Silva et al., 2008 [14]. This medium is composed of
the defined medium N2B27, to which LIF and the two inhibitors CHIR99021 and PD0325901 are added.
Supplement stocks required for the medium were prepared as follows:

Table 9: N2B27 stock preparation
Supplement: Diluent: Final conc.:

50 mg apo-Transferrin (Sigma-Aldrich) 500 µl dH2O 100 µg/ml

1.6 g Putrescine (Sigma-Aldrich) 10 ml dH2O 160 mg/ml

6 mg Progesterone (Sigma-Aldrich) 10 ml 100% EtOH 600 µg/ml

6 mg Sodium selenite (Sigma-Aldrich) 10 ml dH2O 600 µg/ml

To prepare N2B27 medium, N2 supplement is first produced and filtered with a 0.45 µm filter in a sterile
hood:

Table 10: Requirements for the preparation of N2 supplement
Component: Volume:

DMEM/F12, without glutamine (Gibco) 1 ml

Insulin solution, human (Sigma) 750 µl

7.5% Bovine Albumin Fraction V (Gibco) 300 µl

apo-Transferrin stock 300 µl

Putrescine stock 30 µl

Progesterone stock 9.9 µl

Sodium selenite stock 3 µl
All of the N2 supplement is then added directly to the components of N2B27 medium, and the completed
N2B27 medium stored at 4°C:

Table 11: Requirements for the preparation of N2B27 medium
Component: Volume:

NeurobasalTM medium (Gibco) 250 ml

DMEM/F12 medium 249 ml

B27 supplement (Gibco) 5 ml

P/S 5 ml

L-glutamine 5 ml

N2 supplement all

Prior to use with cells, 21+LIF medium is prepared by directly adding the inhibitors to 37°C pre-warmed
N2B27 medium:
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Table 12: Requirements for the preparation of 2i+LIF medium
Component: Volume:

N2B27 20 ml

10 µg/ml LIF 20 µl

10 mM CHIR99021 6 µl

10 mM PD0325901 2 µl

The sterile 2i+LIF medium may be stored at 4°C for up to one week. Both the inhibitors and LIF were
provided by the Wellcome-MRC Cambridge Stem Cell Institute.
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7.4 Cell lines used in this study

In the above table, mESC indicates mouse embryonic stem cells, KO1-3 indicates B1-based AP2γ-knockout
line 1, 2, or 3, and S-KO indicates the SGET-based AP2γ-knockout line.
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7.5 Computer programs and bioinformatics tools

Table 14: List of software and bioinformatics tools used in this work
Program or tool: Produced by: Version No.:

Affinity Designer Serif (Europe), Ltd. 1.10.4

annotateMyIDs Dunning, 2017 [205] N/A

Bedtools Quinlan & Hall, 2010 [326] 2.29.1

Bowtie2 Langmead & Salzberg, 2012 [216] 2.3.4.1

Cutadapt Martin, 2011 [201] 3.7

deepTools Ramírez et al., 2016 [213] 3.0.1

FastQC Andrews, 2015 [199] 0.11.4 (ATAC)

Flowjo Becton, Dickinson and Company 10.7.1

Galaxy Afgan et al., 2018 [198] 22.01.rc1

gplots Warnes et al. [207] 2.17.0

Homer Heinz et al., 2010 [221] 4.8

IGV Broad Institute; Thorvaldsđottír et al.,
2013 [212]

2.10.3

ImageJ 1.53K Schneider et al., 2012 [327] 1.53p

Image Lab Touch Bio-Rad N/A

Macs2 Liu, 2019 [217] 2.1.2

Microsoft® Excel Microsoft 16.58

MultiQC Ewels et al., 2016 [200] 1.11

Picard Broad Institute, 2019 [203] 2.20.2 (ATAC)

Prism 9 GraphPad 9.3.1

R R Core Team, 2021 [218] 4.1.1

REVIGO Ruđer Bošcović Institute [328] N/A

SAMtools Danecek et al., 2021 [211] 1.9 (ATAC)

SnapGene® Insightful Science 6.0.2

Subread Liao et al., 2014 [204] 1.6.3

Trim Galore Krueger [215] 0.4.1

Zotero Corporation for Digital Scholarship 5.0.96.4

ZEISS Zen ZEISS N/A
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7.6 Gels

7.6.1 SDS-PAGE gels

Table 15: Requirements for the preparation of a 10% SDS-PAGE gel

10% separation gel com-
ponent

Volume

30% Acrylamide (37.5:1; Carl
Roth)

3.3 ml

dH2O 4.15 ml

1.5 M Tris-HCl, pH 8.8 2.5 ml

20% SDS (Carl Roth) 50 µl

10% APS () 32 µl

TEMED (Bio-Rad) 10 µl

4% stacking gel compo-
nent

Volume

30% Acrylamide 1.3 ml

dH2O 6.15 ml

0.5 M Tris-HCl, pH 6.8 2.5 ml

20% SDS 50 µl

10% APS 100 µl

TEMED 10 µl

The recipe for SDS-PAGE gels was modified from the 2015 CSH protocol [329]. All components for the 10%
separation gel were mixed, excluding the APS and TEMED. APS and TEMED were then added and the
solution was immediately cast. 500 µl 100% isopropanol was then gently pipetted on top of the gel to remove
bubbles and to prevent the gel from losing moisture. Once the gel had polymerized, all components of the
4% stacking gel excluding APS and TEMED were thoroughly mixed. APS and TEMED were then added,
and the solution was mixed and immediately cast onto the stacking gel. 10-well Mini-PROTEAN® 1.0 mm
combs were then inserted, and once the gel had polymerized it was immediately used for SDS-PAGE.

7.6.2 TBE gel, 10%

Table 16: Requirements for the preparation of a 10% TBE gel

Component Volume

30% Acrylamide 4 ml

dH2O 5.6 ml

5x TBE 2.4 ml

10% APS 200 µl

TEMED 10 µl

Protocol for the preparation of a TBE gel was taken from the Wolf-Dietrich Heyer lab protocol [330]. The
preparation of TBE buffer is described in Appendix 7.
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7.7 Materials

7.7.1 Cell culture

Table 17: Disposables used in cell culture during this work
Product: Company: Product No.:

4-well NuncTM Cell-Culture Multiwell
Plates, treated

Thermo Scientific 176740

5 mL Polystyrene Round-Bottom Tube
with Cell-Strainer Cap

Falcon 352235

6-well NuncTM Cell-Culture Treated Multidishes Thermo Scientific 140685

10 cm NuncTM EasYDishTM Dishes Thermo Scientific 150464

12-well NuncTM Cell-Culture Multiwell
Plates, treated

Thermo Scientific 150628

Acrodisc® Syringe Filters with Supor®

Membrane, Sterile - 0.2 µm, 13 mm
Pall 4602

Cell Scraper S TPP 99002

CostarTM 96-Well Microtiter Plate Corning 7007

CountessTM Cell Counting Chamber
Slides

Invitrogen C10228

EZSPHERETM 6-well microwell plate
Asahi Glass
Company AG4810-900SP

Hecht KarlTM Cover Glasses, 18 mm Ø Hecht Karl 41001118

Millex-HV 0.45 µM PVDF filter Merck SLHVM33RS

NuncTM MicroWellTM 96-Well, Nunclon
Delta-Treated, Flat-Bottom Microplate

Thermo Scientific 167008
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Table 18: Media and reagents used in cell culture during this work
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Product: Produced by: Product No.:

2-Mercaptoethanol (50 mM) Gibco 31350010

Activin A

Wellcome-MRC
Cambridge Stem
Cell Institute

N/A

apo-Transferrin Sigma-Aldrich T1147-500MG

B27TM Supplement (50x), serum-free Gibco 17504044

Bovine Albumin Fraction V (7.5% solution) Gibco 15260037

CHIR99021
Wellcome-MRC
Cambridge
Stem Cell Institute

N/A

Dimethylsulfoxide (DMSO) Sigma-Aldrich D8418-100ML

DMEM/F12, without glutamine Gibco 21331020

Fetal Bovine Serum, qualified,
Brazilian origin (FBS)

Gibco 10270106

Gelatin Merck 4070

Glasgow’s MEM (GMEM) Gibco 21710025

GlutaMAXTM supplement Gibco 35050061

Human Plasma Fibronectin (purified protein) Sigma-Aldrich FC010-10MG

Insulin Solution (Human) Sigma-Aldrich I9278-5ML

KnockOutTM Serum Replacement (KSR) Gibco 10828010

L-Glutamine (200 mM) Gibco 25030081

LipofectamineTM 2000 Transfection Reagent Invitrogen 11668030

MEM Non-essential amino acids solution (NEAA),
100x

Gibco 11140-050

Mouse Leukemia Inhibitory Factor (m-LIF)

Wellcome-MRC
Cambridge Stem
Cell Institute

0717-010

NeurobasalTM Medium Gibco 21103049

Opti-MEMTM I 1x reduced-serum medium Gibco 31985062

PBS pH 7.2 (1x)
Gibco

20012-019

PD0325901

Wellcome-MRC
Cambridge Stem
Cell Institute

N/A
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Product: Produced by: Product No.:

Penicillin-Streptomycin
(10,000 U/mL)

Gibco 15140122

PLUSTM Reagent Invitrogen 11514015

Progesterone Sigma-Aldrich P8783-1G

Puromycin Dihydrochloride Gibco A11138-03

Putrescine dihydrochloride Sigma-Aldrich P5780-5G

Sodium pyruvate solution, 100 mM Sigma-Aldrich S8636-100ml

Sodium selenite Sigma-Aldrich S5261-10G

TrypLETM Express Enzyme (1x), without Phenol-
red

Gibco 12604013

UltraPureTM Distilled Water
DNase/RNase Free

Invitrogen 10977-035
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7.7.2 Chemicals and reagents

Table 19: Non-cell culture chemicals and reagents used during this work
Product: Produced by: Product No.:

1 kb DNA Ladder New England BioLabs N3232L

1,4-Dithiothreitol (DTT) Carl Roth 6908.2

4x Laemmli Sample Buffer Bio-Rad Laboratories 1610747

100 bp DNA ladder New England BioLabs N3231L

Agarose Th. Geyer 9920-500G

Agencourt®RNAClean® XP Beads Beckman Coulter A66514

Albumin fraction V Carl Roth 8076.2

Ammonium persulfate Sigma-Aldrich A3678-25G

Ampicillin Serva 13397

Automatic Setup Beads Sony LE-B3001

Boric acid Sigma-Aldrich B7660

DAPI Roche Diagnostics 15733122

DifcoTM Skim Milk BD 232100

Disodium phosphate dihydrate
(Na2HPO4 * 2H2O)

Carl Roth 4984.1

dNTPs Invitrogen 46-0122

DRAQ5TM Fluorescent Probe Solution (5 mM) Invitrogen 62251

D(+)-Saccharose Carl Roth 4621.1

Ethanol absolute VWR 20821.321

EDTA Carl Roth 8043.2

Glycine Carl Roth 3187.5

GlycoBlueTM Co-preciptant Invitrogen AM9515

HEPES PUFFERANTM Carl Roth 9105.4

High Gel-Strength Agar Serva 11396

Hydrochloric acid (HCl) 37% Carl Roth 4625.2

Igepal CA-630 Sigma-Aldrich I-3021

Methanol VWR 20864.32
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Product: Produced by: Product No.:

Magnesium chloride hexahydrate
(MgCl2 * 6H2O)

Carl Roth 2189.1

NAD+
New England
BioLabs B9007S

NEBuffer 4
New England
BioLabs B7004S

OCT Embedding Matrix Carl Roth 6478.2

PageRuler® Prestained Protein Ladder Thermo Scientific 26616

PierceTM ECL Western Blotting Solution Thermo Scientific 32209

Paraformaldehyde 16% Solution Agar Scientific R1026

Polyethylene glycol 8000 (PEG 8000) Sigma-Aldrich 20,245-2

Potassium chloride (KCl) Carl Roth 6781.1

Potassium phosphate (KH2PO4) AppliChem A1043,1000

Rotiphorese® Gel 30 (37.5:1) acrylamide solution Carl Roth 3029.1

Sodium acetate trihydrate Alfa Aesar S/2040/53?

Sodium chloride (NaCl) AppliChem A3597,1000

Sodium dodecyl sulfate (SDS) Carl Roth 2326.2

SYBRTM Green I Nucleic Acid Stain Lonza 50513

SYBRTM Safe DNA Gel Stain Invitrogen S33102

TEMED
Bio-Rad
Laboratories 161-0800

TRIS PUFFERAN® Carl Roth AE15.2

Triton® X-100 Fisher Bioreagents BP151-100

Tryptone Oxoid LP0042

Tween® 20 Fisher Bioreagents BP337-100

UltraPureTM Distilled Water
DNase/RNase Free

Invitrogen 10977-035

VECTASHIELD® PLUS Antifade Mounting
Medium

Vector Laboratories,
Inc.

H-1900

Water (for RNA Work) Fisher Bioreagents BP561-1

Yeast Extract Oxoid LP0021
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7.7.3 Disposables

Table 20: Non-cell culture disposables used during this work
Product: Produced by: Product No.:

AmershamTM ProtranTM 0.45 µm NC
Nitrocellulose Blotting Membrane Cytiva 10600093

Corning® 245 mm square bioassay dish Sigma-Aldrich CLS431111

Cover slips 24 x 40 mm#1 Menzel Gläser MENZBB024040M113

Disposable Base Molds, 24 x 24 x 5mm Epredia 41740

Electroporation Cuvette Pre-Sterilized,
1 mm Gap

Molecular BioProd-
ucts

5510

Microscopic Slides ground 90° frosted Menzel Gläser AGAA000001##12E

Microseal® ‘B’ Seals Bio-Rad Laboratories MSB1001

Multiplate® PCR PlatesTM

96-well, clear
Bio-Rad Laboratories MLL9601

Sorting Chip Sony LE-C3210

SuperfrostTM Plus Adhesion
Microscope Slides

Epredia J1800AMNZ
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7.7.4 Enzymes and mastermixes

Table 21: Enzymes and mastermixes used during this work
Product Produced by Product No.

BbsI-HF®
New England
BioLabs R3539S

BamHI-HF® New England BioLabs R3136S

KAPA SYBR® FAST qPCR Master
Mix (2X) Universal Kapa Biosystems KK4618

LunaScriptTM RT SuperMix Kit
New England
BioLabs E3010G

NEB® PCR Cloning Kit (without
competent cells)

New England
BioLabs E1203S

NEBNext® High-Fidelity 2X PCR Master Mix New England BioLabs M0541S

NheI-HF®
New England
BioLabs R3131S

OneTaq® DNA Polymerase
New England
BioLabs M0480L

Phusion polymerase

Department of Developmental
Biology, Georg-August University
of Göttingen

N/A

Q5® High-Fidelity DNA Polymerase
New England
BioLabs M0491S

SalI-HF®
New England
BioLabs R3138S

SmaI
New England
BioLabs R0141S

T4 DNA Ligase
New England
BioLabs M0202

T5 Exonuclease
New England
BioLabs M0363S

Taq DNA Ligase
New England
BioLabs M0208L
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Product Produced by Product No.

XbaI
New England
BioLabs R0145S

XhoI
New England
BioLabs R0146S

7.7.5 Equipment

Table 22: Equipment used during this work
Product Produced by Product No.

CFX96® Real-Time PCR Detection System Bio-Rad Laboratories 185-5096

ChemiDocTM Imaging System Bio-Rad Laboratories 12003153

Colirollers Plating Beads EMD Millipore Corp 71013-1PKG

Countess II Automated Cell Counter Invitrogen AMQAX1000

Dual LED Blue/White Light
Transilluminator Invitrogen S37103

Gene Pulser XCell Total Electroporation System Bio-Rad Laboratories 1652660

HERAcellTM VIOS 160i Thermo Scientific 50145502

ImmEdge Hydrophobic Barrier (PAP) Pen Vector Laboratories H-4000

Leica CM1950 Leica 1491950C4US

Mini-PROTEAN® Comb, 10-well, 1.0 mm, 44 µl Bio-Rad 1653359

Mini-PROTEAN® Short Plates Bio-Rad 1653308

Mini-PROTEAN® Tetra cell Bio-Rad 1658000

NanoDrop 2000c Spectrophotometer Thermo Scientific ND2000CLAPTOP

SH800S Cell Sorter Sony SH800S

Qubit® 2.0 Fluorometer Invitrogen Q32866

ZEISS AXIO Observer.Z1 ZEISS N/A

ZEISS LSM 980 ZEISS N/A
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7.7.6 Kits

Table 23: Kits used during this work
Product Produced by Product No.

DNeasy® Blood & Tissue Kit (50) QIAGEN 69504

EndoFree® Plasmid Maxi Kit (10) QIAGEN 12362

MinElute Gel Extraction Kit (50) QIAGEN 28604

MinElute PCR Purification Kit (50) QIAGEN 28004

NEBNext® UltraTM II Directional RNA
Library Prep Kit for Illumina®

New England
BioLabs E7760S

NEBNext® UltraTM II DNA Library
Prep Kit for Illumina®

New England
BioLabs E7645S

Nextera DNA Library Prep Kit Illumina FC-121-1030

NucleoSpin® Gel and PCR Clean-up Macherey-Nagel 740609.250

NucleoSpin® Plasmid Macherey-Nagel 740588.250

NucleoSpin® Plasmid Transfection-grade Kit Macherey-Nagel 740490.250

QuantiTect® Reverse Transcription Kit (200) QIAGEN 205313

Qubit® RNA HS Assay Kit Invitrogen Q32852

Qubit® dsDNA HS Assay Kit Invitrogen Q32851

Qubit® Protein Assay Kit Invitrogen Q33211

Quick -DNATM Midiprep Plus Kit Zymo Research D4075

RNeasy® Plus Micro Kit (50) QIAGEN 73034
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7.8 Plasmids

7.8.1 2C::tdTomato Reporter
The plasmid 2C::tdTomato Reporter was a gift from Samuel Pfaff [180]. This plasmid encodes the Tdtomato
reporter gene, as well as hygromycin and ampicillin resistance cassettes. This plasmid is published in
MacFarlan et al., 2012 [179].

Figure 41: Map of 2C::tdTomato reporter plasmid. All features are noted, as well as RE
sites used during the course of this work to linearize the plasmid.
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7.8.2 phNANOS3-T2A-tdTomato-RoxPGKPuro
The plasmid phNANOS3-T2A-tdTomato-RoxPGKPuro was provided by the Azim Surani lab, and was
originally designed and cloned by Toshihiro Kobayashi. This plasmid was designed to allow for the insertion
the fluorescent tdTomato reporter into the human NANOS3 gene using CRISPR/Cas9 and HDR, and thus
includes the 5’ and 3’ homologous recombination arms. The plasmid also features a puromycin resistance
cassette, a ∆TK fragment, and an MC1-DTA cassette. This plasmid was published by Kobayashi et al.,
2017 [175].

Figure 42: Map of phNANOS3-T2A-tdTomato-RoxPGKPuro plasmid. All features
are indicated and primers which were used during the course of this study to amplify features of
the plasmid are indicated.
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7.8.3 pCAGGS-Dre-IH
The plasmid pCAGGS-Dre-IH was provided by the Azim Surani lab. This plasmid encodes the Dre recom-
binase enzyme, and additionally expresses a hygromycin resistance cassette which is internally processed
from the Dre recombinase with the aid of an IRES site. This plasmid was published by Kobayashi et al.,
2017, where it was called “pCAG-DRE-IH” [175].

Figure 43: Map of pCAGGS-Dre-IH plasmid. All features are indicated.
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7.8.4 pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-W
The plasmid pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-W (pKLV2-W) was a gift from Kosuke Yusa [227].
This plasmid was RE-digested with BbsI-HF® for the insertion of Tfap2c tiling screen gRNA library
gRNAs. The plasmid is also one of three plasmids, including psPAX2 and pMD2.G, used to produce
gRNA-containing lentivirus [156].

Figure 44: Map of pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-W plasmid. All features
and RE-digest sites used in this work are indicated.
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7.8.5 pMD2.G
The plasmid pMD2.G was a gift from Didier Trono [237], and is unpublished. The plasmid is also one of
three plasmids, including psPAX2 and pKLV2-W, used to produce gRNA-containing lentivirus [156].

Figure 45: Map of pMD2.G plasmid. All features are indicated.
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7.8.6 pmTfap2c-T2A-tdTomato-RoxPGKPuro
The plasmid pmTfap2c-T2A-tdTomato-RoxPGKPuro (pmTfap2c) was cloned during the course of this
work, and is explained in detail in Section 3.4.1.

Figure 46: Map of pmTfap2c plasmid. All features, primers, RE cut-sites, and Gibson
oligos relevant to this work are indicated.

7.8.7 pPB-CAG-Cas9-IRES-Hygro
The plasmid pPB-CAG-Cas9-IRES-Hygro was provided by the Azim Surani lab. This plasmid encodes
the sequence for the Cas9 enzyme, and the Cas9 cassette is flanked by PiggyBac inverted repeats. The
flanked Cas9 sequence may then be inserted into the genome randomly by the PiggyBac transposase when
co-transfected with pPy-CAG-PBase. No map of this plasmid exists, and this plasmid is unpublished.

7.8.8 pPY-CAG-mKO-Puro-IP
The plasmid pPy-CAG-mKO-Puro-IP was provided by the Azim Surani lab. This plasmid encodes a
puromycin-resistance cassette, and was co-transfected with other plasmids in order to confer puromycin
resistance to transfected cells. No map of this plasmid is available, and this plasmid is unpublished.

7.8.9 pPY-CAG-PBase
The plasmid pPy-CAG-PBase was provided by the Azim Surani lab. This plasmid encodes the PiggyBac
transposase enzyme, and in the course of this work was co-transfected with plasmids containing sequences
flanked by PiggyBac inverted repeats. The flanked regions would then be inserted into the genome randomly
by the PiggyBac transposase. No map of this plasmid exists, however the plasmid is mentioned in a paper
by Murakami et al., 2016 [68].
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7.8.10 psPAX2
The plasmid psPAX2 was a gift from Didier Trono [238], and is unpublished. The plasmid is also one of
three plasmids, including pMD2.G and pKLV2-W, used to produce gRNA-containing lentivirus [156].

Table 24: Map of psPAX2 plasmid. All features are indicated.
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7.8.11 pX330-U6-Chimeric_BB-CBh-hSpCas9
The pX330-U6-Chimeric_BB-CBh-hSpCas9 (pX330) plasmid was a gift from Feng Zhang [168], and con-
tains the sequence encoding the Cas9 enzyme tagged with a nuclear-localization signal (NLS). The plasmid
also contains two BbsI RE cut-sites to allow for gRNA insertion, downstream of the U6 promoter. This
plasmid was originally published by Cong et al., 2013 [167].

Figure 47: Map of pX330-U6-Chimeric_BB-CBh-hSpCas9 plasmid. All features are
indicated, as well as the BbsI cut-sites relevant to this work.

Ultimately, five pX330-based plasmids containing unique gRNAs were generated during the course of this
work:

• pX330-a’mTfap2c-exon2-g2

• pX330-a’mTfap2c-exon2-g3

• pX330-a’mTfap2c-stop-g5
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7.9 Sequencing quality control and supplementary
data

7.9.1 ATAC-sequencing

7.9.1.1 ATAC-seq qualitative library assessment

Figure 48: Quality control of ATAC-seq libraries. All libraries were aggregated per test
with MultiQC. A) FastQC analysis: percentage of GC content of all ATAC-seq libraries pre- and
post-Cutadapt-based adapter trimming. All but two samples “passed” as indicated by green or
yellow curves; two samples “failed” as indicated by red curves. B) analysis: mean quality scores
of all ATAC-seq libraries pre- and post-Cutadapt-based adapter trimming. All samples “passed”
as indicated by the green line. C) SAMtools stats of HISAT2 alignment of all ATAC-seq libraries
post-Cutadapt adapter-trimming. Blue indicates mapped, red indicates unmapped. D) Picard
deduplication statistics of all ATAC-seq libraries post-Cutadapt adapter-trimming. Duplication
status is indicated by color, and explained in the associated key. E) FastQC analysis: sequence
length distribution of all ATAC-seq libraries pre- and post-Cutadapt-based adapter trimming. All
pre-trimming samples passed, as indicated by the yellow line, and all post-trimming samples failed,
as indicated by the green line.

Qualitative assessment of the ATAC-seq libraries was performed by testing the libraries for sequence length,
GC content, sequence quality, and percentages of genomic alignment and duplication. Two libraries failed
the per sequence GC content FastQC test, however behaved otherwise normally. All libraries had between
65-85% unique reads, and >93% genomic alignment. Libraries had high mean quality scores, and behaved
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as expected pre- and post-trimming. Based on these assessments, it was decided that the libraries were
suitable for use.

7.9.1.2 ATAC-seq library fragment length distribution

Figure 49: Fragment length distribution of each ATAC-seq libraries used in this
work. Insert size in bps and counts in thousands are indicated. A) ESC WT and KO ATAC-
seq libraries. B) EpiLC WT and KO ATAC-seq libraries. C) d4 GFP+ WT and KO ATAC-seq
libraries. D) d6 GFP+ WT and KO ATAC-seq libraries.
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7.9.1.3 ATAC-seq library transcription start sites

Figure 50: Transcription start sites of ATAC-seq libraries. The alignment of mapped
reads at transcription start sites (TSS) of each ATAC-seq library is shown, with cell type and KO
status indicated, as well as number of reads in thousands (0-15), and distance from TSS in bp are
indicated. Color indicates number of reads aligning to the TSS, with blue indicating high alignment
and red indicating poor alignment. The average TSS profile per library is shown.
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7.9.1.4 ATAC-seq PCA

Figure 51: PCA of ATAC-seq libraries used in this work. Percentage of variance in PC1
and PC2 are indicated. Clusters by cell type and/or KO status are indicated by black rings, key is
also indicated.

7.9.1.5 Differentially accessible peaks between WT cell types

Figure 52: MD plots of DAPs identified between WT cell-state transitions. Peaks
significantly negatively or positively enriched are indicated, as is the average expression and logFC.
A) DAPs enriched in WT EpiLCs relative wt WT ESCs. B) DAPs enriched in WT d4 GFP+
PGCLCs relative to WT EpiLCs.
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7.9.1.6 Example DAPs of interest identified in ATAC-seq libraries

Figure 53: IGV tracks demonstrating DAPs identified in genes of interest. IGV tracks
demonstrate WT and AP2γ-KO overlaid Bigwig files representing accumulated reads. Chromosomal
coordinates and increments are indicated. A) Peg13 locus demonstrating DAP in indicated black
box. B) Mest locus demonstrating DAP in indicated black box. C) Pou5f1 locus demonstrating
two DAPs in indicated black boxes. CREs identified by ENCODE are indicated in red adjacent to
the chromosomal tracks.
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7.9.1.7 Genes annotated to DAPs

Figure 54: Graphs indicating number of genes annotated to DAPs in ATAC-seq data.
The total number of genes annotated to DAPs (in grey), genes annotated to DAPs corresponding to
DE genes in RNA-seq data (in green), genes annotated to DAPs corresponding to promoter regions
(in blue), and genes annotated to DAPs corresponding to promoter regions of genes identified as DE
in RNA-seq data (in purple) are shown by cell type and AP2γ-KO status. A) Genes annotated to
DAPs in AP2γ-KO ESCs. B) Genes annotated to DAPs in AP2γ-KO EpiLCs. D) Genes annotated
to DAPs in AP2γ-KO d4 GFP+ cells. D) Genes annotated to DAPs in AP2γ-KO d6 GFP+ cells.
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7.9.2 Tfap2c tiling screen sequencing

7.9.2.1 Quality control statistics of Tfap2c tiling screen

Figure 55: Tfap2c tiling screen sequencing statistics and sample similarity infor-
mation. All plots were generated in MaGECK-VISPR, for all SGET ESC, EpiLC, and PGCLC
libraries. A) Mean sequence quality of tiling screen libraries. B) Mean percentage GC content of
tiling screen libraries. C) gRNA count in log10 of tiling screen libraries. D) Percentage mapped
and unmapped reads of tiling screen libraries. E) Missed gRNA read counts in log10 of tiling screen
libraries. F) Gini index of tiling screen libraries. G-I) PCA plots of principal components 1-3 of
tiling screen libraries, principal components indicated per plot. J) Sample-to-sample distance plot
of tiling screen libraries.

xxxiii



7.9.2.2 Expression of genes covered in Tfap2c tiling screen

Figure 56: Heatmaps of genes tiled with gRNAs in Tfap2c tiling screen. Heatmap
indicates expression of genes tiled in Tfap2c tiling screen over WT differentiation from ESC to-
wards PGCLC fate. 1 indicates significant differential expression (adj. p. < 0.05) between ESC
and EpiLCs, 2 indicates significant differential expression between EpiLCs and d4 PGCLCs. Red
indicates upregulation, blue indicates downregulation.
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Tfap2c tiling screen library statistics and sample similarity information were generated in MaGECK-VISPR
following MaGECK MLE analysis.

7.9.3 RNA-sequencing

7.9.3.1 Direct comparisons of RNA-sequencing libraries

Figure 57: Quality controls of RNA-seq libraries. All libraries were aggregated per test
with MultiQC. A) HISAT2 genomic alignment of libraries, with color indicating alignment status.
Key included. B) Picard deduplication statistics of libraries, where color indicates duplication
status. Key included. C) featureCounts assignments of libraries, where color indicates type of
feature. Key included. D) SAMtools idxstats demonstrating fraction of total reads mapped per
chromosome. Color indicates library, with outlier library WT1 EpiLC indicated in red text. E)
RSeQC gene body coverage plot, demonstrating coverage of reads over gene body from 5’ to 3’ end,
color indicates library. F) RSeQC infer experiment analysis of libraries, where color indicates sense
of mapped strand. Key included.
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Qualitative assessment of RNA-seq libraries was performed by testing the libraries for genomic alignment,
deduplication status, feature assignment, chromosome-mapping, gene-body coverage analysis, and strand-
edness inference. All libraries demonstrated good gene body coverage and were correctly indicated as
antisense. All libraries except WT1 EpiLC demonstrated unique genomic mapping >80%, >60% of fea-
tures were uniquely assigned, and showed close chromosomal fractional counts. WT1 EpiLC demonstrated
somewhat lower statistics for genomic mapping and deduplication, and also demonstrated a spike in chro-
mosome 17 reads. All samples demonstrated high levels of duplication. Because all samples in PCA and
Euclidian sample distance-to-distance clustered correctly (Figure 11), with the exception of KO3 samples
which were excluded for clustering with WT, sample WT1 EpiLC was not excluded.
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7.9.3.2 Expression of SOX TF family genes with development following

KO of AP2γ

Figure 58: Expression of SOX TF family genes increases with development towards
PGCLC fate following KO of AP2γ. Heatmap of SOX TF family genes. Red indicates
increased expression, blue indicates downregulation. Significance was not determined. Sample and
gene names are indicated.
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7.9.3.3 Expression of TEAD TF family genes with development following

KO of AP2γ

Figure 59: TEAD markers are differentially expressed in d6 GFP+ KO cells. Ex-
pression of each gene is indicated by normalized counts (log10 scale). Significance was determined
between AP2γ-KO and WT samples of a given cell type using DESeq2. The color of each bar
indicates the sample type, and is written in the key on the bottom right. N = 3 for WT samples,
N = 2 for KO samples.
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7.9.3.4 IGV visualization of cell line KO3

Figure 60: Visualization of mapped RNA-seq reads on Tfap2c exon 2. Bigwig files
generated from RNA-seq mapped reads are visually represented using IGV. WT1-3 and KO1-2
reads are overlaid by cell type, and are indicated to the left of each channel. The site at which
KO3 resumes transcription of Tfap2c is indicated by the red bar above the reads and adjacent to
the DNA distance scale bar. Chromosome 2 is indicated at the top of the scheme, and the red bar
indicates the location of Tfap2c exon 2 within the chromosome.

To explore why the KO3 d4/d6 GFP+ samples clustered with the WT samples in the PCA analysis, the
mapped RNA-seq reads were converted to Bigwig files and visualized using Interactive Genome Viewer
(IGV). Examination of Tfap2c exon 2 indicates that the number of mapped reads is dramatically reduced
in KO1 and KO2 samples relative to WT in every cell type (Appendix 7.9.3.4). Mapped reads appear to
be depleted in all KO3 cell types at the 5’ end of exon 2, however reads re-appear within the exon and
appear to result in reduced transcription relative to the WT but substantially higher than the other KO
lines. The site of transcription re-initiation is indicated with a red marking adjacent to the scale bar, and
appears to coincide with the site of the 1 bp mutation seen on one allele of KO3 Tfap2c exon 2 (Figure
8). As Tfap2c-specific reads were clearly mapped in the KO3 samples, and the d4/d6 GFP+ KO3 samples
clustered with the WT d4/d6 GFP+ samples, all KO3 samples were excluded from further analysis.
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7.10 Synthetic DNA sequences

7.10.1 Oligos

7.10.1.1 CRISPR/Cas9 knockout oligos

Table 25: CRISPR/Cas9 knockout gRNAs designed during this work
gRNA name: Sequence: Source:

Tfap2c exon 2-targeting gRNA
#2 forward

CACCGCATTTTCTCCATCGTCTT-GCTGG [165]

Tfap2c exon 2-targeting gRNA
#2 reverse

AAACCCAGCAAGACGATGGAGAA-AATGC [165]

Tfap2c exon 2-targeting gRNA
#3 forward

CACCGAAGTAAAATGGCTGCAA-GGAGG [165]

Tfap2c exon 2-targeting gRNA
#3 Reverse

AAACCCTCCTTGCAGCCATTTT-ACTTC [165]

Tfap2c STOP codon-targeting
gRNA for insertion of pmTfap2c

repair #5 forward
CACCGTGGAGAAAATGGAAA-AGCAC [182]

Tfap2c STOP codon-targeting
gRNA for insertion of pmTfap2c

repair #5 reverse
AAACGTGCTTTTCATTTTC-TCCAC [182]
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7.10.1.2 pmTfap2c Gibson assembly oligos

Table 26: pmTfap2c Gibson assembly oligos designed during this work
Oligo name: Sequence:

Tfap2c 5’ homology Gibson forward TCAGTGCACAAAGCTTTTTATTCGGTCAAGAGCTGA

Tfap2c 5’ homology Gibson reverse
AGCAGACTTCCTCTGCCCTCCTTCCTGTG-

CTTTTCCATTT

Tfap2c 5’ homology into tdTomato
Gibson forward

AAATGGAAAAGCACAGGAAGGAGGGCAGAG-
GAAGTCTGCT

tdTomato into selection homology
Gibson reverse

TCTTGCAGCTCGGTGACCCG

Selection cassette into Tfap2c 3’
homology Gibson forward

CGGGTCACCGAGCTGCAAGA

Tfap2c 3’ into selection cassette
homology Gibson reverse

GCCTCCTTGCAGCCATTTTATAACTTTAAA-
TAATTGGCAT

Tfap2c 3’ homology + STOP Gibson
forward

ATGCCAATTATTTAAAGTTATAAAATGGCT-
GCAAGGAGGC

Tfap2c 3’ homology + STOP Gibson
reverse

TCCTCTTGAAAACCACACTGGCTAGAGGGG-
CTACATGACC

Tfap2c 3’ homology into DTA cassette
Gibson forward

GGTCATGTAGCCCCTCTAGCCAGTGTGGTT-
TTCAAGAGGA

DTA cassette Gibson reverse
CCCTCTAGACTCGAGCGGCCGCTCTAGAA-

CTAGTGGATCC
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7.10.2 Primers

7.10.2.1 Genotyping and plasmid-sequencing primers

All genotyping primers were designed with NCBI primer design [331]. All plasmid-sequence primers were
were designed by Cera McDonald. The U6 sequencing primer was provided by Dr. Ufuk Günesdogan.

Table 27: Genotyping primers designed during this work

Primer
No.:

Primer name: Sequence: Purpose:

G1
pMiniT 2.0
forward

ACCTGCCAACCAAAGCGAGAAC
pMiniT 2.0 validation

sequencing

G2
pMiniT 2.0
reverse

TCAGGGTTATTGTCTCATGAGCG
pMiniT 2.0 validation

sequencing

G3
pmTfap2c

Tfap2c 5’ seq
reverse 1

TGTATGTTCGGCTCCAAGAC
pmTfap2c validation

sequencing

G4
pmTfap2c

Tfap2c 5’ seq
forward 1

CATCAAGATCGGACACCCAA
pmTfap2c validation

sequencing

G5
pmTfap2c

Tfap2c 5’ seq
reverse 2

CTTCCTGTGCTTTTCCATTT
pmTfap2c validation

sequencing

G6
pmTfap2c

tdTomato seq
reverse 1

GCCCTTGCTCACCATTGGGC
pmTfap2c validation

sequencing

G7
pmTfap2c T2A
seq forward 1

GAGGAAGTCTGCTAACATGC
pmTfap2c validation

sequencing

G8
pmTfap2c

tdTomato seq
reverse 2

TCTTTGATGACGGCCATGT
pmTfap2c validation

sequencing

G9
pmTfap2c

tdTomato seq
forward 2

ACATGGCCGTCATCAAAGA
pmTfap2c validation

sequencing

G10
pmTfap2c

tdTomato seq
reverse 3

CCATGCCGTACAGGAACAG
pmTfap2c validation

sequencing
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Primer
No.:

Primer name: Sequence: Purpose:

G11
pmTfap2c

tdTomato seq
forward 3

CTGTTCCTGTACGGCATGGA
pmTfap2c validation

sequencing

G12
pmTfap2c PGK
promoter seq
reverse 1

AAAGGCCCGGAGATGAGGAA
pmTfap2c validation

sequencing

G13
pmTfap2c PGK
promoter seq
forward 1

GCTTCAAAAGCGCACGTCTG
pmTfap2c validation

sequencing

G14
pmTfap2c dTK
seq reverse 1

CCAGTAAGTCATCGGCTCGG
pmTfap2c validation

sequencing

G15
pmTfap2c dTK
seq forward 1

ACGATATCGTCTACGTACCC
pmTfap2c validation

sequencing

G16
pmTfap2c dTK
seq reverse 2

CGATTGGTCGTAATCCAGGA
pmTfap2c validation

sequencing

G17
pmTfap2c dTK
seq forward 2

CCGTCCCATGCACGTCTTTA
pmTfap2c validation

sequencing

G18
pmTfap2c

Tfap2c 3’ seq
reverse 1

CCTTTCAAGAGAGGGAACGG
pmTfap2c validation

sequencing

G19
pmTfap2c

Tfap2c 3’ seq
forward 1

CCGTTCCCTCTCTTGAAAGG
pmTfap2c validation

sequencing

G20
pmTfap2c

Tfap2c 3’ seq
reverse 2

GCTAGAGGGGCTACATGACC
pmTfap2c validation

sequencing

G21
pmTfap2c

Tfap2c 3’ seq
forward 2

GGTCATGTAGCCCCTCTAGC
pmTfap2c validation

sequencing

G22
pmTfap2c DTA
seq forward 1

CGTGGCCAAGATGCGATGTA
pmTfap2c validation

sequencing

G23
pmTfap2c DTA
seq reverse 1

CGCCTGACACGATTTCCTGC
pmTfap2c validation

sequencing

G24
pmTfap2c DTA
seq reverse 2

cggccGCTCTAGAACTAGTg
pmTfap2c validation

sequencing
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Primer
No.:

Primer name: Sequence: Purpose:

G25 pX330 reverse CGGGTACCTCTAGAGCCATTT
pX330 validation

sequencing

G26 Rox forward 1 ATGCCAATTATTTAAAGTTA
Rox site insertion

genotyping

G27
T2A/Tfap2c

exon 7 knock-in
reverse

AGCAGACTTCCTCTGCCCTC

To determine if T2A
sequence was inserted
downstream of Tfap2c

exon 7

G28
Tdtomato
forward 1

ATGGTGAGCAAGGGCGAGGA
tdTomato gene insertion

genotyping

G29
Tdtomato reverse

1
CTACTTGTACAGCTCGTCCA

tdTomato gene insertion
genotyping

G30
Tdtomato reverse

2
CATGAACTCTTTGATGACCT

tdTomato gene insertion
genotyping

G31
Tfap2c exon 7

forward 1
TTTATTCGGTCAAGAGCTGA

Binds in Tfap2c exon 7, to
be used to genotype WT or

KI T2A-tdTomato
insertion

G32
Tfap2c exon 7

reverse 1
TGTATGTTCGGCTCCAAGAC

Binds in Tfap2c exon 7, to
be used to genotype WT

allele

G33
Tfap2c 3’ UTR

reverse 1
GCTAGAGGGGCTACATGACC

Binds in Tfap2c 3’ UTR,
to be used to genotype WT

or KI T2A-tdTomato
insertion

G34
Tfap2c 3’ UTR

reverse 2
CCTTTCAAGAGAGGGAACGG

Binds in Tfap2c 3’ UTR,
to be used to genotype WT

or KI T2A-tdTomato
insertion

G35
TRE3G forward

1
gtcttcaagaattcctcgag

pPB-TRE3G mTfap2c
isoform-independent
validation sequencing

G36
TRE3G forward

2
agagctcgtttagtgaaccgt

pPB-TRE3G mTfap2c
isoform-independent
validation sequencing
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Primer
No.:

Primer name: Sequence: Purpose:

G37
TRE3G forward

3
taagcttcgccaccatggga

pPB-TRE3G mTfap2c
isoform-independent
validation sequencing

G38 TRE3G reverse tcccatggtggcgaagctta
pPB-TRE3G mTfap2c
isoform-independent
validation sequencing

G39
U6 sequencing

primer
GTACAAAATACGTGACGTAG

Sequencing insertion of
gRNA into pX330 or
pKLV2-W plasmids
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7.10.2.2 NGS sequencing primers

.
All ATAC primers are custom Nextera sequencing primers [332]. All RNA-seq sequencing primers are from
the NEBNext® multiplex oligos for Illumina® index primer sets 2-3 (New England BioLabs). Tfap2c tiling
screen (TTS) primers were taken from Hackett et al., 2018 [172]. All indexing sequences are indicated in
bold. In the following NEBNext primer sequences, -s-T indicates a phosphorothioate bond. 5phos indicates
a 5’ phosphorylation modification.

Table 28: Sequencing primers used during this work
Primer name: Sequence:

Nextera Ad1
AATGATACGGCGACCACCGAGATCTACACTCGTCGGCA

GCGTCAGATGTG

Nextera Ad2.1
CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.2
CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTG

GGCTCG GAGATGT

Nextera Ad2.3
CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.4
CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.5
CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.6
CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.7
CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.8
CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.9
CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.10
CAAGCAGAAGACGGCATACGAGATCAGCCTCGGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.11
CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTCTCGTG

GGCTCG GAGATGT

Nextera Ad2.12
CAAGCAGAAGACGGCATACGAGATTCCTCTAC GTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.13
CAAGCAGAAGACGGCATACGAGATATCACGAC GTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.14
CAAGCAGAAGACGGCATACGAGATACAGTGGT GTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.15
CAAGCAGAAGACGGCATACGAGATCAGATCCAGTCTCGTG

GGCTCGGAGATGT
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Primer name: Sequence:

Nextera Ad2.16
CAAGCAGAAGACGGCATACGAGATACAAACGGGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.17
CAAGCAGAAGACGGCATACGAGATACCCAGCAGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.18
CAAGCAGAAGACGGCATACGAGATAACCCCTCGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.19
CAAGCAGAAGACGGCATACGAGATCCCAACCTGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.20
CAAGCAGAAGACGGCATACGAGATCACCACACGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.21
CAAGCAGAAGACGGCATACGAGATGAAACCCAGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.22
CAAGCAGAAGACGGCATACGAGATTGTGACCAGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.23
CAAGCAGAAGACGGCATACGAGATAGGGTCAAGTCTCGTG

GGCTCGGAGATGT

Nextera Ad2.24
CAAGCAGAAGACGGCATACGAGATAGGAGTGGGTCTCGTG

GGCTCGGAGATGT

NEBNext Adapter for
Illumina

5Phos-GATCGGAAGAGCACACGTCTGAACTCCAGTCUACAC
TCTTTCCCTACACGACGCTCTTCCGATC-s-T

NEBNext Index 16
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATGCGGACGGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 17
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATCTCTACGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 18
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATGTGCGGACGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 19
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATCGTTTCACGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 21
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATTCCGAAACGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 22
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATTACGTACGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 23
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATATCCACTCGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 24
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATGCTACCGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 25
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATATATCAGTGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 26
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATGCTCATGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T
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Primer name: Sequence:

NEBNext Index 27
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATAAAGGAATGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 28
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATCTTTTGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 29
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATTAGTTGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 31
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATATCGTGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 32
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATTGAGTGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 33
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATCGCCTGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T-3

NEBNext Index 34
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATGCCATGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 35
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATAAAATGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 36
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATTGTTGGGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Index 42
Primer for Illumina

CAAGCAGAAGACGGCATACGAGATCGATTAGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATC-s-T

NEBNext Universal
PCR Primer for

Illumina

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATC-s-T

TTS 79mer L1 GCGACGAGAAGACTAAAAC

TTS 79mer U1 GCAGATGGCTCTTTGTCCTA

TTS Universal forward
AATGATACGGCGACCACCGAGATCTACACTCTTTCCC

TACACGACGCTCTTCCGATCTCTTGTGGAAAGGACGAAACAC

TTS Universal forward
+1 stagger

AATGATACGGCGACCACCGAGATCTACACTCTTTCCC
TACACGACGCTCTTCCGATCTTCTTGTGGAAAGGACGAAACAC

TTS Universal forward
+ 2 staggers

AATGATACGGCGACCACCGAGATCTACACTCTTTCC
CTACACGACGCTCTTCCGATCTATCTTGTGGAAAGGACGAAACAC

TTS Index 2 reverse
CAAGCAGAAACGGCATACGAGATACATCGGTGACTG GAGTTCA-

GACGTGTGCTCTTCCGATCCTAAAGCGCATGCTCCAGAC

TTS Index 5 reverse
CAAGCAGAAGACGGCATACGAGATCACTGTGTGAC TGGAGTTCA-

GACGTGTGCTCTTCCGATCTAAAGCGCATGCTCCAGAC

TTS Index 6 reverse
CAAGCAGAAGACGGCATACGAGATATTGGCGTGA CTGGAGTTCA-

GACGTGTGCTCTTCCGATCTAAAGCGCATGCTCCAGAC

TTS Index 12 reverse
CAAGCAGAAGACGGCATACGAGATTACAAGGTG ACTGGAGTTCA-

GACGTGTGCTCTTCCGATCTAAAGCGCATGCTCCAGAC

TTS Index 19 reverse
CAAGCAGAAGACGGCATACGAGATCGTTTCAC GTGACTG-

GAGTTCAGACGTGTGCTCTTCCGATCTAAAGCGCATGCTCCAGAC
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7.10.2.3 qPCR primers

Primers indicated with an asterisk (*) following the name were provided by Dr. Ufuk Günesdogan, otherwise
all primers were designed using NCBI primer design [331].

Table 29: qPCR primers used and designed during this work

Primer name: Sequence:

Arbp forward* CAAAGCTGAAGCAAAGGAAGAG

Arbp reverse* AATTAAGCAGGCTGACTTGGTTG

Dazl forward* CCAGAAGGCAAAATCATGCCAA

Dazl reverse* GGCAAAGAAACTCCTGATTTCGG

Dnmt3b forward* CTCGCAAGGTGTGGGCTTTTGTAAC

Dnmt3b reverse* CTGGGCATCTGTCATCTTTGCACC

Dppa3 forward* TCGGATTGAGCAGAGACAAA

Dppa3 reverse* GATTTCCCAGCACCAGAAAA

Prdm1 forward CCGCGGCCGTAGAAAAGGA

Prdm1 reverse TTGGGGGCAGCCAAGGTC

Prdm14 forward* GCCTGAACAAGCACATGAGA

Prdm14 reverse* TGCACTTGAAGGGCTTCTCT

Sox2 forward GGAAAGGGTTCTTGCTGGGT

Sox2 reverse ACGAAAACGGTCTTGCCAGT

Tfap2a forward CCAACGTTACCCTCCTCACG

Tfap2a reverse TTCGCACACGTACCCAAAGT

Tfap2c forward* CGCGGAAGAGTATGTTGTTG

Tfap2c reverse* CGATCTTGATGGAGAAGGTCA
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7.10.3 gBlocks
Three gBlocks gDNA fragments were ordered from IDT to facilitate cloning of Tfap2c isoforms 1 and 2
cDNA into the pPB-TRE3G-IRES-mC2 plasmid (see Section ??).

The sequence of the unique Tfap2c isoform 1 exon 1 and overlap with the pPB-TRE3G-IRES-mC2 plasmid
and the 5’ Tfap2c conserved mRNA sequence is as follows:

ccacttcctaccctcgtaaagtcgacgacctccatagaagacaccgggaccgatccagcctccggactctagcgtttaaacttaagcttcgccacc

atgggatccATGTTGTGGAAAATAACAGATAATGTCAAGTATGAAGAGGATTGCGAGGATCGCCACGACTCGAGC

The sequence in red represents the 5’ overhang sequence homologous to the plasmid. The sequence in
purple represents the overhang sequence homologous to the Tfap2c conserved mRNA sequence.

The sequence of the unique Tfap2c isoform 2 exon 1 and overlap with the pPB-TRE3G-IRES-mC2 plasmid
and the 5’ Tfap2c conserved mRNA sequence is as follows:

ccacttcctaccctcgtaaagtcgacgacctccatagaagacaccgggaccgatccagcctccggactctagcgtttaaacttaagcttcgccacc

atgggatccATGGGAGGAGGGTTGTTGAACGAGGGCGCTGTGCGCCGAGGTCGCCGCACGCCGAACCCCTGGGGCACGGGTAACCGGACTGTGGCG

CGGAACGCGCTCTTGGCACCTCCAAGCGACGCAGCGCGGGAACCTTCGCCAGAGGGCTCGAAGGATTCGTCCCCTCAGGATCGCCACGACTCGAGC

The sequence of the conserved Tfap2c cDNA sequence encoding exons 2-7 shared by both isoforms and the
overlap with the pPB-TRE3G-IRES-mC2 plasmid is as follows:

AGGATCGCCACGACTCGAGCAGTAATGGCAACCCTCGCATCCCTCACCTCTCCTCTCCGGGACAACATCTCTACAGTCCCGCGCCGCCTCTCTCGC

ACACCGGGGTTGCAGAGTACCAGCCGCCTCCTTACTTCCCGCCGCCTTACCAGCAGCTGGCATACTCGCAGTCCGCCGACCATTACTCGCATCTGG

GAGAGGCTTACGCTGCCGCCATGAACCCCCTGCACCAGCCTGCGGCCACCGGCAGCCAGCAACAGGCCTGGCCGGGTCGACAGAGTCAGGAGGGCT

CTAGCCTGGCCTCGCACCACAGCCGCTCTGCAAGTCTAATACCCCATATTTCAGGGCTGGAGGGGGGCTCGGTGAGCGCCCGGCGGGAAGTCTACC

GCCGGTCCGACCTGCTGCTGCCTCACGCGCACGCCCTGGAAGCCGGCCTGGCTGAGAACCTGGGGCTGCACGAGATGGCTCACCCCATAGAGGAGG

TGCAGAATGTGGACGACGCGCACTTGCTCCTACACGATCAGACTGTCATTCGCAAAGGACCCATTTCGATGACCAAGAACCCTTTGGGGCTCCCTT

GCCAGAAGGACCTGGTGGGAGTGGTCATGAACCCCAGTGAGGTCTTCTGCTCGGTCCCTGGAAGACTGTCCCTGCTCAGCTCCACGTCGAAGTACA

AAGTAACTGTGGCTGAGGTACAGAGGCGACTGTCACCACCGGAATGCCTAAACGCCTCGCTCCTGGGAGGTGTGCTCAGAAGAGCAAAGTCCAAAA

ATGGAGGCCGGTCCTTGAGGGAGAAGTTGGACAAAATTGGATTGAACCTTCCGGCCGGGAGACGGAAAGCTGCCCACGTCACTCTCCTCACGTCTC

TCGTGGAAGGTGAAGCCGTCCACCTAGCACGGGACTTCGCCTATGTCTGCGAAGCTGAGTTCCCTAGTAAAGCGGTGGCTGACTATTTAACGAGAC

CACATCTTGGGGGACGGAATGAGATGGCCACGCGGAAGAGTATGTTGTTGGCTGCACAGCAGGTGTGCAAGGAGTTCACTGACCTTCTCCATCAAG

ATCGGACACCCAACGGGAACAACAGGCCCGCCCAGGTCTTGGAGCCGAACATACAAAACTGTTTGTCTCATTTCAGCCTGATAACTCATGGCTTTG

GCAGCCAGGCCATCTGTGCGGCGGTCTCCGCAGTGCAGAATTATATCAAGGAGGCTCTAATCGCCATCGATAAGTCCTACATGAACCCGGGGGACC

AGAGTCCGGCTGATTCCAGCAAGACGATGGAGAAAATGGAAAAGCACAGGAAGTAAGCTAGCGGCCGCTCGATAAGC

The sequence in purple indicates overlap with the unique isoform 1 and isoform 2 gBlock sequences, while
the sequence in green indicates the 3’ overhang sequence homologous with the pPB-TRE3G-IRES-mC2
plasmid.
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7.11 Tfap2c tiling screen gRNA design

Table 30: Genomic regions and genes targeted during the Tfap2c tiling screen
Targeted
region:

Genomic
coordinates:

Designer
of gRNAs:

Designed
using:

Reason for targeting:

TAD 325
chr2:172,454,500-

172,814,499
Xiaojuan Li

Joung et
al. script

TAD of Tfap2c

Partial TAD
324

chr2:171,904,500-
172,454,500

Xiaojuan Li
Joung et
al. script

Contains final quarter of TAD
324 (upstream of TAD 325),
as well as continuous sequence
to TAD 325; acts as negative

control

Partial TAD
326

chr2:172,814,499-
173,624,499

Xiaojuan Li
Joung et
al. script

Contains first quarter of TAD
326 (downstream of TAD
325), as well as continuous

sequence from TAD 325; acts
as negative control

Potential
regulatory
region 1

chr2:170,246,202-
170,503,872

Xiaojuan Li
Joung et
al. script

Two putative
Tfap2c-interacting CREs were
identified in this region in
unpublished Hi-C data

Potential
regulatory
region 2

chr2:158,575,739-
158,597,087

Xiaojuan Li
Joung et
al. script

One putative
Tfap2c-interacting CRE was
identified in this region in
unpublished Hi-C data

Potential
regulatory
region 3

chr2:178,627,369-
178,633,710

Xiaojuan Li
Joung et
al. script

One putative
Tfap2c-interacting CRE was
identified in this region in
unpublished Hi-C data

Potential
regulatory
region 4

chr11:78,007,245-
78,013,145

Xiaojuan Li
Joung et
al. script

One putative
Tfap2c-interacting CRE was
identified in this region in
unpublished Hi-C data

Potential
regulatory
region 5

chr1:100,238,852-
100,242,467

Xiaojuan Li
Joung et
al. script

One putative
Tfap2c-interacting CRE was
identified in this region in
unpublished Hi-C data
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Targeted
region:

Genomic
coordinates:

Designer
of gRNAs:

Designed
using:

Reason for targeting:

Positive
control

enhancer 1

chr5:119,656,454-
119,661,324

Xiaojuan Li
Joung et
al. script

Validated ESC enhancer
included as positive control

Positive
control

enhancer 2

chr8:43,351,590-
43,356,510

Xiaojuan Li
Joung et
al. script

Validated ESC enhancer
included as positive control

Positive
control

enhancer 3

chr14:99,323,583-
99,327,543

Xiaojuan Li
Joung et
al. script

Validated ESC enhancer
included as positive control

Positive
control

enhancer 4

chr8:72,290,869-
72,293,289

Xiaojuan Li
Joung et
al. script

Validated ESC enhancer
included as positive control

Negative
control

enhancer 1

chr8:43,327,503-
43,332,433

Cera
McDonald

Benchling
Invalidated ESC enhancer
included as negative control

Negative
control

enhancer 2

chr14:99,333,716-
99,341,806

Cera
McDonald

Benchling
Invalidated ESC enhancer
included as negative control

Negative
control

enhancer 3

chr17:47,950,985-
47,959,425

Cera
McDonald

Benchling
Invalidated ESC enhancer
included as negative control

Negative
control

enhancer 4

chr18:81,196,705-
81,198,815

Cera
McDonald

Benchling
Invalidated ESC enhancer
included as negative control

Dppa3 gene
chr6:122,626,410-

122,630,272
Joung et al.

Joung et
al. script

Positive control targeting
Dppa3, a PGC marker gene as
well as the gene reported by

eGFP expression in the SGET
cell line

Dppa5a gene
chr9:78,367,052-

78,368,177
Joung et al.

Joung et
al. script

Negative control targeting
Dppa5a gene, which should
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(TE; indicated in purple) begins in the morula stage with the formation of polarized,
compacted cells which begin to express TE factor CDX2. Induction of the pluripotent
inner cell mass (ICM) also begins in the morula with the formation of apolar cells which
begin to express pluripotency factors OCT4 and NANOG. By E3.5 in the blastocyst,
the TE has formed and begins to upregulate TE factor ID2. At this stage the ICM has
also formed, and begins to express pluripotency factor SOX2. Modified from Burton &
Torres-Padilla, 2014 [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2 Post-implantation development in the early mouse embryo. The developmen-
tal timeline of the mouse embryo is shown from E4.5-7.0. Cells transition from naïve
pluripotency at E4.5 through formative pluripotency by E5.0 and primed pluripotency
of the posterior-epiblast by E6.5. Cells deriving from the epiblast lineage and which
will ultimately give rise to the embryo proper are shown in dark blue. Cells of the TE
lineage which will ultimately form or contribute to the placenta are shown in light blue.
Cells deriving from the PrE lineage and which give rise to the visceral endoderm (VE)
are shown in yellow. The anterior visceral endoderm (AVE) is indicated in pink, while
the primitive streak is indicated in purple. The emergence of the primordial germ cells
(PGCs) by E7.0 is indicated. Figure taken from Ávila-González et al., 2021 [12]. . . . . 14

3 PGC induction in the mouse. Mouse PGC precursors (mPGCs; shown in green) are
induced following exposure to activating signals BMP4 and 8B (shown in green) from
the extraembryonic ectoderm (ExE; shown in beige), BMP2 signals from the proximal
visceral endoderm (VE; shown in yellow), and WNT3 signals from the posterior epiblast
and posterior VE (both shown in pink). Inhibitory signals including CER1, DKK1, and
LEFTY1 released from the anterior VE (AVE; shown in brown) prevent the induction
of PGCs, and thus control the location and opportunity for PGC induction. Together,
these activating and antagonizing signals ensure a small population of mPGCs may be
specified in the proximal-posterior region of the epiblast. The directional axes of the
embryo are indicated with P - D (proximal to distal) and A - P (anterior to posterior).
The primitive streak (PS) is also indicated. Modified from Tang et al., 2016 [24]. . . . . 16

4 PGCLC induction and comparison to in vivo murine tissue. Induction of PG-
CLCs begins with the culture of mouse ESCs (mES) in 2i/LIF (2i+LIF) medium. These
cells may be induced directly towards mouse EpiLC (mEpiLC) fate for approximately
two days in defined medium containing activin A and f FGF2 (Fibroblast growth factor
2; also known as bFGF). The resultant EpiLCs are comparable to cells of the E5.5-5.75
post-implantation epiblast. The EpiLCs may be directly induced towards mouse PG-
CLC (mPGCLC) fate by aggregating them as EBs in medium containing the cytokines
BMP4, BMP8B, SCF, LIF, and EGF. After six days, they will resemble E9.5 migratory
PGCLCs both transcriptionally and epigenetically. Modified from Tang et al., 2016 [24]. 21
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5 Predicted protein structure of AP2γ. The predicted protein structure of AP2γ
isoform 1 generated by AlphaFold Monomer v2.0 [89; 90]. The per-residue confidence
score is indicated by color: high confidence - confidence - low - very low is indicated by
dark blue - light blue - yellow - orange. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

6 Isoforms of AP2γ on the DNA and protein level. A) Coding DNA sequence
(CDS) of Tfap2c isoform 1 with exons indicated. B) CDS of Tfap2c isoform 2 with
exons indicated. C) Alignment of exon 1 and partial exon 2 in CDS of Tfap2c isoforms 1
and 2. D) Amino acid (aa) sequence of AP2γ isoform 1, with features indicated. E) Aa
sequence of AP2γ isoform 2, with features indicated. All images were generated using
SnapGene® software. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

7 Histone modifications indicate the activity status of enhancers and promot-
ers. Histone modifications allow for the discrimination of CREs based on activity.
Nucleosome-free promoters with flanking regions enriched for H3K27ac and H3K4me3
are classified as active, and nucleosome-free enhancers in with flanking regions enriched
for H3K4me1 and H3K27ac are also classified as active. Closed or poised enhancers may
be identified by the presence of nucleosomes and the histone modifications H3K27me3
and H3K4me1, while a primed enhancer may be nucleosome-free and flanked with re-
gions enriched for H3K4me1. RNA polymerase II (Pol II), transcription factors (TFs),
and DNA binding motifs are indicated. Modified from Shlyueva et al., 2014 [137]. . . . . 29

8 Validation of B1-based AP2γ-KO ESC lines. A) Comparison of translated AP2γ
protein sequences between WT B1 ESCs and AP2γ-KO lines KO1, KO2, KO3. Pre-
mature stop codons are indicated as asterisks (*), and blue-highlighting demonstrates
consensus between the WT and KO amino acid (aa) sequences. B) Western blot of WT,
KO1, KO2, and KO3 ESC lysates, with 80 µg protein/lane. AP2γ isoforms 1 and 2
are indicated, with expected size in kilodaltons (kDa) of 49 and 53 kDa, respectively.
The upper blot indicates α’AP2γ-HRP labeling, while the lower blot indicates sequen-
tial α’GAPDH-HRP labeling of the same blot, with expected size in kDa of 37 kDa.
A protein ladder indicates sizes in kDa in the leftmost lane. C) 40x confocal images
depicting the IF staining of WT and KO1, KO2, and KO3 ESCs. α-AP2γ-Alexa-488 is
shown in green and DAPI is shown in blue, with scale bar of 100 µm indicated. D) 10x
phase-contrast light microscopy images of live WT, KO1, KO2, and KO3 ESCs. Inset
demonstrates digital zoom of region of interest, and scale bar of 200 µm is indicated. . 68

9 The AP2γ-KO phenotype is validated in IF stainings of d6 KO1 EBs. WT
and KO1 EpiLCs were aggregated as EBs for six days in either -cyto control medium or
+cyto medium which induces the cells towards PGCLC fate. The EBs were subsequently
fixed, cryosectioned, and labeled with α’AP2γ-Alexa-555 (shown in red), α’GFP-Alexa-
488 (shown in green), and DAPI. Overlay images of the α’AP2γ and α’GFP channels
are shown, as are scale bars of 50 µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

10 GFP expression not significantly different between d6 cyto+ WT and AP2γ-
KO cells. The percentage of GFP+ cells indirectly reporting BLIMP1 expression in B1
WT and KO1, KO2, and KO3 EBs grown in +/- cyto medium is indicated. N = 3 for all
samples. Significance of p < 0.05 is indicated, and was determined using the unpaired
t-test in Prism 9. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
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11 RNA-seq analysis demonstrates transcriptional differences between cell types
as well as WT and AP2γ-KO d4/d6 GFP+ cells. A) PCA plots of RNA-seq sam-
ples with and without the inclusion of KO3 samples. KO3 d4/d6 GFP+ samples which
clustered with WT d4/d6 GFP+ samples are indicated in the red ring, all other cell types
and clusters are indicated in black. Color of marker indicates cell type and KO status
and is explained in the key, and the variance of principal components (PC1 and PC2)
is indicated. B) Scree plot of principal components used to generate PCA plots. The
number of principal components and proportion of explained variance is indicated. C)
Euclidian sample-to-sample distance of all RNA-seq samples, with genotype (condition)
and cell type (type) indicated. Scale indicates relative difference between samples. . . . 72

12 Key PGC markers are differentially expressed in d4/d6 GFP+ KO cells.
Expression of each gene is indicated by normalized counts (log10 scale). Significance was
determined between AP2γ-KO and WT samples of a given cell type using DESeq2, and
is indicated in the key. The color of each bar indicates the sample type, and is written
in the key on the bottom right. N = 3 for WT samples, N = 2 for KO samples. . . . . . 74

13 KO of AP2γ results in differential developmental gene expression in ESCs.
A) Log ratio (M) and mean average (A) plot (MA plot) of AP2γ-KO versus WT ESC
RNA-seq genes, generated using DESeq2. Differentially expressed (adj. p. < 0.01) genes
are indicated in blue. B) GOseq gene ontology results for biological process GO terms
overrepresented in DE genes between AP2γ-KO and WT ESC samples. Significance
is indicated by the color of the marker, and gene counts associated with each cluster
are indicated by the size of the marker. C) Heatmap of developmental DE genes. D)
Heatmap of imprinted DE genes. All heatmaps were generated with heatmap2, and the
general classification of each gene is provided to the right of the gene name, with sample
name and KO status indicated below. Red indicates upregulation and blue indicates
downregulation. Samples are hierarchically clustered by similarity. . . . . . . . . . . . . 76

14 KO of AP2γ results in differential developmental gene expression in EpiLCs.
A) MA plot of AP2γ-KO EpiLC versus WT RNA-seq genes, generated using DESeq2.
Differentially expressed (adj. p. < 0.01) genes are indicated in blue. B) GOseq gene
ontology results for biological process GO terms overrepresented in DE genes between
AP2γ-KO and WT EpiLC samples. Significance is indicated by the color of the marker,
and gene counts associated with each cluster are indicated by the size of the marker.
C) Heatmap of pluripotency and developmental DE genes. D) Heatmap of imprinted
DE genes. E) Heatmap of DE embryonic lineage genes. Heatmaps were generated with
heatmap2, and the general classification of each gene is provided to the right of the gene
name, with sample name and KO status indicated below. Red indicates upregulation
and blue indicates downregulation. Samples are hierarchically clustered by similarity. . 78
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15 KO of AP2γ impairs the expression of PGC and pluripotency markers in d4
GFP+ cells. A) MA plot of AP2γ-KO d4 GFP+ versus WT RNA-seq genes, generated
using DESeq2. Differentially expressed (adj. p. < 0.01) genes are indicated in blue. B)
GOseq gene ontology results for biological process GO terms overrepresented in DE genes
between AP2γ-KO and WT d4 GFP+ samples. Significance is indicated by the color
of the marker, and gene counts associated with each cluster are indicated by the size of
the marker. C) Heatmap of pluripotency and developmental DE genes. D) Heatmap
of imprinted DE genes. E) Heatmap of DE embryonic lineage genes. Heatmaps were
generated with heatmap2, and the general classification of each gene is provided to the
right of the gene name, with sample name and KO status indicated below. Red indicates
upregulation and blue indicates downregulation. Samples are hierarchically clustered by
similarity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

16 KO of AP2γ profoundly alters differential expression of developmental genes
in d6 GFP+ cells. A) MA plot of AP2γ-KO d6 GFP+ versus WT RNA-seq genes,
generated using DESeq2. Differentially expressed (adj. p. < 0.01) genes are indicated in
blue. B) GOseq gene ontology results for biological process GO terms overrepresented
in DE genes between AP2γ-KO and WT d6 GFP+ samples. Significance is indicated by
the color of the marker, and gene counts associated with each cluster are indicated by
the size of the marker. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

17 Many pluripotency, somatic, and imprinted genes are aberrantly expressed
in AP2γ-KO d6 GFP+ cells relative to WT. A) Heatmap of PGC and somatic fate
DE genes. B) Heatmap of DE pluripotency genes. C) Heatmap of DE embryonic lineage
genes. D) Heatmap of DE imprinting genes. Heatmaps were generated with heatmap2,
and the general classification of each gene is provided to the right of the gene name,
with sample name and KO status indicated below. Red indicates upregulation and blue
indicates downregulation. Samples are hierarchically clustered by similarity. . . . . . . 81

18 Tfap2a, Myc, and Cd44 are DE in AP2α-KO d6 GFP+ cells. The normalized
counts of DE genes of interest Tfap2a, Myc, and Cd44 in AP2α-KO and WT ESCs,
EpiLCs, and PGCLCs are shown. Significance between AP2α-KO and WT samples was
determined with DESeq2. WT N = 3, AP2α-KO N = 2. Normalized counts are shown
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19 AP2γ-KO d4/d6 GFP+ cells upregulate many markers of EMP fate. EMP
gene expression was examined by determining the significance (adj. p. < 0.01, fc +/-
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20 Validation of SGET-based AP2γ-KO ESC line S-KO. A) Comparison of trans-
lated AP2γ protein sequences between SGET-WT ESCs and AP2γ-KO ESC line S-KO.
Premature stop codons are indicated as asterisks (*), and blue-highlighting demonstrates
consensus between the WT and AP2γ-KO aa sequences. B) Western blot of SGET WT,
S-Het, and S-KO ESC lysates, with 80 µg protein/lane. AP2γ isoforms 1 and 2 are
indicated, with expected size in kDa of 49 and 53 kDa, respectively. The upper blot in-
dicates α’AP2γ-HRP labeling, while the lower blot indicates sequential α’GAPDH-HRP
labeling of the same blot, with expected size of 37 kDa. A protein ladder indicates sizes
in kDa in the leftmost lane. C) 40x confocal images depicting the IF staining of SGET
WT and S-KO ESCs. α-AP2γ-Alexa-647 is shown in red and DAPI is shown in blue,
with scale bars of 100 µm indicated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

21 KO of AP2γ impairs PGC marker expression on d6 of PGCLC differentiation
in S-KO cells. WT SGET and S-KO EpiLCs were aggregated as EBs for six days in
either -cyto control medium or +cyto medium which induces the cells towards PGCLC
fate. The EBs were subsequently fixed, cryosectioned, and labeled with α’GFP-Alexa-
488 (shown in green), α’DAZL-Alexa-647 (shown in red), and DAPI. Overlay images of
the α’DAZL and α’GFP channels are shown, as are scale bars indicating 50 µm. . . . . 87
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0.05 was determined using the z-test in Microsoft Excel. N = 3 for all samples. . . . . . 89
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33 Expression of neural fate genes increases with development towards PGCLC
fate following KO of AP2γ. Heatmap of genes associated with neural stem cells
(NSCs), neural plate development, or neural crest fate. Red indicates increased expres-
sion, blue indicates downregulation. Significance (adj. p. < 0.01, fc +/- 1.5x) determined
in AP2γ-KO d6 GFP+ cells against WT. Sample and gene names are indicated. . . . . 104

34 Design and identification of plasmid pmTfap2c. A) Plasmid pmTfap2c is com-
prised of the following features: the 5’ Tfap2c homology arm (turquoise), a tdTomato
cassette (red) separated from the Tfap2c 5’ homology arm by a T2A site (pink), a PGK
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immediately upstream of a bGH pol(A) signal (grey), the 3’ Tfap2c homology arm (blue)
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is flanked by two ROX sites (pink). B) pmTfap2c was Gibson-cloned and transformed
into DH5α transformation-competent bacteria. Single clones were isolated and resulting
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cated. B) pMiniTTM cloning and Sanger sequencing was translated to aa sequences in
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demonstrates consensus between the WT and AP2γ-KO aa sequences. C) 40x confocal
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Tfap2c TAD is indicated in the lane “gRNA library”. Significantly enriched (FDR <
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Table 13: Cell lines used during the course of this study

Full name of cell line: Abbreviation: Type of cell: Source:

Blimp1-GFP mouse
embryonic stem cell B1 mESC Ohinata et al., 2015

[26]

Blimp1-GFP AP2γ-KO
gRNA #3 clone #2 mouse

embryonic stem cell
KO1 mESC Cera McDonald

Blimp1-GFP AP2γ-KO
gRNA #3 clone #3 mouse

embryonic stem cell
KO2 mESC Cera McDonald

Blimp1-GFP AP2γ-KO
gRNA #3 clone #11

mouse embryonic stem cell
KO3 mESC Cera McDonald

Blimp1-GFP
AP2γ-tdTomato Cas9

mouse embryonic cell line
BGAT mESC Cera McDonald

Blimp1-GFP
AP2γ-tdTomato Cas9
mouse AP2γ-KO gRNA
#2 clone #14 embryonic

cell line

BGAT-KO mESC Cera McDonald

E14 mouse embryonic
stem cells E14 mESC Hooper et al., 1987

[185]

Human embryonic kidney
SV40 large T antigen HEK-293T

Human
immortalized
embryonic cell

line

Graham et al., 1977
[325]

Stella-eGFP
Esg1-tdTomato mouse
embryonic stem cell

SGET mESC Hackett et al., 2018
[172]

Stella-eGFP
Esg1-tdTomato AP2γ-KO

gRNA #2 clone #13
mouse embryonic stem cell

S-KO mESC Cera McDonald

Stella-eGFP
Esg1-tdTomato mouse

embryonic stem cell Cas9
clone #10

SGET-Cas9 mESC Cera McDonald
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Glossary

2i+LIF Two inhibitors plus leukemia inhibitory factor; also written as 2i/LIF; see Appendix 7.3.1

3D Three-dimensional

A Adenine

aa Amino acid

ACH Active chromatin hubs

Ad Towards (Latin) - add dH2O to this final volume

Adj. p. Adjusted p-value

AiD Auxin inducible degron

Alpl Alkaline phosphatase liver/bone/kidney (gene; for protein see TNAP)

AP Alkaline phosphatase

A - P Anterior to posterior axis

APS Ammonium persulfate

AP2 Activation enhancer-binding protein 2 family

AP2α Activating enhancer-binding protein 2 alpha (protein; for gene see Tfap2a)

AP2β Activating enhancer-binding protein 2 beta (protein; for gene see Tfap2b)

AP2γ Activating enhancer-binding protein 2 gamma (protein; for gene see Tfap2c)

AP2δ Activating enhancer-binding protein 2 delta (protein; for gene see Tfap2d)

AP2ε Activating enhancer-binding protein 2 epsilon (protein; for gene see Tfap2e)

Arbp/ARBP Attachment region binding protein (gene/protein)

ASCL1/ASCL1 Achaete-scute family BHLH transcription factor 1 (human gene/protein)

Asz1/ASZ1 Ankyrin repeat SAM and basic leucine zipper domain containing 1 (gene/protein)

ATAC-seq Assay for Transposase-Accessible Chromatin using sequencing

AVE Anterior visceral endoderm

B1 Blimp1-meGFP ESC line

BC Basal cell

bFGF Basic fibroblast growth factor

BGAT Blimp1-eGFP AP2γ-tdTomato ESC line

BGAT Blimp1-eGFP AP2γ-tdTomato AP2γ-KO ESC line

bGH poly(A) Bovine growth hormone polyadenylation signal

BHLH Basic helix loop helix domain

BLAT BLAST-like alignment tool

BLIMP1 B-lymphocyte-induced maturation protein 1 (protein; see Prdm1 for gene)

Bmp2/BMP2 Bone morphogenetic protein 2 (gene/protein)

Bmp4/BMP4 Bone morphogenetic protein 4 (gene/protein)

Bmp8a/BMP8A Bone morphogenetic protein 8A (gene/protein)

Bmp8b/BMP8B Bone morphogenetic protein 8B (gene/protein)

Bmpr1a/BMPR1A Bone morphogenetic protein receptor 1A (gene/protein)

Bmpr1b/BMPR1B Bone morphogenetic protein receptor 1B (gene/protein)

Bmpr2/BMPR2 Bone morphogenetic protein receptor 2 (gene/protein)
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bp Base pair

BR Broad-range

Brachyury Brachyury protein (for gene, see T )

BRN1 Brain1 (protein; for gene seen Pou3f3 )

C Cytosine

Ca Calcium

Cas9 CRISPR associated protein 9

Cas9-LSD1 Cas9 fused to lysine-specific demethylase 1A

Cbfa2t2/CBFA2T2 CBFA2/RUNX1 partner transcriptional co-repressor 2 (gene/protein)

cCRE Candidate cis-regulatory elements

Cd44/CD44 12505 (gene/protein)

Cdkn1c/CDKN1C Cyclin dependent kinase inhibitor 1C (gene/protein)

CDS Coding DNA sequence

Cdx2/CDX2 Caudal Type Homeobox 2 (gene/Protein)

C. elegans Caenorhabditis elegans; nematode

Cer1/CER1 Cerberus 1 (gene/protein)

Chd3/CHD3 Chromodomain helicase DNA binding protein 3 (gene/protein)

ChIP Chromatin immunoprecipitation

ChIP-seq Chromatin immunoprecipitation sequencing

Cl Chlorine

Col4a2/COL4A2 Collagen type IV alpha 2 chain (gene/protein)

CpG
5‘-C-phosphate-G-3‘, indicates a linear nucleotide sequence of CG (does not indicate a base
pair of C-G)

CRE Cis-regulatory element

CRISPR Clustered regularly interspaced short palindromic repeats

crRNA CRISPR RNA

CSH Cold Spring Harbor Laboratory

Ct Cycle threshold

CTCF CCCTC-binding factor

CTCFL CCCTC-binding factor like

ctSCAN-SMS Cis- and trans-regulatory elements scanning through saturating mutagenesis and sequencing

CUT&RUN Cleavage under targets and release using nuclease

D2 Day 2

D4 Day 4

D6 Day 6

D10 Dulbecco’s modified Eagle’s medium with 10% FBS

DAPI 4’,6-diamidino-2-phenylindole

dATP Deoxyadenosine triphosphate

Dazl/DAZL Deleted in azoospermia like (gene/protein)

dCas9-KRAB Nuclease-dead Cas9 Krüppel-associated box

dCTP Deoxycytidine triphosphate

Ddx4/DDX4 DEAD box helicase 4 (gene/protein); also known as Vasa
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DE Differentially expressed

DEAD Box
Nine conserved sequences, the second of which contains the amino acid sequence D-E-A-D
(asp-glu-ala-asp)

De novo From the beginning; anew (Latin)

dGTP Deoxycytidine triphosphate

dH2O Distilled water

Dlk1/DLK1 Delta-like non-canonical Notch ligand 1 (gene/protein)

Dkk1/DKK1 Dickkopf-related protein 1 (gene/protein)

dm Dermal mesenchyme

D. melanogaster Drosophila melanogaster ; fruit fly

DMEM/F12 Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12

DNA Deoxyribonucleic acid

DNase-seq DNase treatment followed by sequencing assay

Dnmt3b/DNMT3B DNA Methyltransferase 3 Beta (gene/protein)

Dnmt3l/DNMT3L DNA Methyltransferase 3 like (gene/protein)

dNTP Deoxynucleoside triphosphate

Dox Doxycycline

DP Differential peaks

dTTP Deoxythymidine triphosphate

Dox Doxycyline

Dppa3 Developmental pluripotency associated 3 (gene, for protein see Stella)

Dppa5a Developmental pluripotency associated 5a (gene, for protein see ESG1)

D. rerio Danio rerio; zebrafish

DSB Double strand break

DTA Diptheria toxin A

DTT Dithiothreitol

DVE Distal visceral endoderm

EB Embryoid body

Ec Ectoderm

E. coli Escherichia coli

EDTA Ethylenediaminetetraacetic

e.g. Exempli gratia (Latin) - for example

EGF Epidermal growth factor

eGFP Enhanced green fluorescent protein

EKLF Erythroid Krüppel like factor (protein)

ENCODE Encyclopedia of deoxyribonucleic acid elements

EGTA Ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid

EMP Embryonic multipotent progenitor

EmVE Embryonic visceral endoderm

Eomes/EOMES Eomesodermin (gene/protein)
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EpiLC Epiblast-like cell

EpiSC Epiblast-derived stem cell

eRNA Enhancer ribonucleic acid

ESC Embryonic stem cell

ESG1 Embryonal stem cell specific gene 1 (protein, for gene see Dppa5a)

Esrrb/ESRRB Estrogen related receptor beta (gene/protein)

Et al. Et alia (Latin) - and others

ETS E-twenty-six erythroblast transformation specific family

Ets1/ETS2 ETS proto-oncogene 1 (gene/protein)

Ets2/ETS2 ETS proto-oncogene 2 (gene/protein)

Etv5/ETV5 ets variant 5 (gene/protein)

ExE Extraembryonic ectoderm

ExVE Extraembryonic visceral endoderm

Ex vivo Outside of the body (Latin)

E14 E14 mouse embryonic stem cells

E(#) Embryonic day #

dsRed Discosoma red

FBS Fetal bovine serum

fc Fold change

Fgf2/FGF2 Fibroblast growth factor 2 (gene/protein)

Fgf5/FGF5 Fibroblast growth factor 5 (gene/protein)

FIGLA/FIGLA folliculogenesis specific BHLH tran- scription factor (human gene/protein)

fMaSC Fetal mammary stem cell

Foxa1/FOXA1 Forkhead box A1 (gene/protein)

FPP Fat pad precursor

Fragilis Fragilis protein (for gene see Ifitm3 )

g Gram

G Guanine

G2 phase Growth 2 phase

GATA Nucleotide sequence - GATA proteins have affinity to bind to this nucleotide sequence

Gata3/GATA3 GATA Binding Protein 3 (gene/protein)

Gata6/GATA6 GATA Binding Protein 6 (gene/protein)

gDNA Genomic DNA

GeCKO Genome-scale clustered regularly interspaced short palindromic repeats knock-out

Germ plasm Germinal cytoplasm

Gfp/GFP Green fluorescent protein (gene/protein)

GMEM Glasgow Modified Essential Medium

Gnas/GNAS Guanine nucleotide binding protein, alpha stimulating (gene/protein)

Grb10/GRB10 Growth factor receptor bound 10 (gene/protein)

gRNA Guide RNA
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GSK3 Glycogen synthase kinase 3

H1f0/H1F0 Histone h1.0 linker protein (gene/protein)

H2A/H4R3me2 Symmetrical dimethylation of arginine 3 on histone 2A and histone 4

H3K4me1 Histone 3 lysine 4 monomethylation

H3K4me3 Histone 3 lysine 4 trimethylation

H3K9me2 Histone 3 lysine 9 dimethylation

H3K27ac Histone 3 lysine 27 acetylation

H3K27me3 Histone 3 lysine 27 trimethylation

H4K20me1 Histone 4 lysine 20 monomethylation

H Hydrogen

HCl Hydrogen chloride

HDR Homology directed repair

HEK-293T Human embryonic kidney 293T cells

HeLa Henrietta Lacks cell

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

hESC Human embryonic stem cell

HF High fidelity

Hi-C Hi-C chromatin conformation capture

Hira/HIRA Histone cell cycle regulation (gene/protein)

Hoxa1/HOXA1 Homeobox A1 (gene/protein)

Hoxa2/HOXA2 Homeobox A2 (gene/protein)

Hoxb1/HOXB1 Homeobox B1 (gene/protein)

HRP Horseradish peroxidase

Ifitm3 Interferon induced transmembrane protein 3 (gene; for protein see Fragilis)

HS High-sensitivity

ICC Immunocytochemistry

ICM Inner cell mass

Id Inhibitors of DNA binding gene family

Id2/ID2 Inhibitor Of DNA Binding 2 (gene/protein)

i.e. Id est (Latin) - in other words

IF Indirect immunofluorescence

Ifitm3/IFITM3
interferon induced transmembrane protein 3 (gene/protein); also known as Fragilis when
translated

IgG Immunoglobulin G

IGV Interactive genome viewer

IHC Immunohistochemistry

In silico “In silicon” (pseudo-Latin); performed on the computer

In vitro “In glass” (Latin) - experiment performed outside of natural biological context

In vivo “Within the living” (Latin) - experiment performed within natural biological context

iPSC Induced pluripotent stem cells

ISO Isothermal
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Itgb3/ITGB3 Integrin subunit beta 3 (gene/protein)

K May refer to either potassium or lysine (context-dependent)

Jam2/JAM2 Junctional adhesion molecule 2 (gene/protein)

kb Kilobase

KD Knockdown

kDa Kilodalton

KI Knock-in

Kit/KIT KIT proto-oncogene, receptor tyrosine kinase (gene/protein)

KLF Krüppel like factor TF family

Klf2/KLF2 Krüppel Like Factor 2 (gene/protein)

Klf4/KLF4 Krüppel Like Factor 4 (gene/protein)

KO Knockout

KO1 Blimp1-GFP AP2γ-KO gRNA #3 clone #2 mouse embryonic stem cell

KO2 Blimp1-GFP AP2γ-KO gRNA #3 clone #3 mouse embryonic stem cell

KO3 Blimp1-GFP AP2γ-KO gRNA #3 clone #11 mouse embryonic stem cell

Krt8/KRT8 Keratin 8 (gene/protein)

KSR Knockout serum replacement

kV Kilovolt

L Liter

LC Luminal cell

Lefty1/LEFTY1 Leftright determination factor 1 (gene/protein)

Lefty2/LEFTY2 Leftright determination factor 2 (gene/protein)

LogFC Log fold-change

LIF Leukemia inhibitory factor

LLC Limited liability company

lncRNA Long non-coding RNA

Ltd. Limited company

M Molar

mA Milliamperes

MaGECK Model-based analysis of genome-wide CRISPR/Cas9 knockout

MA plot Log ratio (M) and mean average (A) plot

MaSC Mammary stem cell

Mb Megabase

MC1-DTA Diptheria toxin A under the control of the MC1 promoter

MEF Mouse embryonic fibroblast

meGFP Membrane-bound enhanced GFP

mESC Mouse embryonic stem cell

Meis2/MEIS2 Meis homeobox 2 (gene/protein)

Meis3/MEIS3 Meis homeobox 3 (gene/protein)

MEK Mitogen-activated extracellular signal-regulated kinase
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mEpiLC Mouse epiblast-like cell

mESC Mouse embryonic stem cell; also referred to as mES

Mest/MEST Mesoderm specific transcript (gene/protein)

Mg Magnesium

MGI Mouse genome informatics

Mio Million

miRNA Micro RNA

ml Milliliter

MLE Maximum likelihood estimation

mm Mammary mesenchyme

mM Millimolar

M. musculus Mus musculus; house mouse

mm10 GRCm38 mouse genome assembly

Mn Manganese

mPGC Mouse primordial germ cell

mPGCLC Mouse primordial germ cell-like cell

mRNA Messenger RNA

Msx1/MSX1 Homeobox protein Msx 1 (gene/protein)

Msx2/MSX2 Homeobox protein Msx 2 (gene/protein)

MOI Multiplicity of infection

Myc Myelocytomatosis oncogene (gene)

N Any nucleobase

Na Sodium

N/A Not available

NAD+ Nicotinamide adenine dinucleotide

Nanos3/NANOS3 Nanos C2HC-Type Zinc Finger 3 (gene/protein)

NCE2 Negative control enhancer 2

n.d. Not dated

NEAA Non-essential amino acids

neg. Negative, negatively

NFR Nucleosome-free region

NFY Nuclear transcription factor Y (protein; also known as NF-Y)

ng Nanogram

NGS Next generation sequencing

NHEJ Non-homologous end joining

NMD Nonsense-mediated decay

No. Number

Nodal/NODAL Nodal growth differentiation factor (gene/protein)

Nr5a2/NR5A2 Nuclear receptor subfamily 5 group A member 2 (gene/protein)

ns Nipple sheath

NSC Neural stem cell
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O Oxygen

OCT4 Octamer-binding transcription factor 4 (protein; for gene see Pou5f1 )

OCT6 Octamer-binding transcription factor 6 (protein; for gene see Pou3f1 )

Otx2/OTX2 Orthodenticle homeobox 2

P19 P19 embryonal carcinoma cells

P Phosphorus

PAGE Polyacrylamide gel electrophoresis

PAM Protospacer adjacent motif

PBS Phosphate-buffered saline

Pbx1/PBX1 PBX homeobox 1 (gene/protein)

PC Principal component

PCA Principal component analysis

PCE3 Positive control enhancer 3

PCR Polymerase chain reaction

P - D Proximal to distal axis

PE Parietal endoderm

Pdgfra/PDGFRA Platelet-derived growth factor receptor A (gene/protein)

Peg3/PEG3 Paternally expressed 3 (gene/protein)

Peg13/PEG13 Paternally expressed 13 (gene/protein)

PEG 8000 Polyethylene glycol (molecular weight) 8000

PGC Primordial germ cell

PGCLC Primordial germ cell-like cell

PGK Mouse phosphoglycerate kinase 1 promoter

pH Potential of hydrogen

PITX2/PITX2 Paired like homeodomain 2 (human gene/protein)

pKLV2-W pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-W

pmTfap2c pmTfap2c-T2A-tdTomato-RoxPGKPuro

Pol II RNA polymerase II

Poly(A) Polyadenylation

pos. Positive, positively

POU class
Pituitary-specific Pit-1, Octamer transcription factor proteins Oct-1 and Oct-2, and Unc-86
transcription factor class proteins

Pou3f1 POU Class 3 Homeobox 1 (gene; see OCT6 for protein)

Pou3f3 POU Class 3 Homeobox 3 (gene; see BRN1 for protein)

Pou5f1 POU Class 5 Homeobox 1 (gene; see OCT4 for protein)

Ppp4r1l-ps Protein phosphatase 4, regulatory subunit 1-like, pseudogene

PPxY Proline-rich motif

Prdm1 PR/SET Domain 1 (gene; see BLIMP1 for protein)

Prdm14/PRDM14 PR/SET Domain 14 (gene/protein)

PR domain PRDI-BF1-RIZ1 homologous region

PrE Primitive endoderm
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Prm1/PRM1 Protamine 1 (gene/protein)

PRR1 Potential regulatory region 1

PS Primitive streak

P/S Penicillin/Streptomycin

Puro Puromycin

PVDF Polyvinylidene fluoride

pX330 pX330-U6-Chimeric_BB-CBh-hSpCas9

qPCR Quantitative polymerase chain reaction

QC Quality control

qRT-PCR Quantitative reverse-transcription polymerase chain reaction

R Nucleotide which may be adenine or guanine

RA Retinoic acid

RE Restriction enzyme

RNA Ribonucleic acid

RNAi RNA interference

RNA-seq RNA sequencing

RT Room temperature

rtTA Reverse tetracycline-controlled transactivator

S Nucleotide that may be either guanine or cytosine

SCF Stem cell factor

scRNA-seq Single cell RNA-seq

SDS Sodium dodecyl sulfate

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

Serpinh1/SERPINH1 Serpin family H, member 1 (gene/protein)

SET domain Su(var), E(z), and Trithorax domain

SGET Stella-eGFP Esg1-tdTomato ESC cell line

SGET-Cas9 SGET ESC line with genomically inserted Cas9 transgene

S-Het Uncharacterized putative heterozygous AP2γ-KO SGET ESC line

Shh Sonic hedgehog (gene)

S-KO Stella-eGFP Esg1-tdTomato AP2γ-KO gRNA #2 clone #13 mouse ESC line

SMAD Suppressor of mothers against decapentaplegic

Smad1/SMAD2 Suppressor of mothers against decapentaplegic 1 (gene/protein)

Sma42/SMAD2 Suppressor of mothers against decapentaplegic 4 (gene/protein)

Smad5/SMAD2 Suppressor of mothers against decapentaplegic 5 (gene/protein)

Smad8/SMAD2 Suppressor of mothers against decapentaplegic 8 (gene/protein)

Sox1/SOX1 SRY (sex determining region Y)-box 1 (gene/protein)

Sox2/SOX2 SRY (sex determining region Y)-box 2 (gene/protein)

Sox3/SOX3 SRY (sex determining region Y)-box 3 (gene/protein)

Sox2/SOX2 SRY (sex determining region Y)-box 4 (gene/protein)

Sox4/SOX4 SRY (sex determining region Y)-box 9 (gene/protein)
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Sox10/SOX10 SRY (sex determining region Y)-box 10 (gene/protein)

Sox11/SOX11 SRY (sex determining region Y)-box 11 (gene/protein)

Sox13/SOX13 SRY (sex determining region Y)-box 13 (gene/protein)

Sox17/SOX17 SRY (sex determining region Y)-box 17 (gene/protein)

S. pyogenes Streptomyces pyogenes

SRY Sex-determining region Y

Stra8/STRA8 Stimulated by retinoic acid gene 8 (gene/protein)

SUMO Small ubiquitin-like modifier

T2A Thosea asigna virus 2A sequence

T Thymine

T T gene (for protein, see Brachyury)

TAD Topologically associating domain

TAP-seq Targeted perturb-sequencing

Taq Thermus aquaticus polymerase

Tdtomato/tdTomato Tandem dimer tomato (gene/protein)

TE Trophectoderm

TE buffer Tris-EDTA buffer

TEA domain Nucleotide sequence CATTCCA/T

TEAD TEA domain TF family

Tead4 TEA Domain Transcription Factor 4

TEB Terminal end bud

TEMED Tetramethylethylenediamine

TET Ten-eleven translocation

Tet1/TET1 Tet methylcytosine dioxygenase 1 (gene/protein)

TF Transcription factor

Tfap2a Transcription factor AP2 alpha (gene, for protein see AP2α)

Tfap2b Transcription factor AP2 beta (gene, for protein see AP2γ)

Tfap2c Transcription factor AP2 gamma (gene, for protein see AP2γ)

Tfap2d Transcription factor AP2 delta (gene, for protein see AP2γ)

Tfap2e Transcription factor AP2 epsilon (gene, for protein see AP2γ)

TGC Trophoblast giant cell

TJ Tight junction

TNAP Tissue nonspecific alkaline phosphatase (protein; for gene see Alpl)

tracrRNA Trans-activating CRISPR RNA

TRE3G Tet-On 3G

TSC Trophoblast stem cell

TSS Transcription start site

Tris Tris(hydroxymethyl)aminomethane

UCSC University of California Santa Cruz

UK United Kingdom
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USA United States of America

V Volts

VE Visceral endoderm

Wnt3/WNT3 Proto-oncogene protein Wnt-3 (gene/protein)

WT Wild-type

WW domain Domain containing two-tryptophan (WW) conserved motif

Wwox/WWOX WW domain-containing oxidoreductase (gene/protein)

X Times concentrated or X-chromosome (context-dependent)

Xist Xi-specific transcript

Zfp42/ZFP42 Zinc finger protein 42 (gene/protein)

ZGA Zygotic genome activation

ZIC Zinc finger of the cerebellum TF family

α Alpha (Greek); Against, targeting (English)

∆ Delta (Greek); Indicates deletion of genomic region (see ∆TK)

∆Ct Ct value of gene of interest relative to housekeeping gene (see Section 2.4)

∆∆Ct
Ct value of sample of interest relative to control sample after normalization to housekeeping
gene (see Section 2.4)

∆TK Tetramethylethylenediamine

µf Microfarad

µl Microliter

µM Micromolar

Ω Omega (Greek); Ohm, unit of electrical resistance

Early stop codon

-cyto GK15 medium without the addition of cytokines

+cyto GK15 medium with the addition of cytokines BMP4, BMP8a, SCF, EGF, and inhibitor LIF

-/- Indicates homozygous knockout
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