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ABSTRACT OF THE DISSERTATION

Transposable Elements and their Epigenetic Regulators Are Necessary to Orchestrate the

Transcriptome of the Developing Germline

by

Jonathan Adam DiRusso
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2025

Professor Amander Therese Clark, Chair

In order to maintain organismal fitness, the germline must be able to transmit high-
fidelity genomic information from one generation to the next. Transposable Elements (TEs),
genomic elements which are capable of mobility within the genome, pose a risk to this process.
Within a given species, only a small subset of TEs remain mobile. These mobile elements are
often evolutionarily young compared to others in the genome and must be durably silenced
during germline development so that their mobility does not impact fitness of the offspring.
Conversely, evolutionarily older TEs lose their ability to mobilize due to deterioration or loss of
pro-viral regions, which encode viral proteins. In tandem with their deterioration, TEs are often
“endogenized” or “domesticated” and become cis-regulatory elements, for instance by harboring
binding motifs of transcription factors, repressors, or insulators. As a result, a conserved
property of these TEs is their capacity to embed themselves into the cis-regulatory network of
tissues, especially in the early embryo.

Primordial Germ Cells (PGCs) are embryonic precursors to the adult germline. In

mammals, PGCs are specified early in embryonic development ( at embryonic day (E) E6.25 in



mice and ~E11-12 in humans). The transcriptional networks that drive and reinforce acquisition
of PGC identity have been well interrogated using in vitro models of PGC specification in the
mouse (m) and human (h) via generation of PGC-Like Cells (PGCLCs). Here we show that an
evolutionarily young TE subfamily, LTR5HSs, is epigenetically remodeled during human PGC
specification and bound by critical human PGC factors, supporting the hypothesis these
elements act as enhancers. We go on to show that ectopic epigenetic repression of LTR5Hs
results in inefficient human PGCLC induction, thus establishing enhancer activity of LTR5Hs as
necessary for human PGC specification. These findings demonstrate that LTR5HSs is necessary
for specification of the human germline.

After specification, PGCs will migrate while undergoing epigenetic reprogramming
including DNA demethylation and imprint erasure. In the mouse, PGCs migrate into the
developing genital ridge, undergo rapid mitotic proliferation and differentiate into either testicular
germ cells, which become pro-spermatogonia, or into meiotic germ cells which will undergo
meiosis and mature into oocytes. To ask how control of TEs impacts a later stages of PGC
development, differentiation, we used an in vivo mouse model and employed PGC-specific
conditional knockout of TRIM28. TRIM28 is an epigenetic scaffold necessary to repress many
TEs, especially those which are evolutionarily young. We found that TRIM28 is regulated in a
sex-specific manner and that TRIM28 loss in PGCs during differentiation results in upregulation
genes typical of Zygotic Genome Activation, which in the mouse happens during the 2C stage of
embryonic development. Upregulation of a 2C-like transcriptome results in reduced mitotic
expansion, inefficient fate restriction to the adult germline, and a failure of PGCs to differentiate
in males and to properly progress through meiosis in females. Thus, precise control of
transposable elements is important not only for germline specification, but also to protect the

germline transcriptional program as PGCs differentiate.
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Chapter 1

Introduction



Introduction to Transposable Elements:

Transposable elements (TEs) are mobile DNA elements which are nearly ubiquitous
across eukaryotes. Just a few species have been identified which completely lack transposable
elements, all of which are intracellular parasites’. Despite their ubiquity, the exact function and
the evolutionary interplay between TEs and their host species remains under active
investigation. Broadly, TEs are categorized into two classes, Class |, RNA retrotransposons, and
Class I, DNA transposons. Class | transposons transpose through an RNA intermediate which
is reverse-transcribed and re-inserted in a new location by integrases into the host genome.
Class Il transposons are excised from the genome and re-inserted into a new location without
duplication. As a result, Class | TEs move via a “copy and paste” mechanisms while Class I
TEs move via a “cut and paste” mechanism, with a few notable exceptions such as the Helitron
subclass?.

Within the class Mammalia, the majority of TEs are Class | retrotransposons® (Figure 1-
1). Broadly, retrotransposons can be broken into two subclasses, Long Terminal Repeat (LTR)-
and non-LTR retrotransposons. Among the non-LTR retrotransposons are Long Interspersed
Nuclear Element (LINE) and short interspersed nuclear element (SINE) superfamilies. LINE
elements are autonomous and encode the machinery they need for transposition, while SINEs
are non-autonomous and rely on LINE-encoded machinery for their transposition?. Full-length
Long Terminal Repeat (LTR)-subclass elements are likewise autonomous. Included within the
LTR subclass are Endogenous Retroviruses (ERVs), which are found in two configurations
within the genome. Some ERVs are full-length elements, with flanking LTRs and the associated
internal pro-virus, which comprises the viral genome’-2. Although some ERVs have remnants of
a pro-viral genome, they often degrade or undergo recombination over evolutionary time,
leading to loss of Open Reading Frames (ORFs) and therefore lose the capacity to produce viral

proteins. ERVs are also found as solo-LTRs, having lost their pro-viral region through



recombination of the LTR sequences which flank full-length ERVs®. Solo-LTRs account for most

ERV elements in the genome, and similarly degrade over time.

Human (Hg38) Rhesus (rheMac3) Rat (rn5) Mouse (mm10)

DNA
SINE DNA
ERV SINE
S

DNA DNA
ERV SINE SINE
ERV Simple ERV Simple
imple Simple
LINE
LINE LINE LINE
Non-TE Non-TE Non-TE Non-TE

TE Superfamily

[JonA [JUuNe [JERV []SINE [ Simple [ Non-TE
Figure 1-1: Relative abundance of transposable elements in commonly studied mammalian
genomes. Genome assembly from which statistics were compiled in paratheses. Data from
repeatmasker, accessed January 2025.

Within Mammalia, the divergence between Monotremata and Theria, the latter of which
includes placental mammals, is marked by a rapid expansion of ERV elements®*. This is of
particular interest, as ERV-derived genes have been implicated in placental function, including
co-option of syncytin genes in mice and PEG-family genes more broadly across mammals®®.
The co-option of these ERV-derived genes suggests that TEs can also drive novel function
either by delivering novel genes or by acting as regulatory elements’ 3. Therefore, despite the
capacity of TEs to be deleterious, they can also contribute positively to host fitness. As such,
they deserve careful consideration within the germline, a platform for heritable genomic novelty
which exists under exquisite evolutionary pressure. Broadly, this thesis investigates the
contributions of TEs and their regulators to organismal fitness. These are investigated using
both an in vitro model of human PGC specification as well as an in vivo mouse model allowing
study of PGC differentiation and germline maturation.

Regulation of Transposable Elements:
Given the capacity of transposable elements to disrupt genomic fidelity by insertion into

coding regions or by driving improper recombination during meiosis, control of TEs in the
3



germline is of critical importance''S. As such, mammals have developed an expansive
repertoire of epigenetic machinery to silence transposable elements. Although this thesis will
focus on mechanisms which regulate TEs during embryonic and germline development, some
of these mechanisms are employed in somatic cells as well.

Both DNA methylation and TRIM28 (a.k.a KAP1)/KRAB-ZFP-mediated repression of TEs
have been well studied in Pluripotent Stem Cells (PSCs) and in Primordial Germ Cells (PGCs).
DNA methylation involves addition of a methyl group to the fifth prime carbon of cytosine, thus
generating 5-methylcytosine (5mC). The conversion of cytosine to 5mC is catalyzed by a family
of proteins called DNA Methyltransferases (DNMTs). In the mouse and human
Dnmt3alDNMT3A and Dnmt3b/DNMT3B are de novo methyltransferases, which interact with a
non-catalytic DNMT, Dnmt3l/DNMTS3L, to establish 5mC. A third de novo DNMT, Dnmt3c, has
been identified in the murine germline and specifically methylates transposable elements.
Collectively, the activity of the de novo DNMTs is required to re-establish imprints and to silence
transposable elements.'>"® A third DNMT, Dnmt1/DNMT1, is a maintenance methyltransferase
which acts on hemimethylated DNA, which is created during DNA replication. The maintenance
DNA methylation activity of Dnmt1/DNMT1 is facilitated by UHRF1, which binds hemimethylated
DNA, thus targeting DNMT1 to these sites. While DNMT1 does possess some weak de novo
methylation activity, it seems to be targeted only to ERVs and at loci which are likewise bound
by TRIM28 and enriched in H3K9me3.%°

While de novo methylation by DNMT3A and DNMT3B is normally targeted to loci by
DNMT3L, DNMTs 1, 3A and 3B can be targeted to loci by Trim28/TRIMZ28 as well. Interactions
between DNMTs and TRIM28 are especially important for imprinting genes during early
embryogenesis in the mouse, although whether that role is reprised in the human embryo
remains unknown in part due to the scarcity of human embryos consented for research '3, It is
possible this between relationship TRIM28 and DNMTs exists in PGCs as well. In the mouse,

PGCs downregulate Uhrf1 during DNA demethylation, which severely reduces Dnmt1
4



maintenance DNA methylation. Despite this, Dnmt1 maintains DNA methylation at young ERVs

1'8, As de novo

and imprinted genes, as demonstrated by a PGC-specific knockout of DNMT
activity of DNMT1 has been shown to co-localize in the genome with Trim28 binding®, it is
possible Trim28 likewise directs Dnmt1 to targeted elements in PGCs.

Independent of DNMTs, Trim28/TRIM28 also complexes with Setdb1/SETDB1, a lysine
histone methyltransferase which catalyzes H3K9me32*. TRIM28 itself lacks a DNA-binding
domain and is recruited to targeted loci by Kruppel-Associated Box Zinc Finger Proteins (KRAB-
ZFPs) (Figure 1-2). KRAB-ZFPs are an extensive family of proteins found in all known
tetrapods?®>?°. While some KRAB-ZFPs are highly conserved, most species have undergone
extensive species-specific KRAB-ZFP expansion which regulate species-specific TEs and
genomic elements?. While Trim28/TRIM28 is essential for TE repression, the regulation of
KRABs is equally important, and their expression changes rapidly during development of the
embryo and germline, reflecting their central role in ensuring proper spaciotemporal silencing of
transposable elmenets?’. In chapter 4, we demonstrate that there are multiple programs
controlling TE accessibility in the murine germline, and that Trim28 maintains repression at
young TEs, but also represses an aberrant transcriptional state capable of de-railing mouse
PGC differentiation. In brief, these results suggest that TRIM28-mediated repression is
necessary not only for control of TEs but also to maintain the PGC transcriptome at a time when

it is exceptionally plastic.
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Figure 1-2: Schematic of a TRIM28 dimer interacting with a KRAB-ZFP, SETDB1 and DNMTs at
the locus of a targeted TE.

Finally, the male and female germline likewise have mechanisms of TE control which are
specific to the germline. In pro-spermatogonia, the piRNA system represses TEs and is
essential to properly re-acquire genome-wide DNA methylation®®3°. The contribution of the
piRNA system is best explored in the mouse, as it is possible to collect ample embryonic and
neo-natal germ cells as they undergo de novo methylation (beginning roughly E15.5). In mouse
pro-spermatogonia, piRNAs are transcribed from piRNA clusters, after which they are
processed by the Argonaut family proteins Piwil2 (MILI) and Piwil4 (MIWI2). After piRNA
processing by MILI, piRNAs are loaded on to MIWI2, which translocates to the nucleus and
binds the pre-processed mRNA of actively transcribed targets®'*2. After binding to the nascent
transcript, MIWI2 directs DNA methylation at the transcribed loci. Interestingly, knockout of
either MIWI2 or MILI leads to the derepression of specific subfamilies of TEs, suggesting that
they may have yet unresolved biases or interacting partners that produce these biases®. In the
female, it has been hypothesized that TEs in the growing oocyte are targeted by an endo-siRNA
mechanism. One such candidate for this activity is Ago2 loss of which disrupts meiosis and
results in spindle defects and TE derepression®:. Still, whether this mechanism is alone
sufficient for TE repression in the oocyte and whether Ago2 has other functions and merely

targets TEs indirectly is unresolved.



Transposable Elements as Regulatory Elements:

While much work on TEs, especially in the germline, is focused on their repression, it
has also been shown that TEs have the capacity to contribute to cis-regulatory networks. In
particular, ERVs are highly enriched for transcription factor binding motifs, and functional
validation using gene editing or ectopic heterochromatic silencing have demonstrated that these
elements are functional, bona fide cis-regulatory units”'°*_Indeed, in both the mouse and
human, a significant fraction of NANOG, OCT4 and CTCF are bound to transposable elements,
with many bound to ERVs, in pluripotent stem cells (PSCs)’. Following this discovery, TEs which
marked early embryonic states, including the ICM, pluripotent epiblast, and trophectoderm were
identified in both mouse and human'®""3%% (Figure 1-3). An important caveat is that these
studies rely on fluctuations in TE expression across the genome and are often tested by
silencing elements of entire subfamilies without regard for specific loci. As TE subfamilies often
have hundreds or thousands of integrants across the genome, identifying which specific
integrants function as cis-regulatory elements remains an open challenge.

In mouse PSCs, RLTROE and RLTR13D6 elements were shown to have enhancer-like
properties, including H3K27ac enrichment, enrichment of NANOG, SOX2 and OCT4 binding
motifs and the capacity to drive gene expression as measured by a synthetic luciferase
assay'?'3. Later, elegant experiments demonstrated that while a number of RLTR13D6
elements had enhancer-like properties, they were dispensable for self-renewal and silencing
them resulted in little difference in gene expression in mPSCs*®. Thus, it is also possible for TEs
to be remodeled as if they were cis-regulatory elements, but to lack bona fide regulatory activity.
While evidence of TEs acting as necessary enhancers during development is lacking in the
mouse, numerous studies have shown the human embryo is highly reliant on TEs as cis-
regulatory elements during embryogenesis.

In the human, cis-regulatory TEs are required beginning at Zygotic Genome Activation,

which in humans occurs during the 8-cell (8C) stage of development. Experiments have shown
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that SINE SVA elements are remodeled to lose H3K9me3 and gain accessibility as the embryo
enters the 8C stage. If this process is blocked, the embryo stalls and there is a failure to
develop, establishing TEs as cis-regulatory elements with bona-fide function in human
embryos®. In Chapter 3, we add yet another example of cis-regulatory TEs in the human
embryo, where we show that a Hominidae -specific ERV, LTR5HS, is required for specification of
the germline. Indeed, a similar approach where ectopic H3K9me3 repression of LTR5HSs is
induced by CRISPRI caused reduced PGC-Like Cell specification, thus demonstrating LTR5Hs

is a bona fide enhancer and cis-regulatory element for PGC specification.

Zygotic Genome ICM/ Epiblast
Activation Trophectoderm
— RLTR13B — ETnERV3
MERV-L
RLTR13D6
LTR5Hs

ﬂ.
(X2
§9

3 LTR7up2
HERV-L [ LTR5_Hs P

— LTR2B

Figure 1-3: Examples of TEs which are highly expressed in embryonic tissues regardless of cis-
regulatory function across early embryogenesis in mice (top) and humans (bottom).
Introduction to PGC Specification:

In both the human (h) and the mouse (m), PGC specification occurs early in embryonic

development. In the mouse, PGCs are specified in the post-implantation embryo beginning at
8



day E6.25, with the full foundry population of PGCs specified by E7.5**'. In humans, the
earliest PGCs have been identified between ~E11 and E13 in cultured human embryos and in
histological analysis of rare human embryos*?*3. Despite the conservation of much of the PGC
program, the signals and transcriptional networks that specify PGCs diverge between the
mouse and the human. In the mouse, Bmp4 and Bmp&8a are produced by the extra-embryonic
ectoderm (ExE) and Bmp2 from the visceral endoderm***8, Notably, primate embryos are not an
“egg cylinder” like the mouse but rather form a bilaminar disc which lack an extra-embryonic
ectoderm. While the inductive role of BMP4 in PGC specification is maintained in the human,
the source of BMP4 during PGC specification remains an open question, as scarcity of human
embryos and limited tools which can be employed makes understanding human PGC induction
in vivo difficult.

To overcome these challenges posed by the rare nature of embryonic PGCs in the
human, in vitro approaches have been developed to model PGC specification in vitro in both
mouse (m) and human (h) models. As the founder population of PGCs in both the mouse and
human is exceptionally limited, in vitro models have been imperative in being able to better
interrogate the role of inductive cues and their effects on the transcriptional networks of early
PGCs. In humans, BMP4 or BMP2 alone is sufficient to induce PGC using two inductive
approaches, while in the mouse loss of BMP2 results in a significant reduction of PGCs in vivo
but is not required in vitro***'. PGCLCs of both mice and humans show high transcriptional
fidelity with in vivo PGCs®®'. As such, they have provided a reliable model to examine
transcription factor and genome-wide epigenetic dynamics during specification.

In addition to differences in the response to inductive cues, mPGCs and hPGCs also
differ in their transcriptional networks (Figure 1-4). In the mouse, Blimp1 is expressed at E6.25
marking specified PGCs and promotes Prdm14 expression, which in turn stimulates Tfap2c,
Sox2, Nanog and Oct4*'*2. Thus, in mPGCs Blimp1 is a master regulator and upstream of most

of the PGC program. In the human, SOX2 is not expressed in PGCs, while SOX17 and SOX15
9



are®>®, SOX17, which promotes endoderm differentiation, is upregulated in hPGCLCs in
tandem with PRDM1, which suppresses the transcription of endodermal genes and promotes
the hPGC program. Other key hPGC genes, such as TFAP2C and PRDM14, are detected after
SOX17%°, suggesting that SOX17 in hPGCs acts more upstream than SOX2 in mPGCs, making
it unlikely SOX17 is merely replacing SOX2 without novel function. As in the mouse, PRDM14
re-enforces the hPGC program by upregulating or enhancing expression of PGC genes,
including TFAP2C, SOX15 and SOX17°. In Chapter 3, we find that part of hPGC specification
in the human requires epigenetic reprogramming of a Hominidae-specific TE, LTR5HSs, which is
bound by SOX17, SOX15, TFAP2C and NANOG. Additionally, we show without remodeling of
LTR5Hs elements hPGC specification is reduced. Thus, in addition to divergences in the
transcriptional program, we also show that the cis-regulatory network employed to re-enforce
and stabilize hPGC identity is dependent on TEs which are not retained in the mouse,

exemplary of the evolutionary novelty which can drive conserved aspects of germline formation.
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Figure 1-4: A schematic showing interactions in the mouse (left) and human (right) PGC

specification networks. Unknown interactions are highlighted with black dashed arrows. Direct
interactions are marked with colored solid arrows.

Introduction to PGC Differentiation:

In the mouse, PGCs undergo two waves of global erasure of DNA methylation and
global re-arrangement of their epigenome. The first stage of DNA demethylation is largely
passive and relies on downregulation of Dnmt3a, Dnmt3b and Uhrf1, thus blocking de novo
methylation and DNA replication-coupled maintenance of DNA methylation®>®°”. Around ~E10.5,
DNA demethylation begins as PGCs begin to replicate. Mitotic expansion of PGCs allows for
passive replication-coupled DNA demethylation. A second wave of DNA demethylation involves
passive demethylation coupled with active locus-specific demethylation driven by Tet7, which
produces a hypomethylated PGC genome by E13.5°%". Only a few precise loci maintain DNA
methylation to this point, including young TEs, especially IAPs®’.

During this window PGCs also undergo global reduction in the H3K9me2, gain of

H3K27me3 (which rapidly changes sub-nuclear localization between E11.5 and E12.5) and gain
1"



in H2A/H4R3me2%%%°, This is of particular interest, as the window between E11.5 and E12.5 is
marked by epigenetic and cell-identity changes to PGCs. The first of these is an exceptionally
transient event between E11.5 and E12.5 where CAF-1 is excluded from the nucleus and HIRA
becomes highly expressed®®. CAF-1 is a H3.1/H3.2 chaperone complex which incorporates new
H3/H4 into replicating DNA, while HIRA is a H3.3 chaperone which incorporates H3.3 into
chromatin without regard for cell cycle®'®2. This finding suggests there may be global changes to
the histone composition landscape of PGCs which has yet to be identified. As H3.3 (and
therefore HIRA) localizes to promoters, it is likewise possible that this timepoint marks a large
change in the gene-regulatory program of PGCs. One such change during this window is the
expression of Dazl, an RNA-binding protein which is required for meiotic entry and exit from the
PGC state®°°, Without timely Daz/ expression, mPGCs fail to silence Nanog and Sox2 and are
not competent to enter meiosis. For this reason, Dazl is thought to commit PGCs to the
germline, a conclusion in part reached by the inability of PGCs to be reverted back to an
Embryonic Stem Cell — like state (termed an Embryonic Germ Cell) after they upregulate
Dazl’>%. At E12.5, at which point DAZL is readily detected, PGCs are highly sensitive to
epigenetic perturbation. This may be because DAZL, which is required for meiosis, is
upregulated only in PGCs which have undergone proper reprogramming of their epigenome and
are therefore likely to be competent to give rise to fit offspring.

Like expression of DAZL and therefore meiotic competence, the timing of mPGC
differentiation is also controlled by Dnmt1, PRC1 and PRC2, which work in concert to time
meiotic entry '857%8 | oss of any one of these components is sufficient to mistime PGC
differentiation, especially entry into meiosis which is tightly controlled by the PGC epigenome. It
is notable that lack of specific PRC2 components within PGCs can lead to unique phenotypes.
For example, knockout of PRC2 component Eed in ovarian PGCs causes a more severe
phenotype than knockout of another PRC2 component, Ezh2. Conversely, loss of Ezh2 but not

Eed drives de-repression of young ERV elements in ovarian PGCs only®,
12



Following E12.5, PGCs in an ovarian environment will become exposed to retinoic acid
(RA), which will stimulate Stra8 and initiate meiosis®. In a testicular environment, Sertoli cells
begin to form cords around PGCs, protecting them from RA signaling via Cyp26b17%™. In line
with these changes to the soma, PGCs begin to acquire sex-specific developmental trajectories
and transcriptomes at E13.5, and by E14.5 the chromatin accessibility landscape of male or
female PGCs is fully distinct "? (Figure 1-5). In Chapter 4, we show that Trim28 is regulated in a
sex-specific manner between testicular and ovarian PGCs beginning at E12.5, with ovarian
PGCs downregulating Trim28 after E12.5. Moreover, we show that once PGCs begin
differentiation they become differently sensitive to knockout of Trim28, with Trim28 required for
differentiation into pro-spermatogonia, while in ovarian PGCs loss of Trim28 results in inefficient
entry into meiosis in some PGCs which ultimately fail to progress through meiosis and therefore
a failure to produce functional gametes in the adult. Thus, here we have identified a new aspect
of sex-specific differentiation in testicular and ovarian PGCs and find that in part the role of

TRIM28 during this transition to is protect the PGC program from derailment.

PGCs are specified PGCs begin differentiation PGCs are differentiated

 PGCs J
g ¢

5|

= s
3\’/ - 7\\.»/,,{‘ D) ? % % %
| E7.25 E11.5 E12.5 E13.5 E14.5 E16.5>

SOX2/NANOG |
DAZL |

Program

J MIWI2/MILI |
Q SCP3 |

Sex-Specific Early PGC

Program

Figure 1-5: Schematic showing the timeline for PGC development in mouse, including
downregulation of early PGC markers (SOX2/NANOG), upregulation of DAZL, and acquisition
of sex-specific markers of differentiation.
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Introduction

A considerable portion of mammalian genomes are
composed of Transposable Elements (TEs). In humans,
the most recent assemblies identify ~53% of the genome
as being composed of TEs [1,2]. There are two major
classes of TEs: retrotransposons, which involve an RNA
intermediate that is reverse transcribed during the

Check for
updates

k1,2,3,4,*

process of transposition, and DNA-only TEs, which do
not use reverse transcriptase for transposition. The most
prolific colonization of mammalian genomes has been
achieved by retrotransposons, which can broadly be
classified into long terminal repeat (L'TR) and non-L'TR
TEs (Figure 1). Non-LL'TR TEs include families such as
long interspersed nuclear element (LINE) and short
interspersed nuclear elements (SINE), while LTR
transposons include the endogenous retrovirus (ERV)
families. ERV integrants consist of pro-viral sequences,
often flanked by regulatory LL'TRs, as well as solo-L'TRs,
which have lost their associated pro-virus through
the recombination of L'TRs or degradation [3]. In hu-
mans, most non-L'TR and L'TR-family TEs are no
longer capable of transposition, while some families such
as the LINE1 Human Specific (L1Hs), Alu SINE ele-
ments, and the composite retrotransposon family SINE-
Variable Number of Tandem Repeat (VNTR)-Alu
(SVA) element (SINE-VNTR-Alu or SVA), a SINE
derivative, remain mobile in humans [4].

During early embryogenesis, dynamic changes in RNA
expression from TEs are associated with key develop-
mental progressions in totipotent and pluripotent cells
including at the time of zygotic genome activation (ZGA),
the conversion of totipotent cells in the morula to plur-
ipotent pre-implantation epiblast cells of the blastocyst, as
well as during early embryo development including for-
mation of primordial germ cells (PGCs) [5-12]. Studying
TE expression and epigenetic regulation in human pre-
implantation embryos is possible but limited due to the
small number of embryos donated to research following 7z
vitro fertilization (IVF). As described below, most studies
on TEs in early human embryos involve tracking RNA
expression and chromatin changes. However, a major
discovery revealed that pro-viruses originating from an-
cient human endogenous retrovirus K (HERVK) pro-viral
genomic integrants are capable of generating viral parti-
cles during blastocyst formation when studied
oitro [13].

Evaluating the role of TEs in post-implantation human
embryo development poses even more challenges,
especially due to the highly limited availability of human
embryo samples. To fill this gap in knowledge, human
pluripotent stem cells (hPSCs), namely human em-
bryonic stem cells (hESCs) and induced PSCs (hiPSCs),

are used to model pre- and post-implantation states of
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Schematics of retroviral class elements in humans. (a) (Upper) A typical human endogenous retrovirus (HERV) including (from left to right): Target Site
Duplication (TSD), LTR, a proviral genome with gag, pro, pol and env genes (Lower) A schematic of the LTR and it’s regulatory regions. Solo LTRs are
highly related to those found in the provirus. (b) (Top) LINE containing two open reading frames in the sense orientation and one in the anti-sense
orientation. (Middle) SINE, a nonautonomous element that is reliant on LINE activity for mobility. The Alu element is a subfamily of SINE and is
nonautonomous but remains mobile in the human genome. (Bottom) The SINE-VTNR-Alu (SVA) element, which contains a SINE core repeat and Alu-
like region (antisense to the remainder of the element), a VNTR repetitive region and a SINE-R region, which is derived from HERVK10 and contains
homology to LTR5HSs. (c) Modes of cis-regulatory TE activity showing (Upper) enhancer activity where H3K27ac-marked TEs are bound by transcription
factors (Middle) Promoter-acting TE, where an upstream integrant acts as a promoter for a downstream gene. (Lower) A TE acts as a 3D genome

regulatory element.

pluripotency, emerging somatic lineages, and PGCs. As
described below, the field has used relatively simple
2D models to generate foundational knowledge re-
garding expression, epigenetic state, and transcription
factor binding to TEs in early human development.
However stem cell-based embryo models (embryo
models), which recapitulate various three-dimensional
aspects of early human embryo development, represent
the next frontier for evaluating the functional role of
TEs in regulating human biology during this key stage
of embryo development.

It is now appreciated that some TEs can serve as cis-
regulatory elements, and therefore have the potential to
drive cell-type-specific gene expression. In both mice and
humans, extensive binding of transcription factors to
ERV-family elements, especially the key regulators of
PSC self-renewal (NANOG, OCT4, and KLF4), have
driven the hypothesis that TEs contribute to gene reg-
ulation in the pluripotent state of mammals [14]. Further
supporting this view, many ERV L'TRs harbor multiple
pluripotency factor binding sites, and chromatin im-
munoprecipitation followed by sequencing (ChIP-seq)
has shown that ERV L'TRs are, in many cases, co-bound
by multiple pluripotent transcription factors [14,15]. In

addition to being transcription factor-bound, specific fa-
milies of ERVs are also enriched with chromatin and
histone modifications associated with active states of gene
expression [11,16-18]. Evidence for a role of TEs in 3D
genome organization exists as well, as CCCTC-binding
factor (CTCF) binding sites are found in TEs of the
LINE, SINE, and L'TR superfamilies. These sites are
thought to be functional, as alterations in 3D genome
organization are observed when TEs are altered via
Clustered Regularly Interspaced Short Palindromic Re-
peats/Cas9 (CRISPR/cas9) editing [19,20]. These ob-
servations support a role for TEs as potential cis-
regulatory enhancer/promoter elements in regulating
states of pluripotency in the early human embryo.

The epigenetic silencing of ERVs, and therefore the de-
commissioning of active ERV L'TR-family enhancer/pro-
moter elements during early embryo development likely
involves  Kruppel-associated box zinc-finger proteins
(KRAB-ZFPs), a broad family of DNA binding proteins
that bind TEs and work in tandem with TRIM28 (KAP1)
to facilitate the deposition of repressive H3K9me3 het-
erochromatin at the targeted ERVs [21-24]. The enrich-
ment of H3K9me3 at ERVs is highly dynamic during early
human embryo development, beginning at the four-cell

Current Opinion in Genetics & Development 2023, 81:102086

www.sciencedirect.com

22




Transposable Elements in Early Human Development DiRusso and Clark 3

stage before ZGA and continuing through blastocyst for-
mation [7,8]. This is important as the human genome is
largely demethylated during these embryonic stages [25],
suggesting that H3K9me3 likely serves as the predominant
repressive epigenetic modification responsible for dyna-
mically silencing TEs in the early embryo. Supporting this
hypothesis, ultra-low input ChIP-seq for H3K9me3 in pre-
implantation human embryos has revealed that intergenic
ERV LTRs are progressively enriched with H3K9me3
from the four-cell stage to formation of the blastocyst [7,8].
Notably, some primate and hominoid-specific TEs in-
cluding L'TR5Hs, L'TR7B, and SINE-R-VNTR-Alu_D
(SVA_D) are not marked with H3K9me3 by the eight-cell
stage, and these are the TEs which are enriched for plur-
ipotency factor motifs. In particular, SVA_D elements are
highly enriched for DUX (double homeobox) motifs,
suggesting a cis-regulatory role for these elements [7,8]. To
evaluate the necessity of TE remodeling at the eight-cell
stage, Yu et al. performed CRISPR-interference
(CRISPRi)-mediated repression of SVA_D elements in
human embryos at the 4-cell stage, which resulted in a
developmental block at the 8-cell stage, [8] indicating
SVA_D expression or the chromatin state at SVA_D is
involved in human ZGA.

Similarly, there is evidence that TEs function in the
morula as totipotency is extinguished in order to give rise
to trophectoderm and inner cell mass (ICM) cells of
blastocysts. Specifically, the chromatin accessibility of
morula cells reveals two distinct chromatin states; 1) cells
where regions of high chromatin accessibility are enriched
for transcription factor motifs involved in trophectoderm
formation (GATA and TEAD families), and 2) cells where
regions of high chromatin accessibility are enriched for
transcription factor motifs associated with pluripotency
(NANOG, SOX2, and KLF4). Interestingly, the cells of
the putative outer morula (the ones fated to become tro-
phectoderm), acquire H3K9me3 at hominoid-specific
ERVs, including those of the endogenous retrovirus K
(ERVK) family (MER11B, MER11C L'TRs and HERK9-
int) and ERV1 family (L'TR12). The footprinting analysis
of the putative ICM reveals that these ERV L'TRs are
bound by pluripotency factors OCT4 and SOX2 [8].
Taken together, these observations support the hypoth-
esis that targeted silencing of the aforementioned ERVs
safeguards the specification of extraembryonic lineages by
precluding the ectopic activation of the pluripotency
program [8]. Collectively, these results suggest that active
epigenetic remodeling of TEs is important for early
human embryonic development.

Although RNA expression and epigenetic modifications
can be mapped to TE families and subfamilies, a caveat
exists when studying the role of individual TE in-
tegrants and the regulation of neighboring gene ex-
pression. The repetitive nature of TEs, combined with

the short-read lengths acquired wusing traditional
Illumina sequencing precludes accurate mapping to
unique genomic sites [26]. Furthermore, in the case of
mobile elements, such as L1Hs and Alu, a precise
mapping of new integrants across individuals using a
reference genome is impossible as the reference would
likely not include the position of person-specific in-
tegrations. Still, computational advances and long-read
sequencing (discussed below) are beginning to address
these shortfalls, promising better platforms for inter-
rogating the gene regulatory role of TEs in human
biology.

In addition to TE regulation at the chromatin level, it is
now appreciated the N6-methyladenosine modification to
endogenous viral mRNA is also a potent modality of ERV
(and LINE1) regulation. Evidence in mouse PSCs has
shown that ERV RNAs transcribed from the retro-
transposition-active intracisternal A-particle (IAP) family
are heavily marked by m6A due to the activity of the
METTL3/MEETL14 heterodimer. m6A-marked ERV
RNAs are then bound by YTH N6-methyladenosine
RNA-binding protein F1/2/3 (YTHDF1/2/3), m6A
readers, which in turn results in the clearance of viral
mRNAs [27]. While little is known about the role of m6A
in regulating ERVs, SVAs or LINE elements in the early
human embryo, it is apparent that the analysis of m6A at
TEs during early human embryo development and
human PSCs is needed.

Evaluating transposable elements using
human pluripotent states in culture

Evaluating TE expression, epigenetic regulation, and
function in pre-implantation and early post-implantation
human embryos is challenging. Therefore, TE analysis
in hESCs and hiPSCs has emerged as an important 7z
vitro model to understand the role of TEs in plur-
ipotency. Pluripotency is a spectrum of states from naive
to primed, with three major states of pluripotency (naive,
formative, and primed) successfully captured as self-re-
newing stem cells iz vitro. A fourth state of pluripotency,
called latent pluripotency, occurs in PGCs and is cap-
tured in vitro with the differentiation of PGC-like cells
(PGCLGs) [28-36] (Figure 2). The culture of human
PSCs in naive conditions recapitulates the transcriptome
and key epigenomic features of cells from the morula at
Carnegie stage (CS) 2 and pre-implantation epiblasts at
CS3-CS4 (Figure 2). The primed and formative culture
conditions recapitulate the post-implantation epiblast at
CS4-CS5 [37,38]. The differentiation of human
PGCLCs (hPGCLCs) iz vitro results in the formation of
germ cells equivalent to those found in post-implanta-
tion embryos between CS5-CS7 (Figure 2) [10,39,40]. In
the following section, we will highlight key studies
evaluating TEs in the four states of human pluripotency.
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In vitro and stem cell-based embryo models. Top) 2D culture in vitro models representing various states in embryonic development paired with their
embryonic time-matched counterparts below (In vivo). From left to right: 8CLCs, non-renewing transient subpopulations in naive human

PSCs cultures. Naive PSCs which represent the inner cell mass of the pre-implantation epiblast. Naive cells are marked by the high expression of
HERVK and functional reliance on LTRT5Hs. Formative cells can be stably cultured but have not yet been identified in vivo human embryos, thus the
post-implantation time point they may correspond to is unknown (?). Primed PSCs represent cells of the post-implantation epiblast, and are marked by
the high expression of HERVH and the functional activity of LTR7(up1/2) integrants. Far-right is the PGCLC aggregate model, in which PGCLCs
occupy a state of latent pluripotency. CS3-CS7 embryos are shown as a lateral cross-section. Bottom) Stem cell-based embryo models (Left to right):
Blastoids represent the pre-implantation embryo. The P-ELS model involves gradients of Bone Morphogenetic Protein 4 (BMP4) exposure driving the
formation of the amnion, hPGCLCs and the expression of T in the pre-streak epiblast. Two variations of a 3D-printed embryo model and a gastruloid
are shown. 1) lineages derived by Warmflash 2014, from outer to inner are trophectoderm-like, endoderm-like, primitive-streak-like, and ectoderm-
like. 2) The model of Jo et al., 2022, where they observe (from outer to inner) amnion-like cells, PGCLCs, and ectoderm-like cells. 3) A gastruloid model
representative of BMP4-treated gastruloids in Minn et al., 2020 (from outer to inner): amnion-like and trophectoderm-like cells, endoderm and
PGCLCs, mesoderm and primitive streak like, epiblast-like and ectoderm-like cells. Pluripotent pre-implantation lineages are noted in the key as well
as primitive steak. Other cells represented in the models are shown in gray.

At the RNA level, it is now appreciated that the dif-
ferent states of pluripotency 7z vitro express differing
repertoires of TEs, with corresponding ChIP-seq and
chromatin accessibility data revealing the epigenetic
status of TEs in each state [17,31,32]. For example,
naive PSCs exhibit high expression of the HERVK
provirus (HERVK-int) and L'TRSHs, a Hominoidea-
specific LTR of the HERVK(HML?2) family [31]. The
RNA expression of L'TRSHs in naive human PSCs is
coupled with the hypomethylation and enrichment of
H3K27ac at these TEs. Interestingly, L'TR5A and 5B,
two older members of the HERVK(HML2) family first
identified in Hominoidea (Apes) and Catarrhini (New
World Monkeys), respectively, are not highly expressed
or marked with H3K27ac in the naive state. The mem-
bers of the SVA family, specifically SVA_D, are also
expressed by naive human PSCs, and these integrants
are correspondingly enriched in H3K27ac [16,31]. This
is of particular interest, as the HERVK10-derived SINE-
R region of the composite SVA_D element shares

significant homology with L'TR5Hs (FFigure 1), meaning
this region of SVA_D likely recruits the same tran-
scription factors and KRAB-ZFPs as L'TR5Hs [16,41].
Functional studies in naive human PSCs using CRISPRi
to target L'TRSHs and SVA_D results in widespread
gene deregulation, especially of genes involved in 3D
genome organization, cell polarity, and lineage restric-
tion [16,42]. Thus, naive human PSCs do not simply
express L'TR5Hs and SVA_D, but are also reliant on
chromatin remodeling and/or RNA expression of these
TEs for the proper maintenance of the naive state.

Naive hESCs also have high accessibility and expression
of L'TR7Y, a regulatory element of the HERVH pro-
virus. While some L'TR7B and some LL'TR7 elements
exhibit H3K27ac enrichment in the naive state, it is the
LTRY7Y elements that are highly enriched in H3K27ac,
and are bound by KLF4, KLF5, and NANOG [16-18].
Notably, different naive culture conditions lead to dif-
ferences in LTR7 family expression, with 5i/LL/A
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conditions resulting in higher L'TR7Y expression and
H3K27ac, while 3i/lL naive conditions lead to higher
expression of L'TR7. This is likely a result of 5i/LL/A
conditions and 3i/LL naive conditions capturing different
states on the pluripotency spectrum. Indeed, the re-
sponsiveness of L'TR7, L'TR7Y, and L'TR7B to dif-
ferent naive culture conditions likely suggests they are
highly dynamic and sensitive to developmental pro-
gression through the different states of pluripotency in
the early embryo.

As the human blastocyst implants during CS4 to CS5,
the naive pluripotent cells of the pre-implantation epi-
blast convert to a state of pluripotency referred to as
formative. This is a state competent to differentiate into
somatic cells and PGCs following exposure to appro-
priate differentiation cues [32]. In the mouse embryo,
formative pluripotency corresponds to cells of the post-
implantation epiblast at the early egg-cylinder stage. In
humans, the location of formative cells in the post-im-
plantation embryo is not yet known but likely corre-
sponds to post-implantation pluripotent cells somewhere
between day 8-12 post-fertilization. Despite this un-
known, formative cells have been reported in culture
[32]. Formative cells share some TE overlap with naive
human PSCs, including the expression of HERVK,
however, formative cells uniquely express L' TR6A [32].
Curiously, formative cells share the expression of a
number of KRAB-ZFPs with naive cells, including
ZNF676, ZNF560, and ZNF528. However, much of the
formative gene transcriptional profile is shared with the
primed state [32]. This similarity in gene expression
profiles elevates L'TROA as a key marker of the for-
mative state, and underscores the utility of TEs as
markers of developmental populations which are hard to
capture 7 vivo.

Primed hPSCs, which recapitulate post-implantation epi-
blast cells, express pro-viral integrants of the HERVH and
HERVK families [17,43]. Furthermore, the epigenome of
HERVH-associated L'TR regulatory sequence L'TR7 are
hypomethylated and enriched with H3K27ac in the
primed state [17,31,44-47]. In a recent phylogenic analysis
of HERVH and LL'TR7, new subfamilies were identified,
and their evolutionary trajectories were defined. Of parti-
cular interest are Homininae-specific L'TR7upl and
LTR7up2, which were previously clustered with L'TR7.
The re-analysis of L'TR7Y, L'TR7upl, and L'TR7up2
using these updated phylogenies revealed that [L'TR7Y
elements are expressed by naive human PSCs, whereas it
is the L'TR7up families that are highly expressed in
primed cells, with L'TR7upl and L'TR7up2 accounting
for most of the observed L'TR7 transcription in this state.
Consistent with these observations, L'TR7upl and
L'TR7up2 are also enriched with H3K27ac and are bound
by pluripotency factors NANOG, SOX2, and FOXP1 in
primed cells [48]. Altogether, this supports the idea that

young TEs of the L'TR7up families likely acting as cis-
regulatory regions in primed state pluripotency.

Latent pluripotency is a feature of PGCs. During em-
bryo implantation and the progression of pluripotent
cells from the naive to primed state, hPGCs are specified
[49,50]. Based on primate models, this is speculated to
occur at CS5, coincident with amnion and extra-
embryonic mesoderm formation but initiated before the
formation of the primitive streak [39,51]. Studying
hPGC specification iz vive is extremely challenging due
to the rarity of early human post-conceptus tissues do-
nated to research. A recent paper profiling single cells of
a CS7 post-implantation human embryo demonstrated
that hPGCs exhibit a suite of TEs with similarities to
naive cells [9,10,40]. Specifically, this data set revealed
that CS7 hPGCs iz vivo express HERVK, L'TR5Hs, and
SVA_D [40].

In order to model the expression and function of TEs
during hPGC  specification, the differentiation of
hPGCLCs from primed human PSCs is used (Figure 2)
[33-35,52]. The induction of hPGCLCs 7z vitro leads to a
dynamic change in TE expression relative to the primed
state, with one of the most significant changes involving
the up-regulation of L'TR5Hs. At the epigenetic level in
hPGCLCs, LTR5Hs sequences become hypomethylated,
enriched in H3K27ac, and bound by NANOG, SOX15,
SOX17, and TFAP2C transcription factors all of which are
necessary for hPGC  specification and maintenance
[10,49,53,54]. Using CRISPRi to dampen L'TR5Hs ac-
cessibility before hPGCLC induction results in a sig-
nificant reduction in the competency of human PSCs to
differentiate into hPGCLCs [10]. This suggests that
L'TR5Hs is necessary either for the acquisition or main-
tenance of latent pluripotency upon hPGCLC formation.

Transposable element expression in
totipotent-like cells in culture

Following fertilization (CS1), the maternal and paternal
genomes undergo epigenetic reprogramming to create a
totipotent state competent for ZGA, a process where
embryonic transcription is activated in the diploid em-
bryo [5,55,56]. In humans, ZGA occurs in the 8-cell
embryo, while in the mouse, it occurs in the 2-cell em-
bryo. In both mouse and human embryos, ERVL
(MERVL/HERVL) family elements are broadly dere-
pressed with ZGA, coincident with a high expression of
ZSCAN4 and the TRIM family of genes, as well as ex-
pression of Dux/DUXA [5,6,57,58]. Using these char-
acteristics, human 8-cell-like cells (8CLCs) have been
identified sporadically in hPSCs cultured under a variety
of naive culture conditions, including 4 inhibitor (4i), 5i,
naive human stem cell medium, PXGL (PD0325901,
G66983, XAV939, LIF), t2iLLGo (titrated 2 inhibitors of
GSK3 and MAPK/Erk + LIF + G66983) [6] or from
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6 Early embryonic development models

naive hPSCs reverted to a defined media called e4CL
(enhanced 4 chemicals + LIF: PD0325901, IWRI,
DZNep and 'TSA), which increases the subpopulation of
8CLCs [5]. Notably, the transcriptomes of 51 and PXGL
8CLCs are closest to those of e4CL,, although e4CL was
a much more potent generator of 8CLC cells [5]. 8CLCs
have also been identified in populations of pre-epiblast-
like PSCs (prEpiSCs), which are cultured in media
containing inhibitors of MEK (GSK1120212), WNT
(XAV939), PKC (Go6983), Src (A419259) and EED/
H3K27me3 (DZNep) [12]. In all conditions, 8CLCs are
transient and metastable, interconverting between
8CLCs and naive PSCs iz vitro. Therefore, like totipo-
tent cells of the embryo, 8CLCs lack the capacity for
self-renewal [56]. Despite these challenges, the reliable
isolation of 8CLCs and the ability to identify them in
single-cell transcriptomic experiments have enabled the
characterization of their unique TE repertoire. TE ex-
pression in 8CLCs compared to the naive cells reveals a
general enrichment of ERVs including HERVK but with
a marked increase in the expression of HERVL and its
associated L'TRs, ML'T2A1, and ML'T2A2 [5,6,12]. This
is in line with TE expression in the 8-cell human em-
bryo [5,6,12]. Importantly, neither expression nor chro-
matin accessibility of HERVL, MLL'T2A1, and MLL'T2A2
was observed in any other naive hPSCs in culture, sug-
gesting the expression of these L'TRs is tightly asso-
ciated with the 8CLC state and not naive pluripotency
[5,6,12,45,59,60].

Emerging technologies for understanding
transposable elements in early human embryo
development

Although human pre-implantation embryo development
can be studied using IVF embryos, there are limitations in
the number of embryos that can be used and, in some
jurisdictions, research with human embryos is not allowed
[61]. This has led to the emergence of embryo models as
the critical avatars of human embryo development [62].
New embryo models recapitulate some key aspects of
early human development, but not all. The closest re-
presentation of an intact embryo are blastoids, resembling
pre-implantation blastocysts consisting of spatially orga-
nized pre-implantation epiblast, primitive endoderm, and
trophoblast [63-66]. These emerging models represent a
powerful tool in which the function of TEs can be eval-
uated using approaches such as CRISRi of SVA_D ele-
ments as in [7]. Although powerful, the blastoid model
cannot recapitulate the embryonic events in an eight-cell
embryo prior to blastocyst formation.

For postimplantation stages, embryo models including
gastruloids [67,68], post-implantation amniotic sac em-
bryoids (PASE), posteriorized-embryonic-like sacs (P-
ELS) [69,70], and micropatterned self-organizing discs

[36,65,71] have emerged. These tools enable a more
thorough interrogation of TEs in lineage specification
after embryo implantation, which is of particular im-
portance as the divergence and origin of some post-im-
plantation lineages, such as hPGCs, remains unclear.
These models, coupled with advances in sequencing
technologies, hold promise in understanding the role of
TEs throughout development, including a more com-
plex understanding of TE epigenetic reprogramming
and its role in properly regulating early embryonic
lineage restriction.

In tandem with advancing 7z vitro models, there has also
been a rapid expansion of low-input and single-cell se-
quencing technologies. Single-cell RNA-seq has become
important in examining both rare populations, such as
8CLGs in [5,6], as well as in-depth profiling of the tran-
scriptome of rare clinical samples, such as SMART-seq of
the human CS 7 embryo [40]. The third-generation long-
read sequencing technologies also hold promise
for a better characterization of the RNA expression and
mapping of TEs, helping overcome long-standing chal-
lenges in mapping to specific genomic sites. For instance,
single-cell long-read RNA-seq (CELLO-seq) [72] can be
used to map TE transcripts to their original loci, helping
to resolve questions about the cis- and trans-acting roles
of TEs. While the higher error rate of third-generation
sequencing still imposes some technical limitations on its
use, it also harbors distinct advantages, such as the ability
to read DNA 5-methylcytosine and RNA N6-methyla-
denosine natively without enzymatic modification to nu-
cleic acids during library preparation [73,74].

Another significant advance in sequencing is the advent
of single-cell multi-omics, which are powerful tools to
understand how transcriptomes, chromatin accessibility,
and epigenetic landscapes are remodeled at the single-
cell level. Multi-omic approaches, such as low-input
chromatin accessibility and transcriptome sequencing
(Li-CAT-seq) as in [59], have helped link iz vitro ob-
servations with 7z vive data. These data are of particular
importance when studying the expression and epige-
netic state of TEs in early development. Here, multi-
omic approaches which can map transcriptome, chro-
matin accessibility, and DNA methylome at the single-
cell level such as scNMT-seq [75] and snmCAT-seq
[76], hold promise in better understanding the potential
roles of DNA methylation in early human development.
These advances are particularly powerful when coupled
with low-input chromatin profiling technologies such as
CUTnTag and ultra-low input ChIP which have en-
abled high-quality profiling of chromatin with as few as
100 cells [8]. These advances help in understanding how
the epigenetic regulation of TEs, including their activity
as enhancers and the dynamics of their silencing during
differentiation, contribute to mammalian development.
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www.sciencedirect.com

26



Transposable Elements in Early Human Development DiRusso and Clark 7

Conclusions

Here, we summarized major changes in the RNA ex-
pression and epigenetic state of TEs across early human
embryo development and in PSCs iz vitro. Importantly,
we argue here that the distinct states of pluripotency can
be defined by a unique repertoire of TEs, their ex-
pression profile and epigenetic state forming a molecular
fingerprint that can be used to discriminate major tran-
sitions in embryo development including ZGA, different
states of pluripotency and PGCs. While similar epige-
netic profiling of other embryonic stages has not been
examined in the same way, such an approach holds
promise for improving our understanding of how ex-
pression and epigenetic reprogramming at TEs could
shape other early embryonic lineage decisions in hu-
mans. Disrupting TE expression and chromatin acces-
sibility with CRISPRi provides a glimpse into the
functional role of TEs in early human development, and
this functional work is likely to expand when coupled
with embryo models. It is important to note, however,
that the confirmation of key observations with embryo
models will benefit from access to the equivalent stages
of human embryo development where possible, and with
appropriate regulatory oversight and public engagement
as to the use of embryos in research.
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Germ cells are essential to pass DNA from one generation to the next. In human repro-
duction, germ cell development begins with the specification of primordial germ cells (PGCs)
and a failure to specify PGCs leads to human infertility. Recent studies have revealed that the
transcription factor network required for PGC specification has diverged in mammals, and
this has a significant impact on our understanding of human reproduction. Here, we reveal
that the Hominidae-specific Transposable Elements (TEs) LTR5Hs, may serve as TEENhancers
(TE Embedded eNhancers) to facilitate PGC specification. LTR5Hs TEENhancers become
transcriptionally active during PGC specification both in vivo and in vitro with epigenetic
reprogramming leading to increased chromatin accessibility, localized DNA demethylation,
enrichment of H3K27ac, and occupation of key hPGC transcription factors. Inactivation of
LTR5Hs TEENhancers with KRAB mediated CRISPRi has a significant impact on germ cell
specification. In summary, our data reveals the essential role of Hominidae-specific LTR5Hs
TEENhancers in human germ cell development.
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roper formation of the adult germline is essential for the

passage of genetic and epigenetic information from gen-

eration to generation. Primordial Germ Cells (PGCs) are
specified during early embryonic development and constitute the
founder germline cells that ultimately give rise to oocytes and
sperm in the adult. As such, failure to specify PGCs leads to
certain infertility in adulthood. Given the central importance of
PGCs to reproduction, the developmental cues and regulatory
milieu governing specification of PGCs has been broadly studied
in various animal models!. While these models have proven
instructive in PGC biology, constraints imposed by ethical and
technical limitations have rendered the precise mechanisms
governing human (h) PGC (hPGC) specification in vivo unclear.

Human PGCs originate from peri-implantation progenitors at
day 11-12 (D11-12) post-fertilization just before gastrulation?, a
time point at which clinical samples are prohibitively rare. Due to
the inaccessibility of early hPGC development in vivo, an in vitro
system for differentiating hPGC-Like Cells (hPGCLCs) from
human pluripotent stem cells (hPSCs) has been established®*.
Using this system, both conserved and unique transcriptional
networks regulating hPGC specification have been uncovered-’.
For instance, NANOG, PRDM1, TFAP2C, and PRDM14 are
required for PGC specification and maintenance in both human
and mouse embryos®5-13, In contrast, SOX17 is crucial for hPGC
specification?, but is dispensable in mouse; where instead SOX2
regulates the specification of mouse PGCs!415. In addition to the
transcription factors (TFs), differences can also be found in the
gene regulatory elements required to specify PGCs, such as the
utilization of a naive enhancer at the POU5FI (OCT4) locus in
hPGCs!®, whereas this naive enhancer sequence is not conserved
in mouse!”. Given this, we hypothesized that an additional source
of variance in the regulatory networks governing PGC specifica-
tion could be associated with transposable elements (TEs);
repetitive elements which account for around half of the human
genome.

Most of the TEs in the human genome are retrotransposons,
which propagate through an RNA intermediate. Specifically,
retrotransposon sequences are first transcribed as RNA, followed
by reverse transcription to DNA before integration of a new copy
into the genome!S. Based on function and structure, retro-
transposons are further classified as LINE- (long interspersed
nuclear elements), SINE- (short interspersed nuclear elements),
LTR- (long terminal repeats), or the Hominidae-specific SVA
(SINE-VNTR-Alu)-elements!8. Of particular interest when con-
sidering TE contribution to the regulatory landscape of the gen-
ome are Endogenous retroviruses (ERVs), a superfamily within
the LTR retrotransposon class.

ERVs originate from ancient viruses that infected and inte-
grated into the germline throughout evolution. Most Human
ERVs appear to have entered the germline after the new world
and old world monkey split'®-23. Even though LTR retro-
transposons occupy ~8% of the human genome, almost all LTR
retrotransposon sequences have lost their transposition ability’s.
Nevertheless, recent studies suggest that LTR retrotransposons,
especially ERVS, can serve as regulatory sequences that participate
in gene regulation networks?%. In humans, ERV sequences harbor
binding sites for OCT4, NANOG, and p53%>2°. Specifically,
ChIP-seq analysis has shown that human ERV elements account
for roughly 25% of all bound NANOG and OCT42> and nearly
one-third of all p53 binding sites?®, demonstrating a profound
contribution by human ERVs to the human regulatory landscape.

The most recent expansion of human ERVs occurred over the
last 5-20 million years in the HERVK (human mouse mammary
tumor virus like-2, HML-2) group?’. Even though HERVK(HML2)
elements are also found in old world primates, distinct phylogenetic
differences exist between those found in Hominidae relative to

Hominoidea. For example, HERVK(HML2) elements which are
found in both monkey and human genomes have LTR5A and
LTR5B regulatory sequences, while the most recent Hominidae-
specific HERVK(HML2) elements harbor the LTR5Hs regulatory
sequence27. In addition, some HERVK(HML2) TEs contain intact
open reading frames that can code for viral proteins®$, with
LTR5Hs-regulated HERVK(HML2) provirus expression proposed
to be a property of naive human embryonic stem cells (hESCs)2°.
Grow and colleagues further hypothesize that expression of full-
length LTR5Hs-regulated HERVK(HML2) proviruses may confer a
critical immunoprotective effect in the human pre-implantation
embryo by stimulating IFITM-1, a viral restriction factor, poten-
tially protecting against HERVK(HML-2)-like retrovirus re-
infection?’.

In addition to the production of viral particles, it is also known
that many HERVK/LTR5Hs-, SVA-, and HERVH/LTR7- ele-
ments in the genome are accessible and marked by H3K27ac in
human pluripotent cells, suggesting that they also serve a
potential gene regulatory function associated with pluripotency3(.
Consistent with this, key pluripotency factors of the KLF family
bind to and activate evolutionarily young TE Embedded
eNhancers (TEENhancers) found in LTR5Hs and SVA elements
to facilitate human embryonic genome activation®®. Thus, evo-
lutionarily young Hominidae-specific TEs have extensively
shaped the regulatory landscape of early embryonic development
and this has likely fostered species divergence in the gene reg-
ulatory networks that regulate the development of cells in the
reproduction system.

Here, we discovered that the Hominidae-specific LTR5Hs is
expressed in hPGCs in vivo and hPGCLCs in vitro. Increased
expression of LTR5Hs in hPGCLCs is associated with a remo-
deled epigenetic landscape leading to increased chromatin
accessibility and localized DNA demethylation. Substantial
binding of TFAP2C, NANOG, SOX17, SOX15, and enriched
H3K27ac histone marks at LTR5Hs loci suggest a TEENhancer
role for these TEs in hPGC specification. Inactivation of LTR5Hs
TEENhancers compromises hPGCLC formation and de-regulates
germline gene expression. In summary, our results reveal that
LTR5Hs TEENhancers are involved in hPGC specification, and
thus may cultivate the species specificity in human reproduction.

Results
Up-regulation of LTR5Hs transcript abundance in germline
lineage. In order to characterize dynamically expressed TE sub-
families during germ cell specification, we analyzed the RNA-seq
data sets previously published from our lab!®, including day 4
(D4) human PGC-like cells (hPGCLCs) differentiated from
primed state hESCs through incipient mesoderm like cells
(iMeLC) (Fig. 1A and Supplementary Data 1), an intermediate
cell type between primed hESCs and hPGCLCs* The D4
hPGCLCs are transcriptionally equivalent to early primate PGCs
between D11-D21 post-fertilization?. To overview the expression
pattern of TEs during hPGCLC induction, the top 200 TE sub-
families with the highest cross-sample variation were visualized
(Fig. 1B). In general, we observed dynamic TE expression pat-
terns during hPGCLC specification, with LTR5Hs being one of
the top highly expressed TE subfamilies in hPGCLCs (Fig. 1B).
Since TEs are repetitive sequences in the genome, TE-derived
RNA-seq reads are hard to quantify. To further identify TE
subfamilies specific to hPGCLCs, we called differential expressed
TE copies (DETE) in hPGCLCs compared with hESCs using a
variety of methods recommended for TE quantification®!-3°. Briefly,
RNA-seq reads were aligned to the reference genome with STAR or
SQuIRE?23¢ (Supplementary Fig. 1A). Then, TE-derived RNA-seq
reads over individual TE copies were quantified with featureCounts,
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SQUIRE, Telescope, or TEtranscripts®>~>> followed by DETE calling
with DESeq2¥” (Supplementary Fig. 1A and Supplementary
Data 2-5). Using a four-fold difference and false discovery rate
(FDR) <0.05 as a cut-off, we identified more up-regulated DETE
copies in hPGCLCs compared to hESCs (65.1% for featureCounts;
66.1% for Telescope; 71.4% for TEtranscripts) except for SQUIRE

(48.7%) (Fig. 1C and Supplementary Fig. 1B). Since different TE
subfamilies possess variable copy numbers, we reasoned large
absolute DETE copy numbers may be due to the high total copy
number for certain TE subfamilies. Therefore, to reveal TE
subfamilies that are most dynamically expressed in hPGCLCs, we
calculated the DETE copy numbers proportional to the total copy
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Fig. 1 Li specific up-regulation of LTR5Hs in hPGCLC induction. A Schematic illustration of hPGCLC in vitro differentiation procedure. B Heatmap
for the top 200 TE subfamilies with the highest cross-sample variation in hESCs, iMeLCs, and hPGCLCs. The colored bar on the left indicates TE class.
C Pie chart showing the proportion of up- or down-regulated DETE copies in hPGCLCs compared to hESCs using a cut-off of at least a 4-fold change
and FDR <0.05. D Top 10 up- or down-regulated TE subfamilies in hPGCLCs. X axis shows DETE copy numbers proportional to the total copy number of
a specific TE subfamily. Only TE subfamilies with at least 80 copies and 8 DETE copies are kept for this analysis. E Screenshots showing representative
hESC and hPGCLC RNA-seq tracks over LTR5Hs integrants. Red shaded rectangle region indicates individual LTR5Hs copies. F Scatterplot for aggregated
expression level of each TE subfamily in hESCs and hPGCLCs. The size of each dot represents the proportion of DETE copy numbers relative to the
total copy number of each TE subfamily. G Scatterplot of the expression of individual TE copies belonging to the top three up- or down-regulated DETE
subfamilies. Gray dots represent TE copies which are not differentially expressed. H UMAP of scRNA-seq dataset for two replicates (r) of UCLA2 hESCs,
iMeLCs, and D1 to D4 hPGCLCs (left), representative expression pattern for NANOS3, LTR5HSs, and HERVK. Differentiation trajectory of hPGCLCs is

denoted by arrows, hPGCLC population is indicated by dashed line. DETE analysis for this figure is analyzed by the STAR + featureCounts+DESeq2
method. Source data underlying B, D, and F are provided as a Source Data file.

numbers for a specific TE subfamily and plotted the top 10 up- or
down-regulated TE subfamilies in hPGCLCs (Fig. 1D and
Supplementary Fig. 1C).

With different methods, we consistently observed primate- and
Hominidae-specific TEs including LTR5Hs/HERVK as top up-
regulated, and HERVH as top down-regulated TE subfamilies in
hPGCLCs (Fig. 1D, E and Supplementary Fig. 1C). We next
analyzed the aggregated transcript abundance for each TE
subfamilies and obtained similar conclusions (Fig. 1F and
Supplementary Fig. 2A). To better display the transcript
abundance dynamics for DETE subfamilies, we also plotted the
individual DETE copies for the top 3 up- or down-regulated
DETE subfamilies, confirming the up-regulation of LTR5Hs/
HERVK in hPGCLCs (Fig. 1G and Supplementary Fig. 2B).

LTR5Hs serves as the regulatory elements for HERVK, while
LTR7 serves as the regulatory elements for HERVH?%38, We
observed up-regulation of both LTR5Hs and HERVK with
hPGCLC induction and down-regulation of HERVH, while
LTR?7 expression levels were unchanged with hPGCLC induction
(Fig. 1D, F-G and Supplementary Fig. 1C and 2A-C). As
recombination of ERVs leads to the formation of solo-LTRs in the
genome?’, we wanted to evaluate the transcript abundance of
provirus-associated LTR5Hs or LTR7 compared to solo-LTR5Hs
or solo-LTR7. To do so, we classified LTR5Hs and LTR?7 further
into HERVK-LTR5Hs, solo-LTR5Hs, HERVH-LTR7, and solo-
LTR7. Transcript abundance analysis indicated significant up-
regulation of both HERVK-LTR5Hs and solo-LTR5Hs in
hPGCLCs (Supplementary Fig. 2D). However, expression levels
of HERVH-LTR?7 and solo-LTR7 showed no significant changes
between hESCs and hPGCLCs (Supplementary Fig. 2D). Our
observations suggested that the down-regulation of HERVH in
hPGCLCs is uncoupled from expression changes at LTR7.

To investigate the expressions of TEs during hPGCLC
induction with single-cell resolution, we re-analyzed the 10X
Genomics single-cell RNA-seq data published by our lab2. Using
NANOS3 as a marker for hPGCLCs, we clearly identified the up-
regulation of LTR5Hs, HERVK and down-regulation of HERVH
with differentiation of hPGCLCs, while the expression of other
selective TE subfamilies were either at background levels or not
specific to hPGCLCs (Fig. 1H and Supplementary Fig. 3). For
additional interrogation of TEs expressed by hPGCs in vivo or
hPGCLCs in vitro the following searchable website has been
created and is freely available at https://labw.org/germlineTE/.

Human in vivo PGCs start to emerge around embryonic D11-
D122, To determine whether newly specified hPGCs in vivo
express LTR5Hs, we re-analyzed the scRNA-seq (SMART-Seq)
data from two Carnegie Stage 7 (CS7) embryos corresponding to
embryonic D15 and D17 post-fertilization*). Seven hPGCs were
annotated by Tyser et al. in this data set, and four sets of seven
other randomly chosen cells were annotated as epiblast, primitive
streak, emergent mesoderm, and advanced mesoderm were

included in our analysis of selected TEs (Supplementary Fig. 4A).
Using this single-cell RNA-Seq data we showed that LTR5Hs and
HERVK are up-regulated in hPGCs in vivo®’.

We also investigated whether up-regulation of LTR5Hs was
specific to hPGCLCs during in vitro somatic cell differentiation
by examining the expression of LTR5Hs in RNA-seq datasets
from in vitro multilineage differentiation from primed hESCs*!.
This analysis showed that LTR5Hs and HERVK were not
enriched during the differentiation of hESCs into mesenchymal
stem cell (MSC), neural progenitor cell (NPC), trophoblast-like
cell (TBL), and mesendoderm (ME) (Supplementary Fig. 4B). In
contrast, and consistent with previous findings, LTR7 and
HERVH showed enriched expression in primed hESCs and ME
relative to the other cell types*! (Supplementary Fig. 4B).

Overall, our in-depth analysis of RNA-seq and scRNA-seq data
sets during hPGCLC induction from hESCs, scRNA-seq data
from in vivo CS7 PGCs, and RNA-seq data sets from hESC
multilineage differentiation collectively showed LTR5Hs is
uniquely up-regulated with hPGCLC induction in vitro and is
expressed by hPGCs in vivo.

Increased chromatin accessibility of LTR5Hs in hPGCLCs.
Given the potential enhancer role of TEs in regulating gene
expression3%42, we next evaluated changes in chromatin acces-
sibilities during hPGCLC induction with our previously published
Assay for Transposase-Accessible Chromatin sequencing (ATAC-
seq) datal®. Comparing ATAC-seq data of primed-state hESCs,
iMeLCs, and hPGCLCs, we identified 31,276 and 90,201 ATAC-
seq peaks that become specifically more accessible in hPGCLCs
(referred as hPGCLC open regions, hPGCLC-ORs) and hESCs
(referred as hESC open regions, hESC-ORs), respectively (Fig. 2A,
Supplementary Fig. 5A, and Supplementary Data 6).

To uncover specific TE subfamilies enriched in the hPGCLC-
ORs and hESC-ORs, we annotated the genomic distribution of
those regions and investigated their enrichment over TE regions.
As TEs are not randomly distributed across the genome, we
generated randomly shuffled regions as controls by adjusting the
relative proportion of genomic distribution comparable to
hPGCLC-ORs or hESC-ORs*? (Supplementary Fig. 5B). Com-
pared with control regions, our analysis revealed that LTR- and
SVA-classes were significantly enriched in both hPGCLC- and
hESC-ORs (Fig. 2B and Supplementary Fig. 5C). Further analysis
of LTR-class containing open regions showed that ERVK was the
top enriched LTR family in both hPGCLC- and hESC-ORs
(Supplementary Fig. 5D, E). Within the ERVK family, the
enriched TE subfamilies diverged between hPGCLC-ORs and
hESC-ORs. Interestingly, MER9al, MER9a2, and LTR5Hs were
ERVK subfamilies that were significantly enriched in hPGCLC-
ORs, while LTR22A, MER11B, and LTR22C2 were significantly
enriched in hESC-ORs (Fig. 2C and Supplementary Fig. 5F). In
addition to the LTR family, we also detected enrichment of SVA
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Fig. 2 Increased chromatin accessibility over LTR5Hs with hPGCLC induction. A Heatmap and metaplot for ATAC-seq signals over hPGCLC-ORs
(n=31276). B, C Enrichment of TE classes (B), and TE subfamilies within the ERVK family (€) for hPGCLC-ORs over random shuffled regions with
comparable genomic distributions (*p-value < 0.05, binomial test; n.s. = not significant). D Heatmap and metaplot of ATAC-seq signals over all LTR5Hs
(n=697) and HERVK copies (n = 262) in hESCs, iMeLCs, and hPGCLCs. E, F Scatterplot (E) and boxplot (F) of ATAC-seq signals over LTR5Hs, randomly
shuffled TE and genomic regions in hESCs and hPGCLCs (*p-value < 0.05, Welch Two Sample t-test; n.s. = not significant). In F the middle line represents
the median; boxes represent the 25th (bottom) and 75th (top) percentiles; and whiskers represent the minimum and maximum points within 1.5x the
interquartile range. Source data underlying B, C, and F are provided as a Source Data file.

family members including SVAC and SVAD in hPGCLC-ORs,
and enrichment of SVAB and SVAA in hESC-ORs (Supplemen-
tary Fig. 5G, H).

Analysis for ATAC-seq signals over LTR5Hs further confirmed
the increased chromatin accessibility over LTR5Hs in hPGCLCs,
while the chromatin landscape of HERVK was not accessible in
hPGCLCs (Fig. 2D). As a contrast, LTR7 showed comparable
chromatin accessibility in hESCs, iMeLCs, and hPGCLCs, while
HERVH was not accessible in any of the cell types (Supplemen-
tary Fig. 5I). We next quantified the chromatin accessibility of
LTR5Hs in hPGCLCs. By comparing to 100,000 randomly chosen
TE copies or genomic regions, we observed that the majority of
LTR5Hs loci became more open with hPGCLC induction, while
we observed no dramatic changes for control regions (Fig. 2E, F).

Localized hypomethylation over LTR5Hs in hPGCLCs. Con-
sidering the chromatin accessibility changes over LTR5Hs, we
next examined the DNA methylation landscape of LTR5Hs in
hPGCLCs. Our previous study suggested there was no obvious
genome-wide DNA demethylation in hPGCLCs compared to
hESCs*4. Consistent with our previous conclusion, re-analysis of
our hESC and hPGCLC D4 whole Genome Bisulfite Sequencing
(WGBS) data showed comparable average CG methylation in
hESCs and hPGCLCs (Supplementary Fig. 6A). However,

differential methylated region (DMR) analysis identified 32466
hypomethylated CG (hypoCG, 71.3%) and 13068 hypermethy-
lated CG (hyperCG, 28.7%) DMRs in hPGCLCs compared to
primed hESCs (Fig. 3A and Supplementary Data 7). Among those
DMRs, we observed LTR5Hs as the top TE subfamily that
overlapped with hPGCLC hypoCG DMRs, and HERVH as the
top TE subfamily that overlapped with the hPGCLC hyperCG
DMRs (Fig. 3B).

Metaplots of CG methylation levels over LTR5Hs revealed CG
demethylation across the whole LTR5Hs sequences (Fig. 3C). To
rule out mappability issues in highly repetitive sequences, we also
examined the cytosine coverages over LTR5Hs and detected
comparable mappability within the LTR5Hs regions compared to
the flanking genomic sequences (Fig. 3C). SVAD and LTR5Hs
share common sequences, and both contribute to maintenance of
the transcriptional regulatory network in naive hESCs>? (Fig. 3D
and Supplementary Fig. 6B). To investigate whether SVAD was
also demethylated in hPGCLCs, we plotted the CG methylation
level over SVAD and detected modest demethylation close to the
3’ end of SVAD (Supplementary Fig. 6B). We reasoned this
modest demethylation on SVAD was likely due to sequence
conservation between LTR5Hs and this region of the SVAD. To
test this hypothesis, we next focused on LTR5Hs and related TE
clades that share the most sequence similarities with LTR5Hs:
SVAB, SVAA, SVAC, SVAD, SVAF, SVAE, LTR5B, and LTR5A,
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Fig. 3 Localized DNA demethylation over LTR5Hs in hPGCLCs. A Percentage of hypoCG and hyperCG DMRs in hPGCLCs compared to hESCs. B Bar plot
showing enrichment of TE subfamilies in hyperCG or hypoCG DMRs as a proportion of total TE copy number. € Metaplot of aggregate CG methylation
level (top) and cytosine coverage (bottom) over LTR5Hs in hESCs and hPGCLCs. Blue shaded rectangle region indicates annotated LTR5Hs regions. D The
consensus sequence similarity of LTR5Hs and related TE clades from Dfam#°. Percent identity between the entry consensus sequences (%id), percent
shared coverage (%cov) and match e-value (E-value) are displayed on the right. E Boxplot of CG methylation level over LTR5Hs and related TE clades in
hESCs and hPGCLCs. Only TE subfamilies with a copy number >100 are included in the plot. *p-value < 0.05, Welch Two Sample t-test; n.s. represents not
significant. The middle line represents the median; boxes represent the 25th (bottom) and 75th (top) percentiles; and whisker bars represent the minimum
and maximum points within the 1.5x interquartile range. Source data underlying E is provided as a Source Data file and originates from n =2 biological
replicates (separate experiments) of hESCs and hPGCLCs generated from the UCLA2 hESC line.

obtained from the Dfam database*> (Fig. 3D). Of this clade, only
LTR5Hs displayed extreme CG demethylation during hPGCLC
induction, while none of other related TE clades showed this
trend (Fig. 3E and Supplementary Fig. 6D). This result suggested
that the localized demethylation at LTR5H: is specific to LTR5Hs
itself, rather than to the LTR5Hs related sequences in SVA.

Based on our observations of RNA expression, chromatin
accessibility, and localized demethylation of LTR5Hs in
hPGCLCs, we thus hypothesized that the epigenetic activity of
LTR5Hs might mediate a human-specific epigenetic landscape for
hPGC specification.

LTR5Hs may serve as germ cell-specific TEENhancers. A pre-
vious study on evolutionary young TEs in human early embry-
ogenesis suggested that LTR5Hs and SVAD elements may serve
as TEENhancers, which are involved in species-specific tran-
scriptional networks3?. To explore whether LTR5Hs functions as
TEENhancers in hPGCLC induction, we inspected the binding
profiles of key TFs as well as the enhancer histone mark,
H3K27ac at LTR5Hs.

Previous studies have shown that Transcription Factor AP-2
(Activating enhancer-binding Protein 2) Gamma (TFAP2C), a TF
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from the AP2 family, is required for hAPGCLC induction®!°. SRY-
box (Sex-determining Region Y box) TFs SOX17, SOX15 and its
downstream target ETV5 have also been reported as critical
factors for hPGCLC induction and maintenance®”-4. In addition,
homeobox protein NANOG has been proposed as an indis-
pensable pluripotency factor in PGC fate determination®47. Motif
analysis of hPGCLC-ORs which overlapped with LTR5Hs
showed enrichment of known factors critical for PGC biology,
including ets-ebox, AP2, and Sox family (Supplementary Fig. 7A).
These results were consistent with reports that the Oct4:Sox17,
AP-2 Gamma, and Sox15 motifs were highly enriched in
hPGCLC-ORs!®. To examine the binding of TFs at LTR5Hs in
hESCs and hPGCLCs, we evaluated our previous published
TFAP2C ChIP-seq (Chromatin Immunoprecipitation followed by
sequencing)?, previously published H3K27ac ChIP-seq data®*®,
as well as published SOX15 CUT&Tag-seq (Cleavage Under
Targets and Tagmentation)”. In addition, we performed ChIP-seq
of NANOG and SOX17 in hESCs and hPGCLCs.

Motif analysis for NANOG and SOX17 ChIP-seq peaks in
hPGCLCs validated the quality of our ChIP-seq experiments,
with the most enriched motif as Nanog and the Oct4:Sox17 fused
motif, respectively (Fig. 4A, B). Interestingly, we detected the
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enrichment of AP2 family, SOX family, and POU family motifs in
both the NANOG and SOX17 ChIP-seq peaks in hPGCLCs
(Fig. 4A, B). Therefore, our results implied the existence of an
interconnected transcriptional regulatory network in hPGCLCs.
To address this, we next analyzed the binding profiles of key
TFs and H3K27ac in hESCs and hPGCLCs over LTR5Hs and
HERVK with LTR7 and HERVH used as controls (Fig. 4C,
Supplementary Fig. 7B, and Supplementary Data 8). Overall, we
observed extensive binding of NANOG (39.7%), TFAP2C
(58.7%), and an enrichment of H3K27ac, but no binding of
SOX17, over the majority of LTR5Hs copies in undifferentiated
hESCs (Fig. 4C and Supplementary Fig. 7C). For LTR7, we

NATURE

observed moderate binding of NANOG (31.0%) and TFAP2C
(14.6%), and a slight enrichment of H3K27ac in hESCs
(Supplementary Fig. 7B, C). In contrast, with differentiation of
hPGCLCs we observed universal binding of NANOG (71.3%),
TFAP2C (62.4%), SOX15 (60.4%), and SOX17 (24.0%) as well as
the enrichment of H3K27ac at LTR5Hs (Fig. 4C and Supple-
mentary Fig. 7D). The binding of key hPGC TFs, as well as
enrichment of H3K27ac at LTR5Hs suggests an enhancer role for
LTR5Hs with hPGCLC induction. For instance, a 40-kb distal
LTR5Hs has been proposed to act as super-enhancer for naive
pluripotency gene STGGALI*4%. We also observed the extensive
binding of NANOG, TFAP2C, SOX17, and SOX15 over the
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LTR5Hs nearby ST6GALI in hPGCLCs (Fig. 4D). Similar binding
patterns were observed for LTR5Hs near the hPGCLC up-
regulated genes PRODH and STOM (Fig. 4D). For LTR7, we
observed modest binding of NANOG (31.2%) in hPGCLCs with
negligible binding of SOX15 (8.8%), TFAP2C (7.4%), SOX17
(0.5%), or H3K27ac enrichment (Supplementary Fig. 7B, D). No
signs of NANOG, TFAP2C, SOX17, SOX15, or H3K27ac
enrichment were detected over HERVK or HERVH (Fig. 4C
and Supplementary Fig. 7B).

The substantial binding of key hPGCLC key TFs, along with
the localized remodeling of the epigenetic landscape, led us to
propose that LTR5Hs may serve as a hPGCLC-specific TEEN-
hancer to regulate hPGCLC induction.

LTR5Hs TEENhancers are essential for hPGCLC Induction. To
evaluate the functional relevance of LTR5Hs TEENhancers in
hPGCLC induction, we transduced UCLA2 hESCs lines with
lentivirus encoding dCas9-KRAB fusion protein together with
validated gRNAs targeting LTR5Hs (referred as CRISPRi-
LTR5Hs)?0 (Fig. 5A). As control, hESCs were transduced with
dCas9-KRAB with no gRNAs (referred as CRISPRi-empty).
Then, CRISPRi-empty and CRIPSRi-LTR5Hs hESC lines were
induced to differentiate into hPGCLCs (Fig. 5A). By tethering
KRAB protein to LTR5Hs loci with CRISPRi, the H3K9me3
repressive mark would be induced at targeted loci, thus inacti-
vating LTR5Hs TEENhancers®’. At day 4 of hPGCLC induction,
we quantified the percentage of hPGCLCs using Fluorescence-
Activated Cell Sorting (FACS). In the CRISPRi-LTR5Hs lines, we
consistently observed a significant reduction in the percentage of
hPGCLCs compared to CRISPRi-empty controls (Fig. 5B, C). We
further validated our results by repeating the experiments in the
UCLA1 hESC line and obtained the same conclusion (Supple-
mentary Fig. 8A). Collectively, our results suggested LTR5Hs
TEENhancers are involved in hPGCLC induction.

To uncover potential downstream LTR5Hs TEENhancer-
regulated genes involved in hPGCLC biology, we performed
RNA-seq of CRISPRi-LTR5Hs and CRISPRi-empty sorted
hPGCLCs. Analyzing the DETE copies in CRISPRi-LTR5Hs
compared with CRISPRi-empty, we detected 264 (85.7%) down-
regulated and 44 (14.3%) up-regulated TE copies, with HERVK
and LTR5Hs as TE subfamily with the most down-regulated
DETE copies and HERVH with the most up-regulated DETE
copies (Fig. 5D, E and Supplementary Data 9).

We then scanned the potential target sites for LTR5Hs gRNAs
in the human genome by allowing a maximum of three
mismatches with the LTR5Hs targeting guides. In total, we
identified 6044 predicted target sites for the two gRNAs used to
target LTR5Hs, among which 942 (15.59%) were located on
76.76% of all LTR5Hs copies (Supplementary Fig. 8B and
Supplementary Data 10). Consistent with previous findings,
SVA family members, especially SVAD, were also predicted to be
targeted by the two gRNAs', while few predicted sites targeted to
genic regions (Supplementary Fig. 8B). Even though the gRNAs
could be targeted to SVAD, we found no evidence for down-
regulation of SVAD in CRISPRi-LTR5Hs hPGCLCs (Supple-
mentary Fig. 8C). Using the same gRNAs, Pontis et al. observed
significant repression of SVAD in CRISPRi-LTR5Hs naive
hESCs3 (Supplementary Fig. 8C). This difference between naive
hESCs and hPGCLCs is likely due to the very low SVAD
expression levels in hPGCLCs compared to naive hESCs
(Supplementary Fig. 8C). Additionally, as our hPGCLCs are
differentiated from primed hESCs in which SVAD elements are
not expressed (this study) or adorned with H3K27ac (Pontis
et al.30), we would not expect interference in hPGCLC induction
from off-target SVAD silencing. Overall, we detected significant

down-regulation of LTR5Hs, HERVK, and up-regulation of
HERVH in CRISPRi-LTR5Hs hPGCLC while no changes in
SVAD or LTR7 (Supplementary Fig. 8C, D).

We then analyzed the effect of CRISPRi-LTR5Hs on gene
expression. Consistent with the DETE pattern, we detected 124
(80%) of down-regulated DEGs (differential expressed genes)
(using 1.5-fold change and FDR <0.05 as cut-off), while only 31
(20%) DEGs were up-regulated in CRISPRi-LTR5Hs compared to
control (Fig. 5F and Supplementary Data 11). Considering the
mild gene expression changes, we also included a MA plot to
control for data normalization during DEG calling (Supplemen-
tary Fig. 8E).

To evaluate whether LTR5Hs was significantly associated with
the DEGs in CRISPRi-LTR5Hs, we employed RAD (Region
Associated DEG) analysis®!. With this analysis, we discovered
that down-regulated DEGs in CRISPRi-LTR5Hs were signifi-
cantly enriched within 200 kb next to LTR5Hs copies (Fig. 5G
and Supplementary Data 12). As a control, no significant
association was found between randomly shuffled regions and
CRISPRi-LTR5Hs DEGs (Fig. 5G and Supplementary Data 12).
Correspondingly, RAD analysis for CRISPRi gRNAs predicted
sites associated CRISPRi-LTR5Hs DEGs showed a similar pattern
(Supplementary Fig. 8F and Supplementary Data 13).

To rule out the possibility that the decrease in hPGCLC
induction in the CRISPRi-LTR5Hs was derived from indirect
effects, such as differentiation delay, or loss of pluripotency, we
examined the expression of hPGC and pluripotency marker genes
(Supplementary Fig. 9A). We detected no obvious changes in
expression of these marker genes in CRISPRi-LTR5Hs and
control samples, and thus conclude that the reduced induction of
hPGCLCs was likely caused by a direct effect of interference with
LTR5Hs accessibility and enhancer function (Supplementary
Fig. 9A).

Even though significantly fewer hPGCLCs were induced with
CRISPRi-LTR5Hs differentiation, no canonical hPGCLC marker
was repressed in these cells (Supplementary Fig. 9A). Therefore,
to identify potential new LTR5Hs TEENhancer-regulated genes
in hPGCLCs, we further analyzed the DEGs up-regulated with
hPGCLC differentiation from hESCs and the DEGs down-
regulated in CRISPRi-LTR5Hs hPGCLCs compared with
CRISPRi-empty hPGCLCs (Supplementary Fig. 9B and Supple-
mentary Data 14). We identified significant overlap (95/124,
76.6% for CRISPRi-LTR5Hs down-regulated DEGs) between
down-regulated DEGs in CRISPRi-LTR5Hs hPGCLCs and
hPGCLC-specific up-regulated DEGs (Supplementary Fig. 9B
and Supplementary Data 14). We thus reasoned that those 95
genes were likely to be the direct targets of LTR5Hs TEENhancers
and we predicted that these genes might have a role in hPGCLC
biology. For instance, PRODH, ST6GALI, and STOM were
candidate genes specifically expressed in hPGCLCs, repressed in
CRISPRi-LTR5Hs hPGCLCs, and showed hPGCLC specificity
relative to somatic cells at single-cell resolution. In addition, these
genes were potentially regulated by LTR5Hs TEENhancers
(Fig. 4D and Supplementary Fig. 9C, D).

Discussion

Despite having been initially coined “controlling elements” by
Barbra McClintock, TEs were long discarded as parasitic genetic
elements. Within the last decade it has become apparent that TEs
contribute profoundly to the regulatory landscape of the human
genome. Although many TEs are epigenetically silenced by
defensive mechanisms, some TE sequences are domesticated by
the host during evolution and are therefore kept under selective
pressure?4. Hominidae-specific TEs are relatively recent and do
not exist in new world-monkeys or even old-world monkeys such
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as the rhesus or cynomologous macaque. These relatively new
Hominidae TEs have evolved species-specific functions which are
unique to apes, and in some cases are unique to humans.

Here we have shown that one of these Hominidae-specific
elements, LTR5Hs, is detected at the RNA level both in vitro in
hPGCLCs and in vivo in hPGCs using single-cell RNA-seq data
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from a CS7 human embryo. Using our in vitro model, we likewise
show that LTR5Hs elements acquire an open chromatin state, are
hypomethylated and bound by key PGC TFs including NANOG,
TFAP2C, SOX17, and SOX15 after hPGCLC induction. Further
supporting the role of LTR5Hs as enhancers necessary for germ
cell specification, we found that LTR5Hs elements are decorated
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Fig. 5 Inactivation of LTR5Hs TEENhancers leads to less hPGCLC formation. A Schematic illustration depicting transduction of dCas9-KRAB-gRNAs
targeting LTR5Hs in hESCs followed by hESCs differentiation to hPGCLCs. B Representative flow cytometry plots for hPGCLC differentiating from CRISPRi-
LTR5Hs and CRISPRi-empty in UCLA2 hESC lines. The black circles denote the hPGCLC population as defined by ITGA6/EPCAM double-positive

cells. € Barplot showing the percentage of hPGCLCs in CRISPRi-empty relative to CRISPRi-LTR5HSs groups in UCLA2 (biological replicates n=3; *p-
value = 0.0042; error bars showing mean + SEM). D Pie chart showing up- or down-regulated DETE copies in CRISPRi-LTR5Hs compared with CRISPRi-
empty controls, as defined by at least a 4-fold change in expression and FDR <0.05. E Barplot of the TE subfamilies with the most up- or down-regulated
DETE copies. F Scatterplot of the expression level for identified up- or down-regulated DEGs in CRISPRi-LTR5Hs compared with CRISPRi-empty control,
using a cut-off of least 1.5-fold change in expression and a FDR of <0.05. G RAD analysis for the association between LTR5Hs (upper panel) or random
shuffled regions (lower panel) with CRISPRi-LTR5Hs DEGs. *p-value < 0.05, two-sided Welch Two Sample t-test. H Proposed model for the role of LTRSHs
as TEENhancers in PGC specification. Source data underlying € and G are provided as a Source Data file.

with H3K27ac in hPGCLCs, and that silencing of LTR5Hs using
CRISPRI reduces the efficiency of hPGCLC induction, in part due
to loss of LTR5Hs enhancer function. Together these results show
that Hominidae-specific LTR5Hs could serve as TEENhancers
necessary for hPGC specification (Fig. 5H), and therefore could
be considered essential to successful human reproduction.

Both HERVK-associated and solo-LTR5Hs integrants function
as TEENhancers necessary for the maintenance of naive
pluripotency?®30. In the naive state, LTR5Hs copies are hypo-
methylated, marked with H3K27ac and are synergistically bound
by OCT4, p300, and key KLF-family members, most notably
KLF4 and KLF172%30, While OCT4 is expressed in both primed
and naive pluripotency, KLF17 and KLF4 are naive-specific TFs,
suggesting that binding by KLF4-KLF17 is necessary for LTR5Hs
TEENhancer function in naive hESCs. Further supporting evi-
dence for this conclusion is the observation that over expression
of KLF4-KLF17 in the primed state of pluripotency is sufficient to
open the LTR5Hs TEENhancers and regulate neighboring gene
expression®?. Our recent study suggests that KLF17 is not
expressed in hPGCLCs, whereas KLF4 is up-regulated upon
hPGCLC induction but is not functionally required for the
induction or proliferation of hPGCLCs>2. Thus, we propose that
unlike naive pluripotent stem cells where KLF4 and KLF17 bind
to TEENhancers, the LTR5Hs TEENhancers in hPGCLCs utilize
SOX17, SOX15, TFAP2C, NANOG, and ETV5. These data col-
lectively argue that while LTR5Hs copies function as TEENhan-
cers in both naive hESCs and hPGCLCs, the TF networks that
reinforce LTR5Hs TEENhancer function in each cell state are
distinct.

Despite lack of KLF4 activity and KLF17 expression in germ
cell specification, hPGCLCs in vitro and hPGCs in vivo exhibit a
naive-like pluripotent molecular program that has similarities to
the naive state in pre-implantation human embryos. This includes
two active X chromosomes in females, genome-wide DNA
demethylation and expression of naive pluripotent TFs including
KLF4, TFCP2L1, and TFAP2C%16:52-54, Similar to KLF4-KLF17,
TFAP2C also regulates transcription and the identity of naive
pluripotent stem cells by opening naive-specific enhancers to
regulate neighboring gene expression!”>3. Our results imply that
the commissioning of LTR5Hs TEENhancers during hPGCLC
induction is driven by the marking of these sites in primed hESCs
by a basic network of TFAP2C and NANOG, which is then
reinforced with the recruitment of SOX17 and SOX15 during
hPGCLC induction. Further supporting this interpretation, time-
resolved ATAC-seq during hPGCLC induction from Wang et al.
shows Sox15 and Oct4:Sox17 motifs become preferentially open
during the second day of the four-day hPGCLC differentiation
protocol’, roughly concomitant with enrichment of naive-state
gene profiles by hPGCLCs?. Thus, proper LTR5Hs TEENhancer
activity may be necessary for acquisition of a naive-like tran-
scriptome during hPGCLC induction.

Interestingly, we also observed strong enrichment of ets-ebox
binding motifs in hPGCLC-ORs (Supplementary Fig. 7A), which

are bound by ETS-family TFs, including ETV4 and ETV5.
Recently, it has been proposed that ETV5 is necessary for
hPGCLC maintenance, functioning downstream of SOX15. In the
absence of SOX15, ETV5 expression is reduced and, reciprocally,
efficiency of hPGCLC induction is reduced in the absence of
ETV5”. These data lead us to hypothesize that ETV5 may also
bind LTR5Hs elements during or after hPGCLC induction, pos-
sibly following SOXI5-mediated commissioning of LTR5Hs
enhancers.

We have found that TFAP2C and NANOG are bound to
LTR5Hs in undifferentiated hESCs. Our data established a model
whereby TFAP2C and NANOG license LTR5Hs in hESCs, and
following entry into hPGCLC differentiation, SOX17 and SOX15
cooperate with TFAP2C and NANOG to recruit chromatin
remodeling complexes to open chromatin and promote DNA
demethylation at LTR5Hs, thus enabling their activity as
enhancers. Our results also suggest that localized DNA deme-
thylation over LTR5Hs precedes the global DNA demethylation
in the germline, which is a hallmark of hPGC development in the
embryo®>34, further implicating proper commissioning of
LTR5Hs enhancer elements as an essential step in, and not a
consequence of, hPGCLC induction.

Curiously, despite strong sequence conservation between
SVAD elements and the 3’ end of LTR5Hs elements (Fig. 3D), we
observe distinct differences in the epigenetic state of these sub-
families after hPGCLC induction. SVAD integrants show less
extensive DNA demethylation and accessibility in hPGCLCs with
SVAD transcripts being expressed at low levels in hPGCLCs. It
has become increasingly appreciated that enhancer elements are
often produced by bi-directional, unspliced and often non-
polyadenylated RNA Polymerase II-transcribed RNAs, termed
enhancer (¢) RNAs*>~7, and that eRNA transcription levels are
often positively correlated with the transcriptional levels of nearly
genes>. Although the function of eRNAs remains enigmatic,
production of eRNA has become a hallmark of strong enhancer
function. Still, non-transcribed enhancers may act as weak
enhancers®”. Given that SVAD is modestly demethylated and has
weak enhancement of chromatin accessibility, it remains possible
that SVAD may have some weak enhancer activity in hPGCLCs.
In contrast, robust LTR5Hs transcript detection, dramatic DNA
demethylation, and chromatin accessibility suggest that LTR5Hs
elements act as strong enhancers in hPGCLCs.

While hPGCs acquire a naive-like transcriptome, they do not
fully exit primed state, and demonstrate characteristics of both
states?. While LTRSHs/HERVK expression has been linked to a
naive state, enrichment of LTR7/HERVH expression has likewise
been associated with the primed pluripotent state’s, although
some LTR7 elements show hallmarks of enhancer function in
naive hESCs®(. Interestingly, while we detected an up-regulation
of LTR5Hs expression, we did not observe any changes in LTR7
expression with hPGCLC induction. Despite no change to LTR7
expression, we did observe a modest decrease in NANOG binding
and a decrease in H3K27ac enrichment at certain LTR7 copies
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upon hPGCLC induction. Thus, while LTR7 expression remains
unchanged between primed state hESCs and hPGCLCs, LTR7
enhancer function seems to be decommissioned during hPGCLC
induction. This suggests that, in some contexts, LTR7 enhancer
function might be uncoupled from RNA production at LTR7 loci.

In addition to gene regulation at enhancers and promoters,
human ERVs are also known to regulate 3-D chromatin archi-
tecture in pluripotent stem cells. Specifically, HERVH is highly
expressed in primed pluripotent stem cells, and is involved in
maintaining 3-D chromatin structure®®. Given that HERVH is
down-regulated and LTR5Hs sequences are up-regulated during
hPGCLC induction, it is possible that LTR5Hs may also be
required for the assembly of genome 3-D architecture in
hPGCLCs, and therefore the failure to fully repress HERVH in
the CRISPRi-LTR5Hs hPGCLCs.

Finally, here we have identified three potential LTR5Hs-
regulated genes which may be important to hPGC biology based
on their selective expression in hPGCLCs and their down-
regulation following CRISPRi-LTR5Hs treatment. Of particular
interest is STGGALI, a sialyltransferase®® that produces CD75, a
cell-surface glycoprotein that serves as a marker of naive hESCs*.
ST6GALLI is likewise regulated by LTR5Hs in naive hESCs,
offering further support to our hypothesis that LTR5Hs TEEN-
hancers act to reinforce elements of the naive transcriptome
during hPGCLC/hPGC maintenance. While the role of both
ST6GALI and CD75 remains enigmatic, knockdown of STSGALI
during reprogramming of human dermal fibroblast (HDF)
impedes reprogramming and causes a delay in the expression of
NANOG, OCT4, and SOX2 RNA®! Conversely, knockdown of
ST6GALI in primed hESC had a modest effect on the tran-
scriptome, causing an up-regulation of genes associated with
organogenesis®!. Recent work by Liu et al.%2. has produced a
high-resolution roadmap of the transcriptome during HDF
reprogramming, which uncovered an intermediate state imme-
diately prior to a lineage bifurcation between primed and naive
transcriptome acquisition. It is tempting to speculate that
ST6GALI may be necessary to efficiently pass through this
intermediate state and that during hPGC specification or
hPGCLC induction ST6GALI has a similar role as latent plur-
ipotency is re-established following specification or induction,
respectively.

Modern and archaic humans began to diverge ~500,000 years
ago with modern humans becoming the dominant surviving
human species ~50,000 years ago®>%, Extinction occurs when
reproduction fails. Considering the contributions of TEs to the
renewal of the genetic pool during evolution, one hypothesis
could be that human-specific TEs, like LTR5Hs became beneficial
to germ cell specification and consequently improved human
reproductive fitness. As we have identified multiple TF networks
that converge on LTR5Hs, it is also possible that other factors not
profiled in this work contribute to the specification and reinfor-
cement of PGC fate. Likewise, advances in recent techniques to
model the early embryo could provide additional platforms to
dissect the networks which delineate the naive state networks in
the pre-implantation embryo.

Methods
Ethics statement. The UCLA2 and UCLA1 hESC lines were derived at UCLA by
the UCLA Pluripotent Stem Cell Core Facility following Institutional Review Board
(IRB) and UCLA Embryonic Stem Cell Research Oversight (ESCRO) Committee
Approvals. Informed consent was obtained after the embryo donors contacted the
UCLA Broad Stem Cell Research Center to inquire about donating surplus
embryos following in vitro fertilization. Embryo donors were not paid and were
able to freely withdraw consent to use the embryos for stem cell research up to the
point of hESC derivation when the embryo is destroyed. Informed consent was
obtained from all embryo donors prior to sending frozen donated embryos to
UCLA. Once derived, the hESC lines were authenticated using Affymetrix
NATURE CO

Genome-wide Human SNP Array 6.0 to detect Single Nucleotide Polymorphisms
and Copy Number Variant (SNP/CNV) prior to distribution. The UCLA1 and
UCLA2 hESC lines are provided to researchers de-identified, with all links and
identifiers broken prior to distribution. All de-identified hESC lines used in this
study are registered with the National Institute of Health Human Embryonic Stem
Cell Registry and are available for research use with NIH funds. Mycoplasma test
(Lonza, LT07-418) was performed every month. All experiments using the de-
identified hESC lines were approved by the UCLA Embryonic Stem Cell Research
Oversight Committee.

Cell culture. UCLA2 and UCLA1 hESC are cultured as previously described!,
briefly the hESCs are cultured in hESC media, which was composed of 20%
knockout serum replacement (KSR) (Life Technologies, A3181502), 1x MEM Non-
Essential Amino Acids (NEAA) (Fisher Scientific, 25-025-CI), 1x Penicillin/
Streptomycin/Glutamine (Thermo Fisher, 10378016), 55 uM 2- Mercaptoethanol
(Life Technologies, 21985-023), 10 ng/mL recombinant human FGF basic (Pro-
teintech, HZ1285), and 50 ng/mL primocin (InvivoGen, ant-pm-2) in DMEM/F12
media (GIBCO, 11330-032). The primed hESCs were split by 1 mg/ml Collagenase
type IV (GIBCO, 17104-019) and maintained routinely on mitomycin C (MMC)-
inactivated mouse embryonic fibroblasts (MEFs). The hESCs were split every

7 days using Collagenase type IV (GIBCO, 17104-019). HEK293 cells were
acquired from ATCC (Cat# CRL-3216). No lines used in this study belong to the
International Cell Line Authentication Committee register of misidentified

cell lines.

hPGCLC differentiation. Using the UCLA2 hESC line, the differentiation of
hPGCLCs in vitro was performed as previously described*°. Specifically, 0.05%
trypsin-EDTA (Thermo Fisher Scientific, 25300120) was used to digest confluent
hESCs cultured on mitomycin C inactivated mouse embryonic fibroblasts (MEFs)
into single cells, followed by plating onto a 12-well-plate that had previously been
coated with human plasma fibronectin (Life Technologies, 33016-015) for at least
1 hour (h). Cells were plated at cell density of 200,000 cells/well in 2 mL/well of
incipient mesoderm-like cells (iMeLCs) medium, which is composed of 15%
knockout serum replacement (KSR, Life Technologies, A3181502), 1x MEM Non-
Essential Amino Acids (NEAA) (Fisher Scientific, 25-025-CI), 55 uM
2-Mercaptoethanol (Life Technologies, 21985-023), 1x Penicillin/Streptomycin/
Glutamine (Thermo Fisher, 10378016), 1 mM sodium pyruvate (Life Technologies,
11360070), 50 ng/mL Activin A (PeproTech, AF-120-14E), 3 mM CHIR99021
(Reprocell, 04-0004-10), 10 mM ROCKi (Y27632, Stemgent, 04-0012-10), and

50 ng/mL primocin (InvivoGen, ant-pm-2) in Glasgow’s minimal essential medium
(GMEM) (Life Technologies, 11710035). After 24 h, iMeLCs were dissociated into
single cells by 0.05% trypsin-EDTA (Thermo Fisher Scientific, 25300120), then
plated into ultra-low cell attachment U-bottom 96-well plates (Corning, 7007) at a
density of 3000 cells/well in 200 mL/well of hPGCLC medium, which is composed
of 15% KSR (Life Technologies, A3181502), 1x MEM Non-Essential Amino Acids
(NEAA) (Fisher Scientific, 25-025-CI), 55 uM 2- Mercaptoethanol (Life Technol-
ogies, 21985-023), 1x Penicillin/Streptomycin/Glutamine (Thermo Fisher,
10378016), 1 mM sodium pyruvate (Life Technologies, 11360070), 10 ng/mL
recombinant human leukemia inhibitory factor (Sigma-Aldrich, LIF1010), 200 ng/
mL human BMP4 (R&D systems, 314-BP), 50 ng/mL human epidermal growth
factor (Fisher Scientific, 236EG200), 10 mM of ROCKi (Y27632, Stemgent, 04-
0012-10), and 50 ng/mL primocin in GMEM (Life Technologies, 11710035). Day-4
hPGCLC aggregates were collected for further analysis.

Flow cytometry and fluorescence-activated cell sorting. hPGCLC aggregates
were dissociated with 0.05% Trypsin-EDTA (Thermo Fisher Scientific, 25300120)
for 10 minutes (min) at 37 °C. The dissociated cells were then stained with con-
jugated antibodies, washed with FACS buffer (1% BSA in PBS) and resuspended in
FACS buffer with 7-AAD (BD PharMingen, 559925) as viability dye. The single-
cell suspension was sorted for further experiments. For SOX17 ChIP-seq, all
hPGCLCs were collected and sorted by BD FACSDiva v8.0.2. For NANOG ChIP-
seq, 96 aggregates were sampled via FACS, while the remaining aggregates were
dissociated in parallel before being fixed and flash frozen (see TF Chromatin
Immunoprecipitation). The antibodies used in this study are: BV421 conjugated
anti-human/mouse CD49f (ITGA6) (BioLegend; Cat#313624; RRID: AB_2562244;
Lot#B274314) at 1/80; APC-conjugated anti-human CD326 (EPCAM) (BioLegend;
Cat#324208; RRID: AB_756082; Lot#B284158) at 1/80.

ChlP-seq protocol. The ChIP-seq was performed as previously described!”. Iso-
lated hPGCLCs (SOX17) or whole hPGCLC aggregates (NANOG) were fixed using
1% formaldehyde (Thermo Fisher Scientific, Waltham MA) rotating at room
temperature for 10 min. Fixation was quenched using 0.14 M Glycine (Sigma
Aldrich, St. Louis MO), cells were pelleted by centrifugation at 3000 RPM for
5 min. Resulting cell pellets were flash frozen in liquid nitrogen and stored at
—80 °C prior to immunoprecipitation.

Pellets were thawed on ice and resuspended in lysis buffer (10 mM Tris HCI pH
8, 0.25% Triton-X 100, 10 mM EDTA, 0.5 mM EGTA, supplemented with Halt
Protease Inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA)) at room
temperature, rotating, for 15 min. The resulting lysate was pelleted by 5 min of
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centrifugation at 4000 RPM. Pellet was resuspended in Nuclei isolation buffer
(10 mM Tris-HCI pH 8.0, 200 mM NaCl, 10 mM EDTA, 0.5 mM EGTA
supplemented with Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific,
‘Waltham MA)) at 4 °C, rotating for 10 min followed by 5 min of centrifugation at
4000 RPM. The resulting pellet was resuspended in 10 mM Tris HCI pH 8, 10 mM
EDTA, 0.5 mM EGTA with protease inhibitors. Samples were sonicated using a
Covaris (Woburn, MA) $220 (Intensity of 5, 200 cycles per burst, 5% duty cycle) in
8 cycles of 30 seconds on, 30 seconds off for an effective 4 min of sonication.
Insoluble material was removed by centrifugation at 14,000 RPM for 10 min at
4°C. In all, 10% of resulting soluble supernatant was saved as an input sample. To
pre-clear, Protein A beads (30 uL/ sample) were washed in dilution buffer

(16.7 mM Tris-HCI pH 8, 0.01% SDS, 1.1% TritonX-100, 1.2 mM EDTA, 167 mM
NaCl) for three times. Protein A beads were resuspended in dilution buffer and
added to samples so that 30 uL of Protein A Dynabeads were suspended in a
volume of dilution buffer equal to the volume of soluble material. Chromatin was
pre-cleared by incubation with Protein A Dynabeads (Thermo Fisher, Waltham
MA) for 2 h, rotating at 4 °C. Beads were removed and 1.6 pg of anti-SOX17
antibody (Cat#AF1924, R and D Systems) or 1.2 ug of anti-NANOG antibody
(Cat#AF1997, R and D Systems) were added and allowed to incubate rotating at
4°C overnight. Antibodies bound using 60 pL of Protein G Dynabeads by
incubation at 4 °C, rotating for 2 h. Antibody-bound beads were washed 2 x 4 min
with 50 mM HEPES pH 7.9, 1% TritonX-100, 0.1% Deoxycholate, 1 mM EDTA,
140 mM NaCl at room temperature, followed by 2 washes with 50 mM HEPES pH
7.9, 0.1% SDS, 1% TritonX-100, 1 mM EDTA, 500 mM NaCl. Beads were
subsequently washed twice with 10 mM Tris HCI, pH 8, 1 mM EDTA. Chromatin
was eluted from beads by heating 65 °C, rotating at 1400 RPM in 50 mM Tris HCI
pH 8, 1 mM EDTA, 1% SDS twice. To facilitate crosslinking reversal, eluate was left
to incubate at 65 °C overnight. Eluate was treated with 15 ug RNase A at 37 °C for
30 min followed by treatment with 100 ug of Proteinase K at 56 °C. DNA was
purified using Qiagen PCR purification kit according to manufacturer’s
instructions.

Eluted DNA was used to generate libraries for ChIP-seq using Tecan Genomics
Ovation UltraLow V2 DNA-seq (0344NB, Redwood City, CA) according to the
manufacturer’s instructions. All ChIP-seq libraries were sequenced using a
NovaSeq 6000 (Illumina, San Diego) on an NovaSeq SP lane using paired-end 100
base pair reads.

CRISPR/dCas9-kRAB assay. Two gRNAs (gRNAS55 and gRNA57) that targeted
LTR5Hs were designed by Pontis and colleagues. The two gRNAs were cloned
into pLV-dCas9-KRAB-T2a-Puro (Addgene 71236), and the plasmid with no
LTR5Hs gRNA was used as a control. Using a second-generation lentiviral system
we generated dCas9-KRAB-gRNA55, dCas9-KRAB-gRNA57, and dCas9-KRAB-
empty virus in HEK293T cells (ATCC, Manassas, Virginia, Cat# CRL-3216).
Supernatants that contain lentivirus were then collected and ultracentrifuged.
Confluent hESC were trypsinized with 0.05% trypsin at 37 °C for 5 min, then 200k
cells were counted and collected to mix with the concentrated lentivirus. After
mixture on nutator for two hours at room temperature, cells were transferred onto
mitomycin C treated MEFs in hESC media with 10 mM ROCK:i. After transduction
into hESC, lug/mL puromycin was used to screen for positive cells for at least

5 days. Surviving cells were then used to perform downstream assays.

RNA-sequencing. RNA-seq was performed as previously described®. Briefly the
hPGCLCs were directly sorted into 350 uL. RLT lysis buffer (QTAGEN RNeasy
micro kit, 220006-800). Total RNA was then extracted by RNeasy micro kit
(Qiagen RNeasy micro kit, 220006-800). Total RNA was reverse transcribed and
cDNA was amplified using Ovation RNA-Seq System V2 (Tecan, 7102-32)
according to the manufacturer’s instructions. Amplified cDNA was then sheared to
~200 bp length by Covaris $220 Focused ultrasonicator. RNA-seq libraries were
constructed by using Ovation Rapid Library Systems (Tecan, 0319-32) and
quantified by a KAPA library quantification kit (Kapa Biosystems, kk4824).
Libraries were then subjected to pair-end sequencing on Illumina NovaSeq

6000 sequencer.

Statistics and reproducibility. No statistical method was used to predetermine
sample size and no data were excluded from the analyses. For CRISPRi experi-
ments, hESCs from within a given cell line were pooled and randomly allocated to
either CRISPRi-virus or control-virus conditions. ChIP-seq experiments were not
randomized. Authors were not blinded to allocation during experiments and
outcome assessment. All statistics were calculated using GraphPad Prism v9.2.0
(283) or R% v3.5.1 unless otherwise mentioned in the figure legend. The Statistical
test methods used were provided in Source Data file.

Bioinformatics analysis

Reference genome. Human reference genome GRCh38.97 from Ensembl®” was used
for STAR%® v2.7.0e and BSMAP%® v2.74 alignment, while human reference genome
hg38 from UCSC® was used for SQUIRE?? v0.9.9.92 for alignment. TE annotation
file from repeatmasker (http://repeatmasker.org/) GRCh38 and gene annotation file
from Ensembl®” GRCh38.97 was utilized for all genomics analysis.

12 NATURE C

TE quantification methods comparison. Four methods for TE quantification were
applied to call DETEs in hPGCLCs compared with hESCs, to identify TE sub-
families specific to hPGCLCs more precisely. RNA-seq data of hESC to hPGCLC
differentiation was from previous publication!® GSE93126 (Supplementary Data 1).

Quality control for raw RNA-seq sequences was performed by FastQC7?
v0.11.8. Then the raw reads were aligned by STAR v2.7.0e or SQUIRE?2 v0.9.9.92.
For STAR alignment, maximal 1000 multiple mapped reads were allowed, and the
best hit was kept (--outFilterMultimapNmax 1000 --outSAMmultNmax 1).
SQuIRE Map function with default parameters was applied for alignment. The
output bam format files were sorted and indexed by SAMtools’! v1.9 for
downstream analysis. Bigwig tracks were generated using deeptools’? v3.4.3 by
normalizing to RPKM (Reads Per Kilobase per Million mapped reads) using bin
size of 10 bp.

Read quantification for individual TE copies were calculated using
featureCounts3® v2.0.0, SQuIRE32 v0.9.9.92, Telescope“ v2.0.0, or TEtranscripts33
v2.2.1. FeatureCounts, Telescope and TEtranscripts used the sorted bam file from
STAR, while SQUIRE used its own sorted bam file. Multiple mapped reads were
included for TE quantification (featureCounts -M, TEtranscripts --mode multi,
SQuIRE, and Telescope using default parameters). Differential expressed TEs
(DETEs) were processed using R package DESeq2%7 v1.26.0 for the count matrices
from TE quantification. Only TE with RPKM mean in either control or treatment
group >1 were kept for further analysis. DETEs were obtained with at least 4-fold
change and FDR < 0.05.

RNA-seq analysis. Other than methods used for the TE quantification, “STAR +
featureCounts + DESeq2” method was applied for both TE and gene quantification
and DETE/DEG calling in the article. Besides GSE93126 RNA-seq data!® of hESC
to hPGCLC differentiation (Supplementary Data 1), other RNA-seq datasets used
in this article including RNA-seq of CRISPRi in hPGCLCs generated from this
paper, RNA-seq data of hESC multilineage differentiation from previous
publication?! GSE16256 (Supplementary Data 1), and RNA-seq data of CRISPRi in
naive hESCs from previous publication®® GSE117395 (Supplementary Data 1).

For RNA-seq data quality control, alignment and track generation, FastQC”"
v0.11.8, STAR3® v2.7.0e and deeptools’? v3.4.3 were applied as described in “TE
quantification methods comparison” section.

Both gene and TE were quantified using FeatureCounts®® v2.0.0, with “-M”
option allowing the quantification for multiple mapped reads. For DETEs and
DEGs calling by DESeq237 v1.26.0, only TE or gene with RPKM mean in either
control or treatment group >1 were kept for further analysis. DETEs were obtained
with at least 4-fold change and FDR < 0.05 while DEGs were obtained with at least
1.5-fold change and FDR < 0.05.

To visualize the top 200 TE subfamilies that are most dynamically expressed in
hESCs, iMeLCs, and hPGCLCs, top 200 TE subfamilies with the largest variance for
the normalized counts across the three cell types were kept. Z-score of the RPM (Reads
Per Million mapped reads) for each TE subfamily was used for data visualization.

To analyze the expression level in hESCs and hPGCLCs over HERV associated
LTR or solo LTRs, we classified solo LTR5Hs and solo LTR?7 as following. The
distance between LTR5Hs (or LTR7) individual copy to the nearest HERVK (or
HERVH) was first calculated using bedtools”3 v2.29.2 closest function. The
distance distribution was then summarized in R v3.5.1. LTR5Hs within 100 bp
distance to nearest HERVK were classified as HERVK-LTR5Hs, while others were
defined as solo LTR5Hs. LTR7 within 10 bp distance to nearest HERVH were
classified as HERVH-LTR?7, while others were defined as solo LTR7.

scRNA-seq analysis. Two biological replicates for the scRNA-seq data of hESC to
hPGCLC differentiation (UCLA2 line) was downloaded from previous publication?
GSE140021 (Supplementary Data 1). The reads were quantified by 10x Genomics
Cell Ranger’4 v.3.1.0 to both gene and TE reference genome with default para-
meters. The generated cell-by-gene/TE unique molecular identifier (UMI) count
matrix was analyzed in Seurat”> R package v3.2.2. Due to limited coverage in
scRNA-seq data, we aggregated reads from individual TE copies to TE subfamilies
for downstream analysis.

Cells expressing 1000-7000 gene features and <20% mitochondrial genes were
kept. The UMI counts were then normalized and log-transformed followed with
identifying top 2000 variable features and scaling for both gene and TE UMI count
matrix with default parameter. For batch correction between two replicates, we
used Seurat’s IntegrateData function with default parameter, which were used
further for clustering and UMAP visualization. The scaled integrated data with
variable genes was used to perform principal component analysis (PCA). UMAPs
were calculated by RunUMAP function using top 50 principal components and
resolution 1.

Raw data for scRNA-seq of two Carnegie Stage 7 human gastrula embryos was
kindly shared by the authors from previous publication*’ (Supplementary Data 1).
Single-cell RNA-seq data of seven PGCs as well as other randomly selected cells
from annotated cell types (epiblast, primitive streak, emergent mesoderm and
advanced mesoderm, annotated by Tyser et al.), were re-analyzed for gene and TE
expression same as “STAR + FeatureCounts” RNA-seq analysis method. In brief,
FastQC”0 v0.11.8 was used for quality control, STAR3® v2.7.0e was used for
alignment, both gene and TE were quantified by FeatureCounts3 v2.0.0, with “-M”
allowing multiple mapping for TEs.
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ATAC-seq analysis. Raw ATAC-seq data from previous publication!® GSE120648
(Supplementary Data 1) were downloaded followed by quality control with
FastQC7? v0.11.8. Then raw reads were aligned by STAR® v2.7.0e allowing
maximal 1000 multiple mapped reads with no more than three mismatches and the
best hit was kept (--outFilterMultimapNmax 1000 --outFilterMismatchNmax 3
—outSAMmultNmax 1). Splice junction was neglected by building STAR index
without general feature format file and not allowing intron length (--alignIn-
tronMax 1). PCR duplicates were removed using SAMtools”! v1.9 rmdup function.
SAMtools’! v1.9 merge function was used to merge aligned reads in bam format
for replicates in each cell type for downstream analysis to increase coverage.

ATAC-seq peaks were defined using the MACS276 v2.2.7.1 callpeaks function.
Here we only kept peaks with a fold change enrichment >4 from the MACS2
output. In order to identify hPGCLC- or hESC-ORs, we used bedtools”? v2.29.2
multiinter function with Ryan Layers’s clustering, and the regions <100 bp were
discarded. Bigwig tracks were generated using deeptools’2 v3.4.3 by normalizing to
RPKM using binsize of 10 bp. ATAC-seq signal over hPGCLC- or hESC-ORs or TE
regions were visualized using deepTools’? v3.4.3.

To quantify ATAC-seq signals over LTR5Hs as well as random shuffled regions,
we first generated 100,000 random shuffled TE and genomic regions. A hundred
thousand (n = 100,000) TE random regions were randomly selected 100,000 TE
individual copies from all TE copies in human reference genome. A hundred
thousand (n = 100,000) genome random regions were randomly shuffled genomic
regions with the same length as 100,000 TE individual copy regions generated by
bedtools’? v2.29.2 shuffle function. The ATAC-seq read counts over LTR5Hs,
100,000 random shuffled TE and genomic regions were calculated with bedtools”?
v2.29.2 multicov function. Then, read counts were normalized to total reads
aligned in each sample using RPM and visualized in R% v3.5.1.

TE enrichment analysis over hPGCLC- or hESC-ORs. TE annotation for hPGCLC-
or hESC-ORs was conducted by Homer’” v4.7 annotatePeaks.pl function using
GRCh38 TE annotation file.

To generated randomly shuffled regions with comparable genomic distribution
to TEs, random shuffled regions for ATAC-seq hPGCLC- or hESC-ORs were
adjusted by the relative proportion of genomic regions (promoter, exon, intron,
TTS, 10kb gene proximal region, 10-100 kb distal region or >100 kb intergenic
region), according to Chuong et al.*3. To be specific, the midpoints of hPGCLC/
hESC-ORs were annotated to genomic regions (promoter, exon, intron, TTS,
intergenic region) by Homer”” v4.7 annotatePeaks.pl function. Then intergenic
region was further divided into 10 kb gene proximal region, 10-100 kb distal region
or >100 kb intergenic region by their distance to the nearest gene. Then, the entire
human genome was divided into promoter, exon, intron, TTS, intergenic region
(10 kb gene proximal region, 10-100 kb distal region or >100 kb intergenic region).
The annotated midpoints of hPGCLC/hESC-ORs in each kind of genomic region
were shuffled 10,000 times within the corresponding genomic region with
bedtools”? v2.29.2 shuffle function (-seed 1 to 10,000) by keeping the shuffled
regions on the same chromosome (-chrom). Then, the shuffled regions with same
seed number were merged to create shuffled hPGCLC/hESC-ORs maintaining the
same genomic distribution as the original hPGCLC/hESC-ORs.

The expected TE occurrence was calculated by the average number of TE copies
which were intersected with the 10,000 combined random shuffled hPGCLC/
hESC-ORs. If the expected TE copy occurrence for certain TE subfamily was
smaller than 1, it was rounded to 1. The observed TE occurrence was counted
based on the TE annotation for hPGCLC/hESC-ORs. The value of Log,
transformed “observed TE occurrence/expected TE occurrence” was used as
enrichment score, with one-sided exact binomial test for statistical test.

Transcription factor motif enrichment analysis. Motif file for over 400 transcrip-
tional factors were collected from Homer”” v4.7 and the position of each motif in
GRCh38 genome were calculated using Homer scanMotifGenome.pl function.
Next, hPGCLC-ORs overlapped with LTR5Hs were identified by bedtools”? v2.29.2
intersect function. As control, those LTR5Hs overlapped hPGCLC-ORs were
randomly distributed using bedtools’? v2.29.2 shuffle function while keeping on
the same chromosome (-chrom).

To analyze the enrichment of TF motifs over chromatin opened LTR5Hs, the
frequency of occurrences for TF motifs in hPGCLC-ORs overlapped LTR5Hs and
shuffled control were processed using bedtools”? v2.29.2 intersect function. Top 50
TF motifs with highest enrichment ratios were plotted.

WGBS analysis. Raw WGBS data were downloaded from previous publication®*
GSE139115 (Supplementary Data 1). Reads were aligned with BSMAPS® v.2.74 by
mapping reads to all four strands (-n 1), allowing maximum one equal best hits and
less than two mismatches per read (-w 1, -v 2). Aligned reads in bam format for
biological replicates of hESC and hPGCLCs were merged to increase the coverage
using SAMtools”! v1.9 merge function. Methratio.py script built in BSMAP were
used to calculate cytosine counts only keeping unique mappings (-u), non-
duplicated reads (-r), and reporting loci with zero methylation ratios (-z).
Methylation level at CG sites was then calculated by #C/(#C + #T).

To visualize the CG methylation level and cytosine coverage over LTR5Hs and
SVAD, only CG sites with =3 covered reads were retained. Wiggle tracks were
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generated with customized perl script and converted to bigwig with
wigToBigWig’® v4 followed by data visualization with deeptools’? v3.4.3.

To analyze CG methylation level over LTR5Hs and its related TE clades
obtained from the Dfam*® database that shared the most sequence similarity, #C
and #C + #T count over each individual TE copy were extracted with customized
python script and plotted in R.

DMR were defined using R package DMRcaller’® v1.14.2 over GRCh38 whole
genome using 200 bp as DMR bin size. Only bins with at least four CG sites and
each CG sites should be covered by at least three reads were kept for further
analysis. Minimal CG methylation difference of 0.2 and FDR less than 0.05 were
applied to define DMRs. Bins defined as DMR and within 100 bp gap were merged.

ChIP-seq analysis. NANOG and SOX17 ChIP-seq data in hESCs and hPGCLCs
were generated in this paper. TFAP2C ChIP-seq in hESCs and hPGCLCs, H3K27ac
ChIP-seq in hPGCLCs were from previous publication> GSE140021 (Supplemen-
tary Data 1). H3K27ac ChIP-seq in hESCs was from previous publication
GSE69646 (Supplementary Data 1). SOX15 CUT&Tag-seq was from previous
publication” GSE143345 (Supplementary Data 1).

For all ChIP-seq data, quality control was performed by FastQC”® v0.11.8.

Then reads were aligned by STAR? v2.7.0e allowing maximal 1000 multiple mapped
reads with no more than three mismatches and the best hit was kept
(--outFilterMultimapNmax 1000 --outFilterMismatchNmax 3 —outSAMmultNmax 1).
Splice junction is neglected by building STAR index without general feature format file
and not allowing intron length (--alignIntronMax 1). PCR duplicates were removed
using SAMtools”! v1.9 rmdup function.

Representative replicate for each condition was used for downstream analysis.
ChIP-seq peaks were defined using the MACS27¢ v2.2.7.1 callpeaks function by
setting ChIP file as treatment and input file as control. Bigwig tracks were
generated using deeptools’? v3.4.3 by normalizing to RPKM using binsize of 10 bp.
ChIP-seq signal over TE regions were visualized using deeptools’? v3.4.3. Motif
annotation over ChIP-seq peak summits used Homer’” v4.7 findMotifsGenome.pl
function with fragment size 200 and masking repeats (-size 200 -mask). TF-bound
LTR5HS/LTR7 copies were identified by bedtools”3 v2.29.2 intersect function.

CRISPRi gRNA target sites prediction. To search the predicted sites of LTR5Hs
targeting gRNA, we used the Homer’” v4.7 to generate motif file for gRNA plus
PAM NGG sequence (CTCCCTAATCTCAAGTACCCNGG, TGTTTCAGA-
GAGCACGGGGTNGG) using seq2profile.pl and searched the targeting sites using
scanMotifGenomeWide.pl with <3 mismatches. The target sites were annotated
using gene and TE annotation and then categorized into either promoter, exonic,
TE, intronic, or intergenic sites. If one target site was annotated with multiple
categories, only one category would be retained with priority order of promoter,
exon, TE, intron, and intergenic sites.

RAD analysis. For RAD analysis, we used the website application from Guo et al.>L.
For RAD analysis of LTR5Hs associated DEGs, up- and down-regulated DEGs in
CRISPRi-LTR5Hs were input as DEGs lists; LTR5Hs bed file or randomly shuffled
LTR5Hs bed file by bedtools”® v2.29.2 shuffle function were input as Genomic
Regions of Interest (gROI) file. For RAD analysis of CRISPRi gRNAs predicted
sites associated DEGs, up- and down-regulated DEGs in CRISPRi-LTR5Hs were
input as DEGs lists; bed file of CRISPRi gRNAs predicted sites was input as gROI
file. For submit options, “GRCh38” was chose for reference genome, “1000, 800,
600, 400, 200, and 0 kb” was input as customized peak extend distance corre-
spondingly, “hypergeometric test” was choosing for statistical test.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All high-throughput sequencing data generated are accessible at NCBI’s Gene Expression
Omnibus (GEO) via GEO Series accession number GSE182218. Source data are provided
with this paper.
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Chapter 4

TRIM28 Safeguards Primordial Germ Cell Differentiation by Suppressing an Aberrant 2C-
like Transcriptome

47



TRIM28 safeguards Primordial Germ Cell Differentiation by Preventing Entry into a 2C State

Authors: Jonathan A. DiRusso'™, Lingyu Zhan®’, Yu Tao'?, Allison Lynn Wang', Xinyu Xiang®,
Alexander C. Robbins', Azra J. Cruz', Wanlu Liu®*'°, Amander T. Clark"*""”’

'- Dept. of Molecular, Cell and Developmental Biology, University of California Los Angeles; Los
Angeles, CA 90095, USA

2. Molecular Biology Institute, University of California Los Angeles; Los Angeles CA 90095, USA
3.Eli and Edith Broad Center for Regenerative Medicine and Stem Cell Research, University of
California Los Angeles; Los Angeles, CA 90095, USA

4 _ Center for Reproductive Science, Health and Education, University of California Los Angeles;

Los Angeles, CA 90095, UCLA

® — University of California Los Angeles, Department of Psychiatry, University of California Los

Angeles; Los Angeles CA 90095, USA

6 _ Center for Neurobehavioral Genetics, Semel Institute for Neuroscience and Human Behavior,

University of California Los Angeles; Los Angeles CA 90095, USA

. The Collaboratory, Institute for Quantitative and Computational Biosciences, University of

California Los Angeles, Los Angeles CA 90095

8. Zhejiang University-University of Edinburgh Institute (ZJU-UoE Institute), Zhejiang University

School of Medicine, International Campus, Zhejiang University; Haining, 314400, China

°- Department of Orthopedic of the Second Affiliated Hospital of Zhejiang University, School of

Medicine, Zhejiang University; Hangzhou, 310029, China

% Dr. Li Dak Sum & Yip Yio Chin Center for Stem Cell and Regenerative Medicine, Zhejiang

University; Hangzhou, Zhejiang 310058, China

" Jonsson Comprehensive Cancer Center, University of California; Los Angeles, Los Angeles,

CA 90095, USA

48



* - Lead author, clarka@ucla.edu

Keywords: transposable elements, PGCs, TRIM28, Germline Epigenetics; Germline, 2C

Abstract:

Mammalian Primordial Germ Cells (PGCs) are embryonic precursors to the adult germline and
must facilitate high-fidelity transfer for genomic material from one generation to the next.
Transposable elements (TEs) represent an ongoing threat to genomic fidelity and are therefore
tightly controlled during embryonic germline development. Here we find that some TEs change in
accessibility during normal PGC differentiation, while others are constitutively repressed by
TRIM28, a master TE regulator. We find TRIM28 itself is regulated in a sex-specific manner and
represses sex-specific TEs. In both testicular and ovarian PGCs TRIM28 protects against
aberrant entry into a 2C-like transcriptome, which dysregulates PGC differentiation and results in
a proliferative defect and incomplete activation of DAZL. This perturbs testicular and ovarian
PGCs differently, as testicular PGCs fail to differentiate in embryonic life while ovarian PGCs

inefficiently enter meiosis but lack healthy gametes by the onset of sexual maturity.

Introduction:

Sexual reproduction relies on the high-fidelity transfer of genetic information from one
generation to the next, a task which is carried out by the germline. In sexually reproducing
eukaryotes, genomic fidelity in the germline is antagonized by Transposable Elements (TEs),
selfish genomic elements capable of transposition and expansion within the genome'>. TEs are
relatively ubiquitous within eukaryotic genomes, with only a few identified species lacking them
altogether*®. TEs are broadly classified as either Type 1, retrotransposons which move via an
RNA intermediate, or Type 2, DNA transposons which move via a cut and paste mechanism®’.
Uncontrolled movement of ether Type 1 or Type 2 TEs represents a potent threat to genomic

integrity and organismal fithess, placing TE control in the germline under heavy selective
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pressure. Conversely, many TEs contribute positively to organismal fithess — a prominent example
of this is in the mammalian placenta, which is reliant on syncytin genes derived from an
endogenous retroviral env gene as well as a variety of retrotransposon-derived imprinted genes,
which also have an essential role in placental formation®®. TEs also act as species-specific
enhancers in the placenta, implicating them in multiple aspects of the evolution of placental
mammals'®'2. In humans, a Hominidae-specific retrotransposon, LTR5Hs, acts as an enhancer
during germline specification'. As a result of this dichotomy, the germline and early embryonic
cells are endowed with a rich network of highly conserved mechanisms to control the deleterious
effects of TEs while enabling their beneficial functions.

The most thoroughly characterized TE mobility-control mechanisms in the germline of
sexually reproducing organisms are those that utilize small-RNA mediated silencing. In the
Drosophila ovary, germline cells utilize piRNA targeting to silence TEs via an RNA-Induced
Transcriptional Silencing (RITS)-like mechanism, leading both to loci- and transcript-level
silencing™'®. A similar system is employed in pro-spermatogonial cells of the embryonic mouse
testis, where piRNA-mediated silencing also drives targeted reacquisition of DNA methylation’-
22 TE control without piRNAs have been described as well. For example, adult mouse oocytes
utilize siRNA-mediated TE degradation to repress evolutionarily young retrotransposons?. While
piRNA- and siRNA-mediated forms of repression act on the adult germline, how TE expression is
regulated prior to sex determination in PGCs remains poorly characterized.

In sexually reproducing metazoans, germline development begins with specification of
Primordial Germ Cells (PGCs), embryonic precursors to the adult germline. In the mouse, PGCs
are specified from the post-implantation posterior epiblast and acquire expression of early PGC
markers Tfap2c, Prdm1 (Blimp1) and Prdm14 and re-acquire core pluripotency factors including,
Nanog, Sox2 and Oct4**?°. These early PGCs migrate through dorsal mesentery towards the

30,31

developing genital ridges During this migration, PGCs undergo genome-wide DNA

demethylation and global re-arrangements of repressive epigenetic marks, including H3K9me3,
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H3K9me2, H3K27me3 and H2A/H4R3me2s*?%. Following colonization of the developing gonad,
PGCs upregulate DAZL, which is necessary to fully suppress the pre-sex determination PGC
program and promote proper differentiation in both sexes®*. Following expression of DAZL,
PGCs are developmentally fate-restricted to the germline®®. Sex-specific differentiation of PGCs
is promoted by cues from the gonadal niche. Stimulation by retinoic acid in females promotes
PGC entry into meiosis, resulting in meiotic germ cells.*’ In the testis, Sertoli cells within the
developing testicular cords protect PGCs from retinoic acid while NOTCH signaling between
Sertoli cells promotes entry of testicular PGCs into mitotic arrest before differentiating into pro-
spermatogonia*™*. In both testicular and ovarian PGCs, timing of PGC differentiation relies on
proper regulation of the PGC epigenome, with E12.5 representing a window in which perturbation
to the epigenome can drive either precocious or failed differentiation.

In mouse pluripotent stem cells and in early mouse embryos, the Tripartite Motif
Containing 28 (Trim28 a.k.a Kap1)/KRAB-ZFP system is a major regulator of TE expression,
particularly those of the Long term repeat (LTR) retrotransposon subclass**’. When acting to
repress LTRs, TRIM28 is targeted to sequence-specific sites in the genome by Krippel-
associated box domain zinc finger proteins (KRAB-ZFPs). Once bound, TRIM28 is then able to
recruit the histone methyltransferase SETDB1, which catalyzes H3K9me3 at these sites to
repress targeted loci*®. In PGCs, TEs are repressed by a diversity of mechanisms, including
SETDB1-mediated H3K9me3, PRC2-mediated H3K27me3 and Dnmti-mediated DNA
methylation, however the consequences of TE derepression are poorly defined.**52,

In the current study, we examine how control of TEs by Trim28 safeguards the capacity of
PGCs to differentiate into either meiotic germ cells or pro-spermatogonia. To do so, we used a
PGC-specific conditional TRIM28 knockout (TCKO) mouse model. We show that TRIM28
represses unique TE targets in both testicular and ovarian germ cells both directly and indirectly,
and that derepression of TEs is coupled with a misregulated transcriptome. Functionally, we show

that TRIM28 loss results in improper differentiation, including defects in expression of DAZL and

51



sex-specific defects in silencing the PGC program. We also show that ovarian and testicular PGC
differentiation is differently sensitive to TRIM28 loss, with testicular PGCs failing to differentiate
entirely while ovarian PGCs heterogeneously enter meiosis show defects in meiotic progression
and severe defects in the adult germline. Therefore, Trim28 safeguards the germline by protecting

the transcriptional program of PGCs as they undergo differentiation.

Results

TE Expression is Dynamic in PGCs

To understand how TEs are regulated as the germline matures, we first set out to
characterize the changes in TE accessibility in the mouse as PGCs advance from migratory PGCs
to differentiated germ cells. To do so, we used ATAC-seq from PGCs collected via FACS using an
Oct4-eGFP at E10.5, prior to PGC entry into the developing genital ridge, and E14.5, at which
point the chromatin accessibility landscape reflects differentiated germ cells®. From both XY and
XX samples, we identified 73,136 TEs across the ERV, LINE and SINE superfamilies which are
accessible in at least one condition. We then identified elements which were accessible at E10.5
but not E14.5 (Open to Close, OC, 12,469 in XY, 27,053 in XX), or those which were accessible
at E14.5 but not E10.5 (Closed to Open, CO, 16,202 in XY, 10,368 in XX). (Fig 1A). As we found
more accessible TEs in XX PGCs than XY PGC at E10.5, we wanted to rule out the possibility
that X-chromosome dynamics drove this observation. To do so we examined the number of
integrants detected per chromosome to the total number of ERV, LINE or SINE integrants on that
chromosome (Supp. 1A). We did not find a significant increase in the ratio detected in the X
chromosome compared to autosomes, therefore ruling out X-chromosome dynamics as a
significant driver of this observation.

We next moved to characterize those integrants which transitioned from open to closed or
closed to open to better understand how these TEs could be embedded into the cis-regulatory

network of PGCs. To analyze this, we performed motif enrichment analysis on identified TEs,
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across all superfamilies, from both XY and XX PGCs (Fig. 1B). Consistent with possible cis-
regulatory roles for these TEs, we found motifs for AP2-gamma and AP2-alpha (TFAP2C and
TFAP2A, respectively), as well as the OCT-SOX-NANOG and Zic2 motifs, to be significantly
enriched in TEs which progress from open to closed. To further examine whether these TEs may
have functional relevance, we examined the enrichment of H3K27ac, a marker of active
enhancers and promoters. To do so, we used published data from PGC-Like Cells, an in vitro
PGC model, which recapitulates ~E10.5 PGCs in vivo. We found H3K27ac peaks overlapped at
13.6% of OC integrants in XY PGCs and in 8.2% of OC integrants in XX PGCs across ERVs,
LINEs and SINEs (Fig. 1C). In line with these observations, we found pluripotency-associated
families RLTR13D6 and RLTR9E to be enriched, with ~10% of RLTR13D6 integrants transition
from open to closed in XY and 18% in XX PGCs®**®. For RLTR9E, ~10% of all integrants
transitioned from open to closed in both XY and XX PGCs (Fig. 1D). In both sexes the top enriched
family was RLTR9D2, which has not been functionally evaluated but is enriched for H3K27ac and
H3K4me1in mESCs®. Thus, it is possible that proper silencing of these families mark progression
from PGC identity to differentiated germ cell during which time the pluripotency program is
extinguished.

Conversely, TEs which transition from closed at E10.5 to open at E14.5 were enriched for
DMRT1, DMRT6 and CTCF motifs in both testicular and ovarian germ cells (Fig. 1B). DMRT1 has
been implicated in germline differentiation and DMRT®6 in maintenance of the pro-spermatogonial
transcriptional program®. As expected, these sites had little enrichment for H3K27ac in d6
PGCLCs, which would agree with these TEs being associated with differentiated germ cells (Fig.
1C). Among the top enriched TE subfamilies are RLTR10C and RLTR10B2. Of interest is
RLTR10B2, which has been functionally validated as an enhancer necessary for the mitosis-to-
meiosis transition in spermatocytes®. We also found enrichment of RLTR10C, which is
upregulated in spermatocytes as well, but any cis-regulatory function has not been

mechanistically assessed (Fig 1D). Interestingly, when we analyzed these integrants for H3K27ac
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enrichment using previously published ChlP-seq data from testicular and ovarian PGCs at E13.5,
we found that only 4.3% of H3K27ac peaks overlapped with TEs which transitioned from closed
to open in testicular PGCs and 1.9% in ovarian germ cells (Supp. 1D). Thus, while the TEs which
become accessible are associated with later-stage function by motif enrichment, they do not
appear to acquire enhancer-like properties at E13.5 as marked by acquisition of H3K27ac.

Next, we asked whether large changes in TE accessibility during PGC development was
a phenomenon specific to the germline or if a similar change is found in the gonadal soma, which
also undergoes rapid development and differentiation during this window. To do so, we used
published ATAC-seq data of gonadal soma from E10.5 and E13.5%. Like PGCs, we found that
testicular and ovarian soma had unique TE dynamics (Supp. 1E). A motif analysis found that TEs
which are open at E10.5 and close by E13.5 are enriched for Hoxc9 and Hoxa9, while those that
become accessible by E13.5 are enriched for Nr5a2, Dmrt1/6, and COUPTFII (Nr2f2) motifs,
which aligns with the developmental progression of gonadal soma (Supp. 1F). Thus, large
changes in TE repertoire may be a conserved property of gonadal development.

Given that ERVs are known to harbor transcription factor motifs, we hypothesized that a
driver of some these changes in the chromatin accessibility of TEs may be TRIM28. TRIM28 is
an epigenetic scaffolding protein which is recruited to loci by KRAB-ZFPs, and in turn coordinates
with NuRD and SETDB1 to catalyze repressive heterochromatin at targeted loci. Thus, we
hypothesized that our observed shift in TE accessibility as PGCs progress from E10.5 to E14.5
should also be marked with a concomitant change in KRAB-ZFP repertoire. To test this, we
performed RNA-seq on both testicular and ovarian PGCs at E11.5, E12.5 and E13.5. We
compared differential expression of KRAB-ZFPs between E11.5 and E13.5, identifying 40 DE
KRAB-ZFPs in XY PGCs between E11.5 and E13.5 and 49 DE KRAB-ZFPs in XX PGCs (Fig. 1E,
1F). Of those, 19 were shared by both XY and XX PGCs (Supp. 1G). Of those only in XY PGCs,
Zfp985 and Zfp59 have both been identified in later-stage male germline development, including

Pachytene spermatocytes and round spermatid, respectfully. In females, Prdm9 is a known
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regulator of double-strand breaks during meiosis, while Zfp987 has been characterized as a
repressor of LTR family elements®*®°. Finally, we found KRAB-ZFPs which targeted LINEs
(Gm14406, Gm14412), and ERVK family (Gm15446) elements to be differentially expressed in
both sexes as PGCs differentiate®. Therefore, the transition between early and differentiated
PGCs is marked by large-scale changes to TE accessibility and, contemporaneously, changes to
the repertoire of KRAB-ZFPs.

TRIM28 Regulation of TEs is Sex-Specific

We began by characterizing the expression of TRIM28 in PGCs as they differentiate. To
do so, we assessed the abundance of TRIM28 at E12.5, E13.5 and E16.5. We noticed that the
abundance of TRIM28 decreased in ovarian germ cells between E12.5 and E16.5 (Fig. 2A). To
better quantify this, we compared the abundance of TRIM28 in germ cells to that of the
surrounding gonadal soma. In testicular germ cells, we found the relative abundance of TRIM28
to be consistent at each time point. Ovarian germ cells had significantly lower relative abundance
of TRIM28 at E12.5 compared to testicular germ cells. Moreover, the relative abundance of
TRIM28 in ovarian germ cells decreased significantly between E12.5 and E16.5. (Fig. 2B). Thus,
TRIM28 is regulated in a sex-specific manner in PGCs as they differentiate. Based on these
results, we wondered whether the role of TRIM28 may be different in ovarian and testicular PGCs
as PGCs undergo sex-specific differentiation.

To better understand which TEs TRIM28 was regulating and if there were sex-specific
differences in TRIM28 activity, we performed ChIP-seq of TRIM28 at E12.5, as PGCs are
undergoing determination as they differentiate. Consistent with our findings showing lower
TRIM28 abundance in ovarian PGCs, ChlP-seq identified fewer TRIM28 binding sites in ovarian
PGCs (1,406 peaks) compared to testicular PGC (5,689 peaks). Interestingly, we found little
enrichment of TRIM28 or H3K9me3 over the dynamic TEs which progress from open at E10.5 to
closed at E14.5 (Supp. 2A), suggesting that TRIM28 does not act directly at the dynamic loci in

the germline at this stage and instead is likely acting at the sites which are constitutively closed.
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To identify TEs that are regulated by TRIM28, we conditionally mutated Trim28 in PGCs
using Blimp1-Cre. We refer to this as a TRIM28 Knockout (TCKO) as TRIM28 is absent in the
PGCs (Supp Fig. 2B,C). In addition, we bred an Oct4-eGFP reporter allele into the strain to enable
FACS isolation of PGCs at E10.5 through P1, covering the window during which the repertoire of
accessible TEs in the germline changes rapidly between E10.5 and E14.5. (Fig 1A)

As TRIM28 is a well-known regulator of ERVs, we focused our analysis only on ERV
elements. In agreement with our initial analysis, we identified more accessible ERVs in XX PGCs
than their XY counterparts at E10.5 (Fig. 2C). We also found both XY and XX PGCs to have ERVs
which become ectopically accessible as early as E10.5. These ectopically accessible ERVs were
not bound by TRIM28 and showed no H3K9me3 enrichment (Fig. 2D). Importantly, we found them
to be closed successfully in the absence of TRIM28 and are therefore indirectly regulated by
TRIM28. We found this to be true of ERVs which are accessible in control conditions as well, in
agreement with our observation that changes to TE accessibility in PGCs are independent of
TRIM28 function prior to E12.5.

In contrast to E10.5 PGCs, we discovered 3,638 ERV loci which were ectopically
accessible in both testicular and ovarian PGCs (Fig. 2C). Both ectopically accessible ERVs
identified only in testicular germ cells and those shared with both testicular and ovarian germ cells
were enriched for TRIM28 at E12.5 and H3K9me3 at E10.5 and E13.5, indicating that this subset
of ERVs are directly regulated by TRIM28 and are constitutively silenced during PGC
differentiation (Fig. 2E). Critically, differentially accessible ERVs that are unique to ovarian germ
cells at E14.5 were not bound by TRIM28 in control PGCs, and were not enriched in H3K9me3
(Fig. 2D, Supp. Fig. 2E). Taken together, these results demonstrate that TRIM28 plays a direct
role in regulating ERVs in both ovarian and testicular PGCs as they gain competence to
differentiate, but that some ERVs are silenced independent of TRIM28-direct activity in ovarian

PGCs. This sexual dimorphism in the control of LTRs aligns with a reduced TRIM28 abundance
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in ovarian PGCs as they differentiate, where other mechanisms of TE control likely act at these
loci.

As ERVs directly repressed by TRIM28 were not derepressed until E14.5, we next asked
at which point TRIM28-repressed ERVs were derepressed in our TCKO PGCs. We reasoned that
that RNA from TRIM28-controlled ERVs likely becomes derepressed around E12.5 as PGCs
differentiate. Comparing expression of ERVs in control and TCKO PGCs via RNA-seq we show
that ERVs are rapidly derepressed between E11.5 and E12.5 (Fig. 2E). Starting at E12.5, both
testicular and ovarian PCGs showed robust derepression of ERVs, with the largest proportional
derepression in IAP subfamilies (Supp. 2F). These ERVs are evolutionarily young and expected
to be under the most robust control by TRIM28 and KRAB-ZFPs. Between ovarian and testicular
PGCs the dynamics of derepression did differ slightly, with ovarian PGCs having 35% of detected
LTRs suppressed relative to controls, compared to 6% in testicular PGCs. While it is unclear how
loss of TRIM28 would drive TE repression, this result does demonstrate response to loss of
TRIM28 between ovarian and testicular PGCs at E12.5. In sum, our results here show that loss
of TRIM28 drives TE derepression at E12.5, a critical timepoint during with DAZL is upregulated
and PGCs become committed to germ cell differentiation.

TRIM28 Represses a 2C-Like Transcriptome

In mESCs, loss of TRIM28 is associated with a disrupted transcriptome, ultimately leading

to loss of self-renewal*

. Here, we evaluated whether a similar phenomenon might be occurring
in TCKO PGCs. To examine this, we first performed GO-enriched Gene Set Enrichment Analysis
(GSEA) at E12.5, when the major TE depression phenotype first emerges. In testicular PGCs, the
top enriched terms included repression of genes related to rRNA production and biogenesis, while
in ovarian PGCs DNA replication, repair and histone modification were likewise repressed terms
(Fig. 3A). As disruption to ribosome biogenesis and cell-cycle progression have both been
demonstrated to induce a 2-Cell (2C)-like, an in vitro recapitulation of the mouse embryo during

61,62

ZGA, we wondered whether TCKO PGCs may be upregulated 2C-associated transcripts
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To assess this, we compared changes in gene expression in TCKO PGCs to 2C-Like Cells
identified in (63). We found that TCKO PGCs had a robust correlation (XY r=0.7, XX r = 0.76) at
E12.5 and E13.5 (0.67 in testicular PGCs, 0.76 in ovarian PGCs) (Fig. 3B, Supp. Fig. 3B). Of
note, we found Zscan4 and Dux (Duxf3) to be upregulated, as well as MERVL-int and its
associated LTR, MT2a_Mm (Fig. 3C, Supp. 3A). During exit from the 2-cell state, TRIM28 is
thought to pair with Line1 RNAs to promote silencing of Dux, after which development of the
embryo can progress %4%°. To evaluate the chromatin state of Duxf3, we evaluated our ATAC-Seq
data and identified Duxf3 as being accessible in both control and TCKO PGCs (Fig. 3D).
Conversely, Zscan4c gains accessibility in TCKO PGCs, in line with derepression of a 2C-like
program (Fig. 3D). To confirm that Dux is normally accessible in E14.5 germ cells we also
examined Duxf3 accessibility in published DNAse-seq (53) and found the same result (Supp. 3D).
As Zscan4c has been shown to promote a 2C-like transcript, we next asked if a putative Zscan4
enhancer identified in (66) as sensitive to TRIM28 loss was repressed by TRIM28 and
H3K9me3® . Indeed, we found TRIM28 and H3K9me3 enriched at the putative enhancer, linking
TRIM28 to repression of a 2C-like program in PGCs (Supp. Fig. 3C). Although it is unclear whether
TCKO PGCs can become bona-fide 2CLCs, TRIM28 loss in PGCs does result in the emergence
of a 2C-like transcriptome during a major fate change as PGCs acquire competency to
differentiate.

A hallmark sign of the 2C- state is slowed cell cycle progression®®. Given that PGCs enter
a rapid mitosis between E11.5 and E13.5, we asked whether there is a difference in the number
of TCKO PGCs during this window®""°. We found a significant difference in PGC number staring
at E12.5 and this was sustained to at least E16.5 (Fig. 3F). To test whether TCKO PGCs at were
in cycle, we performed immunofluorescence for Ki67, a marker of proliferating cells. At E13.5 both
testicular and ovarian TCKO PGCs had a significantly higher abundances of Ki67 compared to
controls (Fig. 3G), in line with normal mitotic arrest in testicular germ cells and meiotic entry in

ovarian germ cells. To ensure that PGCs were not undergoing apoptosis or acquiring double-
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stranded DNA breaks (DSBs), we examined the abundance of cPARP, a marker of apoptosis, and
yH2Ax, a marker of DSBs. We found no evidence of wide-spread DSBs or evidence of apoptosis
(Supp. 3E-G).

Taken together, our results show that PGCs are dependent on TRIM28 to suppress a 2C-
like transcriptome at E12.5, a timepoint at which PGCs pass through a critical fate determination
step — the acquisition of DAZL and the capacity to differentiate. Additionally, perturbation to the
rapid PGC expansion which occurs between E11.5 and E13.5 threatens the developmental
competency of these PGCs, as the mitotic programs of PGCs is intimately connected to their
differentiation programs.

TRIM28 Is Required for PGC Competency

Given that TE de-repression, failed PGC expansion, and emergence of a 2C-
transcriptome occurs as TCKO PGCs are about to differentiate, we next evaluated the germline
competency marker Dazl. At E12.5 nearly all control PGCs are DAZL+ whereas only 10.71% of
ovarian and 51.83% of testicular TCKO PGCs are positive for DAZL (Fig. 4A,B). At E13.5, DAZL
is still negative in a large fraction of PGCs, with only 69.2% of testicular TCKO germ cells
expressing DAZL and 20.74% in ovarian TCKO germ cells (Fig. 4A,B).

To evaluate whether defects in DAZL expression were the result of transcriptional or post-
transcriptional mis-regulation, we examined the RNA-seq and discovered significantly reduced
levels of Dazl RNA at E12.5 (Fig 4C). An alternate gonadal PGC gene Ddx4 (VASA) was not
differently expressed. At E13.5, Daz/ was significantly reduced in ovarian but not testicular TCKO
germ cells (Fig. 4C). As our transcriptomic results closely matched the dynamics of DAZL
observed via IF, with testicular germ cell having a less severe defect in DAZL expression, we
reasoned that defects in DAZL expression are likely due to differences in transcription, rather than
by post-transcriptional or translational control.

We next asked whether this could be direct effect of TRIM28. Analysis of TRIM28 ChIP-

Seq revealed that the Daz/ gene body is enriched in TRIM28 at E12.5 (Fig. 4D). In contrast, other
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expressed germline genes, Ddx4 (Vasa) and Prdm1, were not enriched in TRIM28. (Fig. 4D,
Supp. 4A). Therefore, it is possible TRIM28 has some direct action on the DAZL locus itself.

Given that a null mutation in Daz/ leads to persistence of pluripotent gene expression in
the germline, we examined the abundance of pluripotency proteins NANOG, SOX2 and TFAP2C
(AP2-gamma) using immunofluorescence®. SOX2 and NANOG were appropriately
downregulated between E12.5 and E13.5 (Supp. 4B-E) in line with an orderly exit from
pluripotency (Supp. 4D-E), however at E14.5 we found some ovarian TCKO germ cells remain
NANOG or SOX2 positive. In testicular germ cells, we found control testicular germ cells to be
partially positive for NANOG and SOX2 at E14.5 and therefore examined E16.5 pro-
spermatogonia for NANOG or SOX2 and found it to be absent both in controls and TCKO germ
cells (Supp. Fig. 4G). In contrast, TFAP2C protein but not RNA exhibited higher abundance in
TCKO testicular PGCs at E13.5 (Fig. 4J,K). No difference was observed at E12.5 (Supp. 4H-J).
Therefore, a deletion of TRIM28 is associated with inefficient silencing of the pluripotency program
in testicular and ovarian PGCs. Together, these results demonstrate that TRIM28 is associated
with proper DAZL induction and pluripotent gene repression, a critical fate-restriction event as
PGCs differentiate. Given these results, we next asked whether TRIM28-knockout PGCs were
able to differentiate.

TRIM28 has Sex-specific Effects on Germ Cell Differentiation

We next evaluated germ cell differentiation at E16.5. To evaluate testicular germ cell
differentiation, we analyzed two pro-spermatogonia genes, MILI (Piwil2) and MIWI2 (Piwil4). For
ovarian germ cell differentiation, we evaluated yH2Ax (H2AXpS139) and synaptonemal complex
protein 3 (SYCP3).

Consistent with abnormalities in germ cell differentiation, TCKO germ cells at E16.5, failed
to express MILI and MIWI2, whereas nearly all control pro-spermatogonia expressed both
proteins with the expected subcellular localization (Fig. 5A)"". In TCKO pro-spermatogonia, VASA

also failed to show the distinct punctate appearance indicative of co-localization with MILI, as
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observed in controls. RNA-seq data from E13.5 testicular PGCs shows other members of the
piRNA pathway, including Tdrd1 and Mael, had significantly reduced expression well (Fig. 5E).
Additionally, a GO analysis of significantly downregulated genes in TCKO PGCs at E13.5 found
GO terms associated with Developmental Processes (GO 0032502, 0009888, 0050793) to be
highly enriched (Supp. Fig. 5A,B). Importantly, testicular germ-cell specific genes such as Nanos2
were not significantly different. Thus, while testicular PGCs fail to differentiate by E16.5, they do
still initiate aspects of the male germ line program. We also examined a P1 TCKO knockout and
found VASA+ germ cells to be rare. While these germ cells did express MIWI2, expression was
weak and lacked the distinct localization typical of MIWI2 (Supp. 5G). Given these results, we
conclude that TRIM28 knockout results in testicular infertility and disordered differentiation.

In embryonic ovaries at E16.5 we found that roughly half of the TCKO ovarian germ cells
expressed SCP3 at E16.5 (Fig. 5C, D). Although ovarian TCKO germ cells were positive for SCP3,
synaptonemal complex formation in TCKO germ cells was not obvious at this time point, in
contrast, control meiotic germ cells exhibited SCP3 loaded onto condensed chromosomes as is
typical during the pachytene stage of meiotic prophase I. (Supp. Fig. 5D). RNA-seq from E13.5
ovarian PGCs showed TCKO PGCs also showed attenuation of the meiotic program, including
reduced expression of Stra8 and Tex15, indicative of inefficient differentiation of ovarian PGCs to
meiotic germ cells (Fig. 5E).

Finally, we asked if there was any evidence of oocyte formation in the adult TCKO ovaries
at sexual maturity. While a TCKO animals failure to thrive post-birth, we were able to rear one
TCKO female to 6.8 weeks of age. In comparison to a control litermate, we found the TCKO
ovary to be much smaller (Fig. 5H, Supp 5F). Control ovaries had STELLA-expressing oocytes in
primordial follicles as well as secondary and antral follicles. Conversely, one of the two TCKO
ovaries lacked oocytes altogether but did contain normal soma and granulosa cells, marked by

Nr2f2 (COUP-TFIl) and FoxI2, respectively. The second TCKO ovary contained two activated
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follicles with atretic appearing STELLA+ oocytes but otherwise lacked a reserve of primordial
follicles. (Fig. 5G, Supp. Fig. 5F).
Discussion:

Historically it was thought that TEs in PGCs are under durable epigenetic repression.
Instead, we show that the chromatin state of TEs in PGCs is highly dynamic with some TE'’s stably
closed as expected, while others change in accessibility as PGCs differentiate. We speculate that
TE regulation in the germline has important functional consequences given that TEs harbor motifs
for pluripotent transcription factors (for example TFAP2C and OCT4-SOX-NANOG maotifs) which
predictably switch from open to closed as germ cells initiate sex-specific differentiation, a stage
associated with repression of pluripotent transcription factors®=°. In particular, our TRIM28
knockout data in PGCs highlights the importance of TE regulation, particularly at E12.5, the stage
at which PGCs progress through determination as they differentiate, defined by expression and
function of DAZL. Critically, E12.5 is also a major convergence point for PGC epigenetic control.
Indeed, PGC-specific deletions of Dnmt1, Prmt5, Eed, Ezh2, and Setdb1, and Ring1b lead to
either accelerated or stalled PGC differentiation at or around E12.5%4%527273 | this study, we
contribute new knowledge on TRIM28, a master regulator of young TE repression at the point
when PGCs acquire competency. Using ChIP-seq at E12.5 we show TRIM28 is bound to ERVs
that are closed and enriched in H3K9me3 at E10.5 and E13.5, in agreement with them being
targeted for durable repression. Although both male and female germ cells are affected by
TRIM28 loss, subsequent developmental defects differ between both sexes.

TRIM28 represses over 3,600 ERVs in the germline of both sexes, however there are
nearly 4,500 additional ERVs which are significantly more accessible in the absence of TRIM28
in testicular germ cells only. This sex-specific difference in TRIM28 aligns with our observation
that TRIM28 becomes less abundant in the ovarian germ line after E12.5, in line with TRIM28
repression being a bona fide element of ovarian PGC differentiation into meiotic germ cells. A

PGC-specific knockout of Setdb1, the downstream effector of TRIM28, also results in weaker TE
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de repression in ovarian germ cells, indicating that TRIM28/SETDB1 is likely compensated by
other mechanisms of TE repression in the female germline, whereas TRIM28/SETDB1 remains
a major regulator of ERVs following differentiation in the testicular germline*®. One possible
compensatory mechanism of ERV repression in ovarian germ cells is Ezh2/H3K27me3, as loss
of Ezh2 (but not Eed) results in derepression of young ERVs, similar some repressed by
TRIM28%72, In contrast, as Ezh2 knockout in testicular germ cells does not result in ERV
derepression, it is likely TRIM28 is a major regulator of young ERVs in the male germline until
repression of these ERVs is reinforced by the piRNA pathway, although it is clear that both piRNA
and TRIM28-mediated TE repression are required independently, therefore ruling out the ability
of one of these two systems to fully compensate for the other .

Proper PGC differentiation entails expression of the competency factor DAZL. When Daz/
is knocked out, normal repression of pluripotency genes is disrupted, and germ cells fail to
differentiate correctly*’=°. In TCKO PGCs, we discovered that a major phenotype involved the
absence of DAZL from the majority of PGCs at E12.5 with modest gains in DAZL expression by
E13.5, with the ovarian germline showing a more exacerbated failure to induce DAZL. Although
a reduction in proliferation-coupled loss of DNA methylation at the Daz/ locus could explain this
result in part, we do find ovarian and testicular PGCs have similarly reduced PGC expansion but
differing severities of Daz/ misregulation, suggesting other regulators contribute to our observed
DAZL phenotype’®*7®_A failure to induce Daz/ did not seem to slow the initial decrease in the
pluripotency program, however we did observe that some ovarian PGCs fail to repress SOX2 and
NANOG by E14.5. A similar defect was not seen in TCKO testicular germ cells at E16.5. Using
TRIM28-ChlP, our data suggests that TRIM28 may have some undefined function at the Daz/
locus, being enriched across the Daz/ gene body at a time when Dazl is highly expressed. Given
this result, we speculate that TRIM28 may act on a regulator of Dazl. TRIM28 enrichment along
the gene body seems unique to Daz/, as another germline gene expressed at a similar time, Ddx4

(Vasa), is not bound by TRIM28. While it is unlikely TRIM28 is acting as a repressor, it is possible
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TRIM28 acts on a regulator of Daz/ through its E3-SUMO ligase activity, which has been shown
to positively regulate the stability of other proteins’®’®. Among these is FOXL2, which TRIM28
stabilizes in granulosa cells via E3-SUMO ligation, loss of which results in non-canonical sex-
reversal of TRIM28 mutant granulosa cells into Sertoli cells®. In PGCs, we note that sex-reversal
does not occur as ovarian PGCs continue to enter meiosis and testicular germ cells fail to show
upregulation of genes related to meiosis. It would be informative in future studies to identify targets
of TRIM28 SUMOylation in PGCs, and this may lead to the identification of new regulators of PGC
differentiation.

While transcriptional misregulation and cell death are often observed following genome-
wide derepression of TEs, we found neither stress or apoptotic pathways were upregulated in
TCKO PGCs. Instead, the response to loss of TRIM28 was stalled proliferation and entrance into
a 2C-like transcriptional state. Both in vitro and in vivo evidence has previously linked TRIM28 to
regulation of the 2C state via Dux, a highly conserved transcription factor which activates during
Zygotic Genome Activation in mammals®'. In ESCs, TRIM28 is hypothesized to scaffold on LINE1
RNA with Nucleolin to direct repression of Dux®*®°, and TRIM28 KO induces expression of 2C-
genes®. Interestingly, the Dux locus is accessible in PGCs under wild type conditions but does
become significantly upregulated in TCKO testicular PGCs at E12.5 and in ovarian PGCs at
E13.5. In contrast, Zscan4c, which is likewise a marker of the 2C-state and which drives 2C-state
MERVL expression, was significantly upregulated in TCKO PGCs®’. Zscan4c is a member of the
collective cluster referred to as ZSCAN4 on chromosome 7. We find that PGCs likely repress a
TRIM28-sensitive putative enhancer of Zscan4, as we found this putative enhancer to be enriched
for TRIM28 and H3K9me3 in PGCs®. In TRIM28 knockout PGCs, germ cell number fails to
increase from E12.5, and this is associated with the timing of major TEs de-repression and
emergence of the 2C phenotype. Therefore, with an active Dux locus, PGCs appear poised to
enter a 2C state at E12.5 without TRIM28, which in turn results in a disordered PGC transcriptome

and the emergence of a transient 2C-like transcriptome.
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In sum, our work demonstrates that TRIM28 is a sex-specific regulator that becomes
exquisitely important for PGC biology at E12.5, safeguarding PGC determination and therefore
PGC differentiation in both sexes. The loss of TRIM28 in PGCs has only minor consequences
before E12.5, with normal numbers of PGCs entering the genital ridge and limited effects on TE
or gene expression or TE accessibility. At E12.5, the PGC epigenetic convergence point and stage
in which Daz/ should be expressed in all PGCs, the TRIM28 phenotype reveals itself. Facilitated
by the normal expression of Dux in PGCs at E12.5, a TRIM28 loss results in massive upregulation
of TEs and derepression of a 2C-like transcriptome that should normally be silenced during germ
cell differentiation of both sexes. This leads to simultaneous effects on the ability of PGCs to
rapidly proliferate and express Dazl/, thus disrupting the normal progression of PGC differentiation
and therefore preventing PGCs from differentiating correctly. We use this observation to put forth
the hypothesis that TRIM28 serves not only as a direct defense against expression of young TEs
in PGCs, but also as a mechanism protecting PGCs from entering into a 2C-like transcriptome.
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Figure 1: Transposable Element Accessibility Changes During PGC Differentiation A. Alluvial plots

showing the chromatin accessibility state of TEs (ERV, LINE, SINE) overlapping with ATAC peaks
at E10.5 and E14.5 in XY (left) and XX (right) samples. B. Motif enrichment of TEs identified as
processing from open to closed (left) or closed to open (right) in either sex. P-values from
HOMER. C. Chromatin accessibility of TEs which either progress from open to closed (top) or
closed to open (bottom) and E10.5 and E14.5, enrichment of H3K27ac in in vitro PGCs.
Percentages represent overlap with identified peaks. D. Percentage of TEs within families for
which the largest proportion of elements are represented. Top, TEs open to close, bottom, TEs
close to open. E. Heatmap showing differential gene expression between E11.5 and E13.5
testicular PGCs (left) and ovarian PGCs (right). F. Venn diagram showing sex-specific and shared

KRAB-ZFPs.
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Figure 2: TRIM28 Repression of Transposable Elements is Sex-Specific A. Immunofluorescence

showing TRIM28 at E12.5, E13.5 and E16.5 in XY (left) and XX (right) samples. Germ cells are
marked in green (VASA) and TRIM28 in magenta. Scale 20 um. N = 3 for all conditions. B.
Quantification of TRIM28 abundance in PGCs relative to gonadal soma. Each dot represents a
biological replicate. Pairwise comparisons are t-tests and three-way comparisons are ANOVA
tests. Error bars SEM. C. Heatmaps showing ERV accessibility in control and TRIM28 knockout
PGCs at E10.5 (top) and E14.5 (bottom). D. Profile plots of ChIP-seq data of TRIM28 at E12.5
(left) or H3K9me3 at E13.5 (right) at ERVs accessible in control PGCs (Top) or TCKO PGCs
(bottom). Trends for peaks identified in XY, XX and Shared (XY and XX) are shown in blue, green
and purple respectively. Until are Input-subtracted normalized to read count (DeepToops). E.
H3K9me3 enrichment at LTRs identified at E10.5 (left) and E14.5 (right) at E13.5. Units are input-
subtracted RPKM. Significance tested using unpaired 2-sided t-test. Box-plot shows median, with
hinges equal to 25th and 75th percentiles. Whiskers extend to 1.5 IQR with outliers shown. F)
Proportional representation of TEs which are upregulated (FDR < 0.005, Log2FC > 2 using
DESeq2), downregulated (FDR < 0.005, Log2FC < 0.25) and unchanged (Log2Fold Change 0.99
to 1.005, FDR which can be calculated by DESeqg2). TEs not matching any criteria are not
represented. Total number of TE integrants represented in the middle of each pie chart. Number
of DETEs and percentage of TEs (from a total of TEs matching any criteria) shown in each pie

section. For statistical tests, ns = p>0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, ****=p<0.0001.
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Figure 3:
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Figure 3: TRIM28 Suppresses Emergence of a 2C-Like Transcriptome A. Top enriched GO-

enriched GSEA analysis results in testicular (top) and ovarian (bottom) PGCs. B. Correlation of
Log2 Fold Change 2C-transcriptome genes identified in (CITE) between mESCs /2CLCs (x-axis)
and Control/TCKO PGCs (y-axis) at E12.5. Colored dots are significant in TRIM28 DEG analysis
(JLog2FC| > 2, pad < 0.05). R correlation calculated by smplot2 using pearson correlation. C.
Normalized RNA-seq (rlog, DESeq2) of MERVL-int and MT2_Mm at E11.5, E12.5 and E13.5 in
control and TCKO PGCs. P-value is Wilcoxon t-test. D. Browser track plots of ATAC-seq at E14.5
in control and TCKO XY (top) and XX (bottom) PGCs at the Dux locus (left) and Zscan4c (right).
Tracks are RPKM normalized. E. Box plot of Oct4-eGFP+ PGCs isolated at each indicated
timepoint from XY or XX embryos (E10.5 or E11.5) or embryonic testes and ovaries (E12.5, E13.5
and E14.5). Y-axis is log(10) scaled. Significance testing by t-test. F. Representative images of
Ki67 and TRIM28 staining in testicular (XY) and ovarian (XX) PGCs at E12.5 and E13.5. VASA
marks germ cell population. VASA, Ki67 and TRIM28 brightness enhanced for clarity. G.
Quantification of background-corrected Ki67 intensity in E12.5 (top) and E13.5 (bottom) testicular
and ovarian PGCs, with the average ratio of each biological replicate plotted. Significance testing
by Welch’s t-test. Error bars in SEM. At least n=3 biological samples. For statistical tests, ns =

p>0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, ****=p<0.0001.
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Figure 4:
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Figure 4: TRIM28 is Required for Timely Acquisition of Competency A. Representative images of

embryonic testes and ovaries at E12.5 and E13.5 showing PGCs (VASA, green) and DAZL
(magenta). VASA, DAZL and DAPI brightness enhanced for clarity. B) Quantification of
percentage of PGCs which are positive for DAZL and VASA (magenta) or only VASA (green) in
testicular (XY) and ovarian (XX) PGCs at E12.5 (top) (XX Control n = 4, XX TCKO n = 3, XY
Control n = 3, XY TCKO n=3) and E13.5 (bottom) (XX Control n=4, XX TCKO n=4, XY Control
n=3, XY TCKO n = 3). Significance testing by Welch’s t-test. Error bars in SEM. C) Normalized
expression of Dazl, Ddx4, and Prdm1 at E12.5 (top) and E13.5 (bottom). DESeqg2 rlog
normalization. Significance testing by DESeq2. Error bars in SD. D) Gene tracks showing Input-
subtracted read-count normalized abundance of TRIM28 over the Daz/locus (left) and Ddx4 locus
(right) in E12.5 testicular (top) and ovarian (bottom) PGCs. E) Representative images of
embryonic testes and ovaries with TFAP2C (magenta) and VASA (green). VASA and TFAP2C
brightness has been enhanced for clarity. F) Quantification of TFAP2C intensity over background
in PGCs, each dot represents the mean of one biological replicate. Significance by 2-sided
unpaired Welch'’s t-test. (XY Control n =5, XY TCKO n =4, XX Control n = 3, XX TCKO n =4) G)
Normalized expression of Tfap2c, Nanog, Sox2 in E13.5 PGCs. Significance by DESeq2. Error
bars in SD. For t-tests, ns = p>0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, ****=p<0.0001. For C

and G, * = significant by DESeq2, abs(Log2FC) > 1.5, FDR < 0.05.
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Figure 5:
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Figure 5: TRIM28 is Necessary for Successful Gametogenesis A) Representative image of

embryonic testes at E16.5 showing expression of MILI (left) and MIWI2 (right) in magenta.
Prospermatogonia are labeled with VASA (green). Scalebar represents 20 uym. Fluorescence
intensity adjusted for clarity. B) Quantification of percentage of MILI+ (left) and MIWI2+ (right) in
E16.5 testes. Each point is one biological replicate. (Control n = 4, TCKO n = 3 for MILI, Control
n =5, TCKO n = 3 for MIWI2.) Significance by Welch’s 2-sided t-test. Error bars show SEM. C)
Representative image of embryonic ovaries at E16.5 showing expression of SCP3 (left) and
yH2AXx (right) in magenta. Meiotic germ cells are labeled with VASA (green). Scalebar represents
20 pm. Fluorescence intensity adjusted for clarity. D) Quantification of percentage of SCP3+ (left)
and yH2Ax+ (right) in E16.5 ovaries. Each point is one biological replicate. Control N = 3, TCKO
N = 3. Significance by Welch’s 2-sided t-test. Error bars show SEM. E and F) volcano plots
showing derepression of genes in e) testicular PGCs at E13.5 and f) ovarian PGCs at E13.5.
Select genes are labeled. P-adjusted values and Log2 Fold Change from DESeqg2. G) IF images
of week 7 (day 48) ovaries from 1 control female and 1 TCKO female. Ovarian soma (Nr2f2) and
granulosa cells (Foxl2) and in yellow and magenta respectively. Oocyte are marked with Dppa3
(Stella, green). Each TCKO ovary is shown. Scale bar represents 100 ym. H) Measurement of
ovary area from 2D-image, in cm?. Each dot is a single ovary from one biological replicate. (n=1

both conditions). For t-tests, ns = p>0.05, * = p<0.05, ** = p<0.01, *** = p<0.001, ****=p<0.0001.
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Figure 4-6 (S1):
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Supplemental Figure 1: Transposable Elements are Dynamin in both PGCs and Gonadal Tissue

A) Proportion of peaks called overlapping with TEs relative to the TE load (ERV, LINE and
SINE) of each chromosome at E10.5 and E14.5 Color denotes sex. B) Percentage of peaks
overlapping with TEs by category (Open to Closed, Closed to Open, Closed to Close and Open
to Open) as well as all peaks overlapping with TEs (aggregate) and all TEs in the mm39
repeatmasker database. C. Plots showing the most represented TEs which are constitutively
closed (top) or open (bottom) in XY and XX PGCs. Percentage refers to percentage of all
elements in a subfamily represented. D. H3K27ac enrichment in E13.5 gonads (XY or XX) in
peaks that transition from closed to open. Dotted line and percentage refer to the overlap
between H3K27ac peaks and identified TEs. E) Alluvial plots showing the change in TE
accessibility in E10.5 and E13.5 soma from XY and XX gonads. F) Motif analysis via HOMER
showing enrichment of TE-embedded motifs in TEs which transition from open to closed (left)
and close to open (right) in gonadal soma between E10.5 and E13.5. G. Heatmap showing
expression of KRAB-ZFPs which are significantly different between E11.5 and E13.5 in both XY

and XX germ cells.
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Supplemental Figure 2: Dynamic TEs in PGCs are not Orchestrated en masse by TRIM28 A)

TRIM28 ChlP-seq enrichment at E12.5 (Top) and H3K9me3 enrichment at E13.5 (bottom) TEs
which transition from open to closed or closed to open. In testicular and ovarian PGCs. Y axis is
input-subtracted normalized read count. B) Representative IF showing TRIM28 abundance at
E11.5, E12.5 and E13.5 via IF. C) Quantification of TRIM28 knockout. D) Mass (left) and
morphology (right) of E14.5 embryos from Control and TCKO-PGC harboring embryos.
Embryos shown are litter-matched. E) Heatmap showing read density over ATAC-peaks and
read density of H3K9me3 and TRIM28 ChIP-seq. ChIP units are input-subtracted RPKM. F)
DEG analysis of KRAB-ZFPs significantly misregulated in XY (top) and XX (bottom) PGCs at
E13.5. Scale is z-score of normalized (rlog, DESeq2) expression. G) Quantification showing
subfamily-level derepression of TE RNAs at E11.5, E12.5 and E13.5. Derepressed TEs are
represented on the left, repressed TEs on the right. X-axis represents ratio of elements detected

to all elements in subfamily.
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Supplemental Figure 3: mPGCs are primed to enter a 2C-like transcriptome A) Heatmaps

showing per-replicate z-scores of key marker 2C-genes in E12.5 and E13.5. Genes which are
significant in each condition are indicated. B) Correlation plots with TCKO PGCs and 2CLCs at
E13.5 as in Fig. 3. Correlation is Pearson correlation calculated using smplot2. C. Gene tracks
showing E12.5 TRIM28 ChIP (top) and E13.5 H3K9me3-ChlIP (bottom) at a putative Zscan4
enhancer identified in Le, R. et al., (2021) Cell Stem Cell. Tracks are readcount-normalized
input-subtracted (deepTools). D) Gene tracks of DNAse-seq from Li, J.et al. (2018) Cell Res. at
E10.5, E12.5 and E13.5 from XY and XX PGCs at the Dux locus. D) Gene tracks as above for
the Nanog locus. E) Representative images of cPARP (magenta) in PGCs (green) at E12.5 and
E13.5. Scale bar represents 20 um. E) Representative images of yH2Ax (magenta) in E12.5
and E13.5 PGCs. Scale bars are 20 um. F) Quantification of yH2Ax (top) and cPARP (bottom)
ratios at E12.5. Significance testing by Welch’s t-test for samples with n = 3. Error bars are
SEM. Each dot represents a biological replicate. Boxplot line represents the mean, box bounds
are the first and third quartiles. Whiskers represent maximum and minimum values within 1.5x

the first (minimum) or third (maximum) quartile.
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Supplemental Figure 4: Downregulation of PGC factors is altered following loss of TRIM28 A)

Gene tracks showing enrichment of TRIM28 at E12.5 (Input-subtracted, read-count normalized)
at Prdm1 (left) and Alox15 (right). Repeatmasker tracks for ERV, LINE and SINE elements
shown below. Alox15 has intronic ERVs which are repressed by TRIM28. B) Representative
images showing abundance of NANOG (left, Cyan) and SOX2 (right, yellow) in PGCs at E12.5.
Scale bar represents 20 um. C) As in B, but at E13.5. D) Quantification of NANOG and SOX2
relative abundance at E12.5. Y-axis represents ratio of NANOG or SOX2 in PGCs relative to
soma. Significance testing by 2-sided unpaired Welch’s t-test. Individual points are one
biological replicate. Error bars show SEM. E) Same as in D) but for E13.5. F) Representative
images of E14.5 ovaries from control (left) and TCKO (right) gonads. Arrows indicated PGCs for
orientation. Scalebar represents 20 um. n=2 each condition. G) (Right) Representative images
of testes at E14.5 and E16.5 in control (E14.5 and E16.5) and TCKO (E16.5) conditions. N=3 for
each condition. Scale bar represents 20 um. (Left) Quantification of percentage of NANOG or
SOX2+ PGCs from the listed condition. N =3 replicates each. Line represents mean. Each point
is 1 biological replicate. Stats are student’s t-test. H) Representative images of TFAP2C
(magenta) in testicular and ovarian PGCs at E12.5. Scale bar represents 20 um. n =3 for all
conditions. I) Quantification of TFAP2C abundance in PGCs at E12.5. Significance testing by
unpaired 2-sided Welch'’s t-test. Individual points are average of all PGCs in biological replicate.
Error bars show SEM. J) Normalized expression of Tfapc2c, Nanog and Sox2. Statistical testing
by DESeq2. Normalized expression in rlog. For t-tests, ns = p > 0.05, * = p<0.05, ** = p<0.01,

*** = p<0.001, ****=p<0.0001
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Supplemental Figure 5: A and B) GO analysis of E13.5 testicular PGC differential gene

expression using downregulated genes in A) testicular germ cells and B) ovarian germ cells. GO
number inset. C) Close-up view of E16.5 meiotic germ cells showing Sycp3 localization at E16.5
in control (left) and TCKO (right) PGCs. Each panel represents 1 biological replicate (n=3 each).
D) Images of ovaries isolated from n=1 48 day-old (~7 weeks) showing whole ovary
morphology. Scalebar represents 1500 um (TCKO ovary is taken at a higher magnification). E)
H & E stain of control and TCKO ovary at 48 days. Control ovary shows primary follicle (arrow),
secondary follicles (asterisks), antral follicle (arrowhead) and an activated follicle (circle). TCKO
ovary shows two malformed follicles, one which appears antral-like (left, two asterisks) and one
which appears activated (right, one asterisk). F) IF images from P1 male testes from control (n =
3, top) and TCKO (n=1, bottom), showing reduced PGC number and improperly localized MIWI2

expression. Scale bars represent 50 um.
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Tables
Table 4-1: Antibodies used in this study with their dilutions

Antibody | Manufacturer | Catalog # | Concentration Block Primary | Secon.
MVH , 12.5% 2.5% 0%
(VASA) Rand D AF2030 1:100 NDS DS NDS

(o) (0] o
TRIM28 Abcam ab10484 1:200 15'[?3/" ilgé’ ,\?[f’s
o) (0] o
DAZL Abcam ab215718 1:200 15'[?3/" ilgé’ ,\?[f’s
(o) (0] o
SCP3 Abcam | ab97672 1:200 125% | 2% ) 0
o) (0] o
NANOG Abcam ab214549 1:200 15'[?3/" ilgé’ ,\?[f’s
, 12.5% 2.5% 0%
SOX2 Abcam ab97959 1:200 NDS NDS NDS
, 12.5% 2.5% 0%
TFAP2C Santa Cruz Sc-12762 1:200 NDS NDS NDS
FZLXY'LBZ Abcam | ab36764 1:100 SuperBlock | Seltion | Selution
PIWIL4 Thermo PA5- ) Solution | Solution
(MIWI2) |  Scientific 31448 1:100 SuperBlock | = 2
Cell Signaling _ 12.5% 2.5% 0%
CPARP | Technology | °*4 1:200 NDS NDS | NDS
Cell Signaling _ 12.5% 2.5% 0%
YH2AX | fechnology 9718 1:200 NDS NDS | NDS
. BD , 12.5% 2.5% 0%
K67 | pharmagen | 296003 1:100 NDS NDS | NDS
FOXL2 Novus NB100- 1900 12.5% 2.5% 0%
1277 : NDS NDS NDS
NR2F2 Perseus PP-H7147- 1:200 12.5% 2.5% 0%
00 ' NDS NDS NDS
o) (0] o
DPPAS Abcam ab19878 1:500 1N2§S/° ilgé’ ,\?[;"S
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Table 4-2: Genotyping Oligos Used in this Study

Target Name 5-3
Prdm1-cre Blimp1-cre F GCCGAGGTGCGCGTCAGTAC
Blimp1-cre R CTGAACATGTCCATCAGGTTCTTG
Trim28™ Trim28 F GGAATGGTTGTTCATTGGTG

Trim28 R1 (No Excision) ACCTTGGCCCATTTATTGATAAAG
Trim28 R2 (Excision) GCGAGCACGAATCAAGGTCAG

Sex SMCX-1 (X) CCGCTGCCAAATTCTTTGG
SMCY-1 (Y) TGAAGCTTTTGGCTTTGAG

Oct4-eGFP Oct4-eGFP1 GATCACCTGGGGTTTGAGAA
Oct4-eGFP2 CAAGGCAAGGGAGGTAGACA
Oct4-eGFP3 AGGAACTGCTTCCTTCACGA
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Table 4-3: Online Datasets Used in this Study

Repository [ Accession | SRA Record Simple Name Library
Type
SRR1539456 D6_PGCLC_H3K27ac_Rep1 ChiP-seq
SRR1539457 D6_PGCLC_H3K27ac_Rep2 | ChiP-seq
GEO GSE60204 =
SRR1539503 D6_PGCLC_Input_Rep1 -seq
SRR1539504 D6_PGCLC_Input_Rep2 ChiP-seq
SRR6519362 E10.5_PGC_Rep1 DNS/;;e'
SRR6519363 E10.5_PGC_Rep1 DNS/Qge'
SRR6519364 E12.5_PGC_XX_Rep1 DNS/Q;e'
SRR6519365 E12.5_PGC_XX_Rep2 DNS/Q;e'
SRR6519367 E12.5_ PGC_XY_Repf PNAse-
GEO | GSE109770 DNAq
SRR6519368 E12.5 PGC_XY_Rep2 Sege'
SRR6519374 E14.5_PGC_XX_Rep1 D’:’gge‘
SRR6519375 E14.5_PGC_XX_Rep2 DNS/;;e'
SRR6519376 E14.5_PGC_XY_Repf DNS/Q;e'
SRR6519377 E14.5 PGC_XY_Rep2 D’;‘Qge'
SRR10560100 | E10.5_PGC_H3K9me3 Rep1 ChiP-seq
SRR10560104 | E10.5_PGC_H3K9me3_Rep2 | ChIP-seq
SRR13296472 | E10.5_PGC_H3K9me3_Rep3 | ChIP-seq
SRR10560101 E10.5_PGC_Input_Rep1 ChiP-seq
SRR10560105 E10.5 PGC_Input_Rep2 ChlIP-seq
GEO GSE141182

SRR13296477 E10.5_PGC_Input_Rep3 ChIP-seq
SRR10560108 | E13.5_XX_PGC_H3K9me3_Rep1 | ChIP-seq
SRR10560114 | E13.5_XX_PGC_H3K9me3_Rep2 | ChlIP-seq
SRR13296474 | E13.5_XX_PGC_H3K9me3_Rep3 | ChIP-seq
SRR10560106 |  E13.5_XX_PGC_Input_Rep1 ChiP-seq

89




SRR10560112 E13.5_XX_PGC_Input_Rep2 ChiP-seq
SRR13296479 |  E13.5_XX_PGC_Input_Rep3 | ChIP-seq
SRR10560111 | E13.5_XY_PGC_H3K9me3_Rep1 | ChIP-seq
SRR10560117 | E13.5_XY_PGC_H3K9me3_Rep2 | ChIP-seq
SRR13296476 | E13.5_XY_PGC_H3K9me3_Rep3 | ChlP-seq
SRR10560109 |  E13.5_XY_PGC_Input_Rep1 ChiP-seq
SRR10560115 E13.5_XY_PGC_Input_Rep2 ChlIP-seq
SRR13296481 E13.5_XY_PGC_Input_Rep3 ChiP-seq
DRR126197 | E13.5 XY PGC_H3K27ac_Rep1 CSh;Z'
DRR126198 | E13.5_XY_PGC_H3K27ac_Rep2 CShQZ'
DRR126199 E13.5_XY_PGC_Input ChiP-
DDBJ DRA006633 Seq
DRR126183 | E13.5_XX_PGC_H3K27ac_Rep1 CSh;Z'
DRR126184 | E13.5_XX_PGC_H3K27ac_Rep2 CShQZ'
DRR126248 E13.5_XX_PGC_Input CSh;Z'
SRR7719557 | E10.5_Gonadal_Soma_XY_Repf Ag/;\g-
SRR7719558 | E10.5_Gonadal_Soma_XY_Rep2 Ag/;\g-
SRR7719555 | E13.5_Gonadal_Soma_XY_Repf Ag/;\g-
SRR7719556 | E13.5_Gonadal_Soma_XY Rep2 | ATAC-
GEO GSE118755 Seq
SRR7719559 | E10.5_Gonadal_Soma_XX_Rep1 Ag/;\g-
SRR7719560 | E10.5_Gonadal_Soma_XX_Rep2 Ag/;\g-
SRR7719553 | E13.5_Gonadal_Soma_XX_Rep1 Ag/;\g-
SRR7719554 | E13.5_Gonadal _Soma_XX_Rep2 Ag/;\g-
SRR2980403 MERVL/Zscan4+ Rep 1 RNA-seq
ceo | asprsrey | SRR2980404 MERVL/Zscan4+ Rep 2 RNA-seq
SRR2980405 MERVL/Zscan4+ Rep 3 RNA-seq
SRR2980406 | E14 mESC NegativeControl_Rep1 | RNA-seq
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SRR2980407 | E14 mESC NegativeControl_Rep2 | RNA-seq
SRR2980408 | E14 mESC NegativeControl_Rep3 | RNA-seq

Methods:

RESOURCE AVAILIBILITY:

Lead contact: Reagents may be requested from the lead author, Amander Clark
(clarka@ucla.edu)

Materials Availability: No novel reagents were made for this work. Relevant model systems are
available from commercial suppliers.

Data and Code Availability: Raw data are available from the corresponding author upon request.
Sequencing data generated in this work is available from NCBI GEO under Accession:
GSE266178. No custom code was used in this project. FIJI (Imaged) macros and code for data

visualization is accessible at https://github.com/dirussoja/TRIM28 PGCs. All code available by

request from the corresponding author.

EXPERIMENTAL MODEL DETAILS:

Animal Care

All animal experiments were approved by the UCLA Institutional Animal Care and Use Committee
(IACUC), also known as the Chancellor’s Animal Research Committee (ARC). All mice were
housed in a standard research facility with a 12-hour light/dark cycle and at-will access to standard
chow and water. All animals for this study were either bred in UCLA’s on-site facilities or in a
Charles River off-site colony facility, both of which adhere to national laboratory animal care
guidelines.

Animal Models

Trim28""* mice were established in (°°). Trim28"°1°* (Jackson Laboratory, Cat # 018552) mice
on a mixed C57BL/6 129/Sv background. Trim28™™* was crossed with Oct4-IRES-eGFP mice

(*®) on a C57BL/6 x 129S4/SvJae background (Jackson Laboratory) and backcrossed to get
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Trim28"™x:Oct4-eGFP** mice. Trim28™/"*:Oct4-eGFP** mice were outcrossed to CD1
(Charles River, Cat # 022) with one backcross. Prdm1-cre (**) mice on a B6CBAF1 background
(Jackson Laboratory, 008827) maintained by breeding heterozygous Prdm1-cre males with pre-
breeding C57/BL6 females (Jackson Laboratory, Cat# 000664). Prdm1-cre, Trim28~*, Oct4-IRES-
eGFP*" males were generated by crossing Prdm1-cre males to Trim28™1°X Oct4-IRES-eGFP*"
females. Male Prdm1-cre, Trim28**, Oct4-IRES-eGFP*" were crossed with Trim28" . Oct4-
eGFP** females to generate Prdm1-cre, Trim28"** (TCKO) and Trim28"* (control) progeny. For
all experiments, impregnation was assessed by presence of a vaginal plug, which was considered
EO.5. Embryos were harvested for dissection at E10.5, E11.5, E12.5, E13.5, E14.5 and E16.5 in
accordance with primary and secondary euthanasia requirements as set out by UCLA IACUC.
Embryo sample genotypes were confirmed by PCR for Prdm1-cre, Trim28"* and sex (Table S2).

METHOD DETAILS:

Immunofluorescence

Aorta-Gonad-mesonephros of E11.5 and gonads of E11.5, E12.5, E13.5, E16.5, P1 embryos or
48-day adult ovaries were isolated via dissection and fixed in 4% formaldehyde (Thermo
Scientific, P128908 diluted in 1X PBS) overnight at 4C. Samples were then rinsed with 1x PBS
and treated for 5 minutes with hematoxylin (Sigma-Aldrich, GHS116) to aid in sectioning. Samples
were rinsed once more with 1x PBS and embedded in HistoGel (Epredia, HG-4000) and stored
in 70% ethanol. Paraffin embedding and sectioning was either performed by UCLA Tissue
Pathology Core Laboratory (TPCL) or by ethanol dehydration followed by xylene and paraffin
(Leica Paraplast X-tra, 39603002) perfusion. Samples were prepared as 5 um sections. Sections
were deparaffinized by immersion in xylenes (Fisher Scientific) followed by immersion in 100%
(VIV), 95% (vIVv), 70% (v/v) and 50% (v/v) ethanol solutions before final immersion in ddH20 and
1x PBS. For antigen retrieval, samples were immersed in a pH 6 solution of 10 mM Sodium Citrate

(Sigma Aldrich, S1804) and 0.5% Tween-20 (Fisher Scientific, BP337) at 95C for 40 minutes.
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Samples were then allowed to cool to room temperature for 20 minutes. Sections were washed
with 1x PBS followed by 1x PBS + 0.2% Tween-20 (PBS-T) and permeabilized by washing with
1x PBS + 0.5% Triton-X (MP Biomedicals, 194854) for 20 minutes at room temperature. Samples
were washed three times with 1x PBS-T and blocked for 45 minutes at room temperature in 12.5%
Normal Donkey Serum in PBS-T (Jackson Immunological Laboratories, 017-000-001). After
blocking samples were incubated with primary antibodies in a 2.5% NDS PBS-T solution overnight
at 4C in a humid chamber. The following day samples were washed with PBS-T three times for
five minutes each. Secondary antibodies conjugated to AlexFluor 488, 594 or 647 (Jackson
ImmunoResearch) diluted 1:200 in a 1x PBS-T solution were added to samples which were then
allowed to sit overnight at 4C in a humid chamber. For E16.5 gonadal sections the same protocol
was followed except samples were blocked for 45 minutes at room temperature using SuperBlock
(Thermo Scientific, Ref# 37580), primary antibodies were diluted in Solution 1 (EMD Millipore,
KP31812) and secondary antibodies were diluted in Solution 2 (EMD Millipore, KP31855).
Samples were then washed 3x with 1x PBS-T and then treated with 1x DAPI (Life Technologies,
D1306) in PBS-T for 10 minutes. Samples were mounted in Prolong Gold mounting media
(Invitrogen, P36934) and stored to 4-10C prior to imaging.

Microscopy

All samples were images on Zeiss LSM880 Axio Observer Z.1 microscopes using Zen Black 2.3
SP1 or on a Zeiss LSM800 Axio Observer using Zen Blue. All sample images were taken as Z-
stacks at 40x or 20x magnification. Image processing for publication was performed using FIJI
(FIJI is Just Image J, NIH) to perform maximume-intensity projections, adjust brightness for
publication, and add scale bars. Adobe Photoshop was used to crop regions of interest and
overlay arrows, labels and scalebars prior to publication.

Image Analysis

Abundance of TRIM28 in PGCs versus soma and yH2Ax abundance was assessed using Imaris

8.3.1 (Bitplane). In brief, spots were assigned and manually verified for soma and PGCs. Soma
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and PGCs for each technical replicate were averaged and the resulting ratio for each biological
replicate reported. cPARP, DAZL, MIWI2, MILI, E16.5 NANOG and SOX2 and E16.5 oocyte
yH2AX and SCP3 quantification were done by removing unnecessary z-slices using FIJI (Imaged,
NIH) and counting positive and negative PGCs. Ratios reported are taken from totals across
technical replicates for each biological replicate. Ki67, Nanog, Tfap2c, and Sox2 relatiev intensity
quantification were performed using FIJI (Imaged, NIH) by selecting PGCs and a selection of
somatic cells in a supervised manner. The mean gray intensity of individual PGCs was taken,
normalized to somatic cells within technical replicates and normalized values plotted. Each PGC
quantification is normalized to the somatic average within that technical replicate. Scripts for
ImageJ analyses are available upon request. Statistical analysis and graphs generated using
Prism 10.2.2.

FACS Isolation of PGCs

Embryonic trunks (E10.5, E11.5) or embryonic gonads (E12.5, E13.5 or E14.5) were dissected
from embryos in 1x PBS and placed in 0.05% Trypsin (Gibco, 25300054) at 37°C/5% CO2 for 5-
minute intervals until they were visibly dissociated. Trypsin was quenched using 1x High Glucose
DMEM (Gibco, 11965092) + 10% FBS (Gibco, 26140079) and centrifuged at 5,000 rpm for 5
minutes. Samples were washed 1x with 1x DPBS (Gibco, 14190144) + 1% BSA (Sigma-Aldrich,
A3311) on ice and centrifuged again at 1200 rpm for 5 minutes. Samples were resuspended in 1x
PBS + 1% BSA on ice and passed through a 100 um filter and treated 7AAD (BD Pharmingen,
559925) viability dye. FACS sorting was performed by the UCLA Broad Stem Cell Research
Center FACS core using a BD ARIA SORP sorting for GFP+, 7AAD negative cells. For RNA-seq,
cells were sorted into Qiagen Buffer RLT (Qiagen, 79216). For ATAC-seq, PGCs were sorted into
1x PBS + 1% BSA.

Isolation of PGCs for ChlP-seq

PGCs were isolated from 10 E12.5 time-mated breeding of pure-breeding CD1 mice (Charles

River, 022). Entire ovaries or testes from E12.5 embryos, including the mesonephrous, were
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dissected and placed in high glucose DMEM (Gibco, 11965092) + 10% FBS (Gibco, 26140079)
on ice. The mesonephros was removed via surgical blades and collected in high glucose DMEM
(Gibco, 11965092) + 10% FBS (Gibco, 26140079) with 1x DNase | (Invitrogen, 18047-019) and
then washed twice with 1X DPBS (Gibco, 14190144). Resulting ovaries were dissociated in
0.05% Trypsin (Gibco, 25300054) for 10 minutes at 37C. Trypsin was quenched using high
glucose DMEM + 10% FBS as above. The resulting suspension was passed through at 70 um
cell strainer and then washed using the same media. The pellet was then resuspended in 1X
DPBS, 0.1% BSA (Sigma-Aldrich, A3311), 0.5% EDTA (Thermo Fisher Scientific, AM9260G).
Suspension was incubated with MACS antibodies against SSEA1 (Miltenyi, 130-094-530)
(testicular and ovarian samples) and CD31 (Miltenyi, 130-097-418) (ovarian samples only) at 4°C
for 30 min (ovarian samples) or 20 minutes (testicular samples). The resulting cells were
centrifuged at 1600 rpm for 5 minutes and resuspended in the same buffer as above and loaded
onto an MS column on a MiniMACS magnet. 1 mL of the buffer described above was added to
the column and the cells released using the supplied plunger. The resulting suspension was
counted and cells fixed as descripted in the ChIP methods.

Library Preparation for RNA-seq

RNA from PGCs sorted into Qiagen Buffer RLT was extracted using Qiagen RNeasy (Qiagen,
74004) according to the manufacturer’s instructions. cDNA libraries were prepared using Ovation
RNA-seq System V2 (Tecan Genomics, 7102) according to manufacturer’s instructions. cDNA
libraries were purified using Beckman Coulter Agencourt beads (Beckman Coulter, A63881).
Purified cDNA was amplified by SPIA and purified using Qiagen MinElute (Qiagen, 28206)
according to manufacturer’s instructions and eluted in 50 uL of low EDTA TE buffer. Libraries were
then sonicated to 200 bp fragments using a Covaris S2 (Covaris, Woburn MA) sonicator.
Sonicated cDNA was purified using Qiagen MinElute (Qiagen, 28206) according to the
manufacturer’s instructions and the cDNA eluted in 10 uL of low EDTA TE buffer. 8uL of eluate

was then repaired and indexed for sequencing using Encore Rapid Library System (Tecan
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Genomics, 0319 and 0320) according to manufacturer’s instructions. Final indexed libraries were
purified using Agencourt XP beads (Beckman Coulter, A63881) and the final libraries suspended
in low-EDTA TE buffer. Library concentration was assessed using KAPA Library Quantification Kit
for lllumina platforms (Roche Sequencing, KK4824) according to the manufacturer’s instructions.
Libraries were sequenced on an llumina NovaSeq 6000 at 2 x 50 bp (E13.5) or 2x100 bp (E11.5
and E12.5).

Library Preparation for ATAC-seq

We followed a low-input OMNI-ATAC-seq protocol as in (CITE). For E10.5 samples, all PGCs
were collected. For E14.5 samples, we collected only 1500 PGCs per sample, to avoid differences
in input quantity between TCKO and control gonads. Immediately following isolation via FACS,
sorted PGCs in 1x PBS + 1% BSA were pelleted by centrifugation at 750 rcf for 10 minutes at 4C.
Supernatant was aspirated an resuspended in 400 uL of pre-chilled RSB buffer on ice: 10 mM
Tris-HCI pH 7.4 (Teknova, 15074), 10 mM NacCl (Invitrogen, AM9760G), 3 mM MgCl; (Invitrogen,
AM9530G). Suspension was re-pelleted by centrifugation at 750 RCF for 10 minutes at 4C.
Following centrifugation, supernatant was removed and pellet was resuspended in 10 uL of Tn5
Enzyme Mix on ice: 0.33X PBS, 10 mM Tris-HCI ph 7.6, 5 mM MgCl,, 5% Dimethyl Formamide
(Acros Organics, 327171000), 3mM Tn5 Enzyme (lllumina, 20034197), 0.1% Digitonin (Promega,
G9441), 0.1% Tween-20 (Sigma Aldrich, 11332465001), 0.1% NP-40(Sigma Aldrich,
11332473001). Reaction was processed on a thermoshaker at 37C, 1000 rpm for 30 minutes.
After reaction, samples were placed on ice and diluted with 10 uL of pre-chilled ice cold water.
Fragmented DNA was isolated using NEB Monarch DNA purification system (NEB, T1030S). 100
uL of Monarch DNA Cleanup Binding Buffer was added to each sample and passed through the
column by centrifugation for 1 minutes at 13500 rpm. Flow-through was discarded and column
washed two times with 200 uL of DNA Wash Buffer followed by centrifugation for 1 minute at
13500 rpm. Samples were eluted in 20 uL of water. Eluate was mixed on ice with 2x NEBNext

High-Fidelity 2x PCR mix (NEB, M0541L) and 25 uM of Indexing forward and reverse primers
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based on lllumina Nextera Indexing Kit (IDT). Resulting reaction was amplified for 5 cycles, then
split into two reactions prior to 4 and 8 more cycles of amplification. Amplified DNA was purified
using NEB Monarch DNA Purification kit as above using 200 uL of DNA binding buffer and eluting
in 21 uL of Low-EDTA EB buffer. Sample quality was assessed using Tapestation 4200 using a
D1000 ScreenTap (Agilent Technologies, 5067-5582) and quantified by Quibit HS (Thermo Fisher
Scientific, Q32854). Samples were sequenced on an lllumina NovaSeq 6000 (E14.5, SP 2x50
bp) or NovaSeq X (E10.5, 2x100 bp).

Chromatin Immunoprecipitation (ChIP)

After isolation via MACS as described above, samples were rinsed with 1x PBS (Gibco,
14190144). Cells were pelleted by centrifugation at 1500 rpm for 5 minutes. Supernatant
removed. Cells were resuspended in 1% paraformaldehyde (Thermo Scientific Pierce, P128906)
at room temperature rotating for 10 minutes. Fixation was quenched using 0.14 M Glycine (Fisher
Scientific, G45212) rotating at room temperature for 10 minutes. Cells were pelleted at 3000 rpm
for 5 minutes, supernatant removed and flash frozen in liquid nitrogen and stored at -80C. Fixed
PGCs were thawed on ice and resuspended in 10 mM Tris-HCI pH 8 (Invitrogen 15568025),
0.25% Triton X-100 (MP Biomedicals, ICN19485480), 10 mM EDTA (Sigma-Aldrich, T9285), 0.5
mM EGTA (bioWorld, 40520008), Roche cOmplete, 4693116001), 1mM PMSF (Thermo Scientific,
36978) and incubated rotating at room temperature for 15 minutes. Cells were pelleted by
centrifugation at 4000 rpm for 5 minutes at 4C. Supernatant was removed and cells resuspended
in 10 mM Tris-HCI pH 8.0 (Invitrogen 15568025), 200 mM NaCl (Invitrogen, AM9760G), 10 mM
EDTA (Sigma-Aldrich, T9285), 0.5 mM EGTA (bioWorld, 40520008), Roche cOmplete,
4693116001), 1mM PMSF (Thermo Scientific, 36978) for 10 minutes rotating at 4C. Cells were
pelleted by centrifugation at 4000 rpm, for 5 minutes at 4C. Supernatant was discarded and pellet
resuspended in 650 uL of 10 mM Tris-HCI pH 8.0 (Invitrogen 15568025), 10 mM EDTA (Sigma-
Aldrich, T9285), 0.5 mM EGTA (bioWorld, 40520008), Roche cOmplete, 4693116001), 1mM

PMSF (Thermo Scientific, 36978). Supernatant was transferred to a 12mm sonication tube
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(Covaris, 520130) and sonicated using a Covaris S2 with the following program: Intensity = 5,
Cycles/burst = 200, duty cycle = 5% with a 4x 30” on, 30” off, 30" on, 30” off periodicity for an
effective sonication time of 4 minutes. Sonicated lysate was centrifuged at 14000 rpm for 10
minutes at 4C. 10% of clarified sonicate was kept as an input sample at -80C. Samples to be
immunoprecipitated were pre-cleared with Protein A Dynabeads (Invitrogen, 10001D) in a 16.7
mM Tris-HCI pH 8.0 (Invitrogen 15568025), 0.01% SDS (Ambion, AM9820), 1.1% Triton-X 100
(MP Biomedicals, ICN19485480), 1.2 mM EDTA (Sigma-Aldrich, T9285), 167 mM NaCl
(Invitrogen, AM9760G) solution for 2 hours rotating at 4C. Supernatant was collected and 4 ug of
Abcam ab10484 added. Antibody and supernatant were left to incubate overnight rotating at 4C.
Protein A dynabeads were added to mixture as before and incubated rotating at 4C for 2 hours.
Supernatant was the removed and discarded and dynabeads washed 2 times with 50 mM HEPES
pH 7.9 (Fisher Bioreagents, BP310), 1% Triton-X100 (MP Biomedicals, ICN19485480), 0.1%
Deoxycholate, 1mM EDTA (Sigma-Aldrich, T9285), 140 mM NaCl (Invitrogen, AM9760G) for 4
minutes rotating at 4C. Beads were then washed two times with 2x with Tris-EDTA for 4 minutes
rotating at 4C. Supernatant was discarded and beads resuspended in 50 mM Tris-HCI pH 8
(Invitrogen 15568025), 1mM EDTA (Sigma-Aldrich, T9285), 1% SDS (Ambion, AM9820) for
elution. Elution was performed on a thermoshaker at 65C shaking at 1400 rpm for 10 minutes.
Supernatant was collected and the elution procedure repeated on beads. First and second elution
were pooled. Input fractions and eluted chromatin were incubated overnight at 65C. Samples
were then treated with 15 ug of RNAseA (Invitrogen, 12091021) for 30 minutes at 37C. Samples
were then treated with 100 ug of Proteinase K for 2 hours at 56C. DNA was then purified using
Quiagen MinElute (Qiagen, 28206) according to instructions with a final elution of 12 uL.
ChlP-seq Library Preparation

ChIP-seq libraries were prepared using the Ovation UltraLow System V2 (Tecan Genomics, 0344)
according to manufacturer’s instructions. For each library, the number of amplification cycles was

based off of quantification by Quibit dsHS (Thermo Fisher Scientific, Q32854 ). Final amplified and
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indexed libraries were purified using Agencourt XP beads (Beckman Coulter, A63881) and library
quantity determined using Quibit HS assuming an average fragment length of 250 bp. Libraries
were sequenced on an lllumina Novaseq 6000 at 2x100 bp.

Bioinformatic Analysis

Data Retrieval, Reference Genome and Repeatmasker

Mouse reference genome GRCm39 and the corresponding ENSEMBL gene annotation file
GRCm39.109 were downloaded from Ensembl and utilized for all genomics analyses. TE

annotation file for GRCm39 from repeatmasker (http://repeatmasker.org/) were used for TE

related analyses. To retrieve data from US NCBI SRA, we used SRA Tools v2.10.9.

RNA-seq
Quality control and read quantification were adopted and optimized from a previous study.2
Specifically, we used FastQC v0.11.92 to perform quality control on raw RNA-seq data. The
alignment was performed with STAR v2.7.10a* with the optimized setting (-
outFilterMultimapNmax 1000, --outSAMmultNmax 1, --outFilterMismatchNmax 3, and --
alignintronMax 1). We sorted and indexed the aligned bam output using SAMtools v1.15° with the
default setting. The read quantification was performed separately for genes and transposable
elements. We used the featureCounts function from Subread v2.0.2¢ to process the BAM outputs
from the previous step. For TE quantification, we included multimapped reads and quantified the
individual duplicates (transcript_id), as well as individual subfamilies (gene_id).

The raw read counts were input into and processed by R 4.2.2Z. Genes and TEs with no
reads across all samples were removed, and RPKM values were calculated. To identify DETEs
and DEGs, we filtered out TEs or genes with RPKM mean less than 1 in both treatment and
control groups. Significant TEs and genes were defined with two log2-transformed fold-change
thresholds (1.5 and 2) and FDR < 0.05. Both TE and gene expression counts were normalized
using the rlogtranformation function and were compared both within each sex and between sexes

from all time-points.
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ChIP-seq

ChiIP-seq of TRIM28 were preprocessed using TrimGalore v0.6.10 with the arguments --
stringency 3 --length 20 --paired --nextseq 20. Alignment was performed using STAR/2.7.9a with
options --outFilterMultimapNmax 1000 --outFilterMismatchNmax 3 --alignintronMax 1 --
outSAMmultNmax 1. For TRIM28 ChIP-seq we invoked --alignEndsType EndToEnd.
Deduplication was done using Picard Tools MarkDuplicates v2.25.0. The aligned BAM files were
then processed by SAMtools v1.15 to sort by indexes. For H3K27ac ChIP-seq in d6 PGCLCs,
reads were converted from color space to base space using fastq-dump -B.

Bigwig files were generated using Deeptools v3.5.1 bamCoverage with options —bs10 and
-e and were normalized by RPKM or normalized read counts. Input-subtracted RPKM bigwig files
were generated using bamCompare with --scaleFactorsMethod None --normalizeUsing RPKM -
e --operation subtract. Tracks were visualized as heatmaps using the computeMatrix function
using the center of the region as the reference point and a window size of 3,000, 5,000 or 10,000
bp up and down-stream invoking --missingDataAsZero. Heatmaps were then generated using
plotHeatmap from DeepTools v3.5.1. Profiles were generated using plotProfiles from deepTools
v3.5.1. Gene tracks produced using IGV 2.16.1.

ChIP-seq peaks were defined using the callpeak function from MACS v3.0.01 with an
FDR threshold of 0.05 and an effective genome size compiled for GRCm39. Peaks were called
individually for each biological replicate, combined, coordinate sorted using bedtools sort and
overlapping peaks removed by bedtools merge -l -d 20 to produce a final list.

To calculate RPKM of H3K9me3 over TRIM28-derepressed ERVs we calculated RPKM
from input-subtracted RPKM bigwig files using DeepTools multiBigwigSummary. For each sex,
sex-specific and shared TCKO regions were combined. Graphs of H3K9me3 enrichment were
plotted using ggplot2 (R 4.2.1) and ggpubr (R 4.3.3).

ATAC-seq Analysis
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Adapter trimming on ATAC-seq libraries was performed using TrimGalore v0.6.10 with the
parameters --clip_R1 18 --stringency 3 --length 20 --paired --nextseq 20. Trimmed reads were
aligned with STAR 2.7.9a with options --outFilterMultimapNmax 1000 --outFilterMismatchNmax
3 --alignintronMax 1 --outSAMmultNmax 1 --outFilterMatchNminOverLread 0.2. PCR duplicates
were removed using Picard Tools MarkDuplicates v2.25.0. Biological replicates passing QC were
merged using Samtools merge v1.15. Bigwig files were generated using Deeptools v3.5.1. Gene
tracks produced using IGV 2.16.1.

For analysis of open to closed or closed to open chromatin, peaks of both sexes in control-
only conditions were called using Genrich as above and merged above. We then calculated the
RPKM of these peaks across all samples using multiBigWigSummary. We set an RPKM threshold
of < 15 RPKM for “closed” and > 15 RPKM for “open” chromatin. We then binned, for each sex,
peaks which were open at both time points, closed, or transitioned from closed to open or open
to closed. Resulting peak files were stored as BED for downstream analysis and visualization of
open to closed and closed to open peak classes was performed using computeMatrix —
missingDataAsZero followed by plotHeatmap from deepTools v3.5.1. For gonadal soma ATAC-
seq, we used the same approached but used RPKM < 10 as a cutoff for closed and RPKM > 10
as a cutoff for open chromatin. Subfamily tally was performed by dividing the number of unique
integrants of a subfamily by the total number of integrants in the subfamily.

For TRIM28-specific ERV derepression analysis (Fig. 2), peaks were called using Genrich
v0.6.1 with individual BAMs for biological replicates, with options -j -q 0.05. Peak files for all
conditions were merged together and duplicate or bookended peaks removed with bedtools
merge -l -d 10. RPKM of merged peak files were called using multiBigwigSummary. Peaks were
classified based on higher RPKM value than all other conditions (across genotype, time and sex)
and > 2 fold higher RPKM values than all other conditions in R 4.2.1. Resulting tables were
exported and visualization performed using computeMatrix with —-missingDataAsZero followed by

plotHeatmap.
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HOMER Motif Analysis

Motif analysis was performed using BED files of TEs which transitioned from open to closed or
closed to open in our PGC or gonadal soma ATAC-seq analysis. Motif analysis was performed
using HOMER v4.11.1. Motifs were called using findMotifsGenome.pl with --mset vertebrates
against the mm39 genome. Motifs from knownMotifs were plotted using R 4.3.3 using pheatmap
with p-values from HOMER transformed to -log10(pvalue) in R.

DNAse-Analysis

FASTQ files were aligned using STAR v2.7.9a with the parameters --outFilterMultimapNmax 1000
--outFilterMismatchNmax 3 --alignintronMax 1 --outSAMmultNmax 1. PCR duplicates were
removed using Picard Tools MarkDuplicates v2.25.0. Biological replicates passing QC were
merged using Samtools merge v1.15. Bigwig files were generated using Deeptools v3.5.1. Peaks
were called using MACS3 (v3.0.0a6) with parameters -f BAM -g 2654621783 -q 0.01. bigWig files
were generated using deepTools v3.5.1 bamcoverage. Gene tracks produced using IGV 2.16.1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests were performed using R (v4.2.1, v4.3.3) and Graphpad Prism (v 10.2.2-3). p <
0.05 used for all t-test and Welch'’s t-test as the cutoff for significance. For RNA-seq,
significance was determined by DESeq2 with |Log2FC| > 2 and FDR (p.adj) < 0.05. Significance
testing for ATAC-seq and ChlP-seq peak-calling determined by peak-calling program and are
detailed in their respective methods. All graphs show individual Ns, and graph details are

provided in each figure legend. Source data are provided as Supplemental Tables.
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Table 4-4: KEY RESOURCES TABLE

REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies
Goat anti-Mouse Vasa Homolog Rand D AF2030; RRID:
AB 2277369
Rabbit anti-KAP1 (TRIM28) Abcam ab10484; RRID:
AB 297223
Rabbit anti-DAZL Abcam ab215718; RRID:
AB 2893177
Mouse anti-TFAP2C Santa Cruz sc-12762, RRID:
Biotechnology AB_667770
Mouse anti-Ki67 BD 556003, RRID:
AB_396287
Rabbit anti-Sox2 Abcam ab97959, RRID:
AB 2341193
Rabbit anti-Nanog Abcam ab214549, RRID:
AB_3668944
Rabbit anti-Piwil2 (MILI) Abcam ab36764, RRID:
AB 777284
Rabbit anti-Piwil4 (MIWI2) Thermo Fisher PA5-31448, RRID:
AB 2548922
Rabbit anti-yH2Ax Cell Signaling 9718, RRID:
Technology AB_ 2118009
Mouse anti-Sycp3 Abcam ab97672, RRID:
AB_10678841
Goat anti-FoxL2 Novus NB100-1277, RRID:
AB_2106188
Mouse anti-Nr2f2 (COUP TF II) Perseus PP-H7147-00, RRID:
AB 2155627
Rabit anti-Dppa3 (STELLA) Abcam ab19878, RRID:
AB 2246120
Critical commercial assays
Ovation RNA-Seq System V2 Tecan Genomics 7102
Ovation UltraLow System V2 Tecan Genomics 0344NB-32
lllumina Tagment DNA Enzyme and Buffer Small Kit lllumina 20034197
Monarch PCR and DNA Clean-UP New England Biolabs | T1030S
RNeasy Micro Qiagen 74004
Qiagen MinElute Reaction Cleanup Kit Qiagen 28204
Agencourt AMPure XP Beckman Coulter A63881
NEBNext High-Fidelity 2X PCR Master Mix New England Biolabs | M0541L
Invitrogen SYBR Green | 10,000X Invitrogen S7563
High Sensitivity D1000 Screen Tape Agilent 5067-5584
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Transposable elements occupy an unusual duality in the germline. On one hand,
evolutionarily young TEs which are capable of transposition must be repressed to safeguard
against damage to the genomic fidelity of gametes. At the same time, TEs can also act as
important genomic regulatory elements, acting as enhancers, boundary elements and 3D
genome elements during development and in adult tissues'™. In the germline, TEs are under
exceptional selective pressure. In this thesis, | show that epigenetic regulation of transposable
elements is an important aspect of germline biology, but not in the rather binary terms in which
this balance is often written.

In Chapter 3, we demonstrate that LTR5Hs, a Hominidae-specific ERV, acts as an
enhancer during human germline specification using an in vitro PGCLC model of hPGC
specification. Indeed, we found that LTR5Hs is remodeled to be more accessible in PGCs and
that it is likewise bound by PGC factors SOX17, SOX15, NANOG and TFAP2C. In line with
these observations, ectopic silencing of LTR5HSs also reduced the efficiency of PGCLC
induction. Thus, LTR5HSs is comprised of functional regulatory integrants required for hPGCLC
specification. Interestingly, LTR5HSs also acts as an enhancer in naive PSCs but not in primed
hPSCs *°. PGCLCs can be induced from hPSCs cultured in 4i (CHIR99021, PD0325901,
SB203580, SP600125) which inhibits GSK-3, MEK, p38-MAPK and JNK and transitions primed
hPSCs towards a naive hPSC state®. By using 4i-cultured hPSCs, hPGCLCs could be induced
without inducing incipient Mesoderm Like Cell (iMeLCs), which is required in a similar PGCLC
induction method that starts with primed hPSCs’. Thus, it is possible that culture conditions
which push hPSCs towards naive pluripotency result in the accessibility of loci needed for PGC
specification, including LTR5Hs. Additionally, this provides further evidence that, as in the
mouse, hPGCs exist in a state of latent pluripotency which has distinct aspects of the naive
program.

In chapter 4 we investigated how control of TEs contributes to proper PGC

differentiation, for which we use a mouse in vivo model due to the inability of PGC-Like Cells of
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either species to be reliably matured and differentiated. First we identified TEs which change in
accessibility between E10.5 and E14.5 in control PGCs. Interestingly, we found that these TEs
were enriched for stage (either pre-sex determination or differentiated) specific transcription
factors motifs, but only minimally enriched in H3K27ac, suggesting that these integrants may
not function as enhancers. We likewise found that ERVs which were specifically accessible in
either sex under control conditions at E14.5 were not associated with higher expression of
neighboring genes, suggesting they were not acting either as alternative promoters or
enhancers. This aligns with other studies in the mouse, which have found that many TEs are
decorated with enhancer-associated epigenetic marks, such as H3K27ac or H3K4me1/3, but fail
to have enhancer activity. For instance, despite enrichment of enhancer-associated marks at
RLTROE and RLTR13D6 elements in mPSCs, silencing of RLTR13D6 elements does not disrupt
mPSC gene expression profiles®'°. From our findings, this may be true as well in mouse PGCs.
Using a PGC-specific knockout of Trim28 by Prdm1-cre mediated recombination of a
floxed Trim28 allele, we induce TRIM28 knockout prior to PGC differentiation and assessed the
impact of TRIM28 loss on PGC differentiation. Using RNA-seq, we found the TRIM28-targeted
TEs, especially IAP subfamilies, became derepressed at E12.5 in TRIM28 knockout PGCs. At
the same time, we observed a 2C-like transcriptome, including upregulation of Zscan4, Dux and
MERVL. These are all markers of the mouse 2-cell stage, a point in embryonic development
during which mice undergo zygotic genome activation'. At E12.5, the PGC epigenome is highly
demethylated and, unlike in mPSCs, Dux is accessible'*'3. Thus, we speculate that mPGCs at
E12.5 are poised to enter a 2C-like state, and loss of TRIM28 is sufficient to induce a 2C-like
transcriptome. A possible mechanism explaining this is TRIM28-mediated repression of a
putative distal enhancer of the Zscan4 cluster'®. Thus, loss of TRIM28 may have activated this
enhancer and, in turn, activators of the 2C-state. Given that ectopic accessibility of Dux in
mPSCs is sufficient to drive a 2C-like state, and 2C release in vivo has been shown in part to be

driven by TRIM28-mediated repression of the Dux locus, it is unclear why Dux is normally
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accessible in PGCs'#". This is an interesting area of investigation, as it could act as a sensor
for misregulation of the PGC program, such as altered cell cycle progression or TE
derepression. It could also be the result of changes to the nucleolus or nucleolar membrane, as
Dux is tethered to the nucleolus and perturbation of nucleolar function by RNA Pol | inhibition in
mPSCs derepresses Dux'®. In summary we show that mPGCs have the capacity to enter into a
2C-like transcriptome, which has been reported in mPSC and hPSCs (where it is 8C-like), but
not PGCs. Thus, latent pluripotency is compatible with entry into a 2C-transcriptome.

We find that like knockout of Dnmt1, Eed, Ezh2 and Tet1, no phenotype manifests in
TRIM28 knockout PGCs until E12.5, the time at which PGCs begin to express Daz/ and become
committed to the germline. These studies have collectively identified E12.5 as an inflection point
at which PCGs are no longer able to tolerate misregulation of their epigenome. Interestingly,
how PGCs respond to each epigenetic insult is different. While loss of PRC1/PRC2 and Dnmt1
result in precocious meiosis, loss Tet1 reduces adult fertility and delays entry into meiosis'®2°.
Thus, PGC determination and subsequently PGC differentiation is reliant on and interconnected
network of epigenetic controls. | also show in this thesis that TRIM28 may contribute to the
regulation of Dazl directly, as it is highly enriched in the Daz/ gene body. How Trim28 regulates
Dazl, and if it is direct or through an intermediate, remains unknown. Interestingly, Trim28
knockout results in a defect with varying severities across sexes, with ovarian PGCs having a
more severe phenotype than testicular PGCs. Therefore, it is possible that there are also sex-
specific factors which link Trim28 to regulation of Dazl.

Finally, we found that TRIM28 knockout PGCs fail to differentiate. While some ovarian
PGCs do enter meiosis, they fail to progress through prophase | of meiosis | regularly. In a rare
adult sample at 6.8 weeks, we found that TRIM28 knockout oocytes had mislocalized Dppa3
(Stella) and lacked primordial follicles. Thus, Trim28 is required to form an ovarian reserve. The
mislocalization of Dppa3 is of particular interest. Trim28 is necessary for imprint acquisition in

oocytes and protects imprints in the early zygote?"?2. Dppa3 then protects these imprints from
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Tet3-mediated demethylation®>2*. It is possible that Trim28 and Dppa3 have coordinated
activities in the oocyte, either directly or indirectly.

Unlike ovarian PGCs where some enter meiosis, testicular PGCs fail to differentiate
altogether. In line with an increased dependence on Trim28, testicular germ cells at E14.5 had
many more ERVs which became accessible following TRIM28 knockout compared to ovarian
germ cells. It is likely that Trim28 is important to establish the proper transcriptome in testicular
germ cells, given genes near derepressed TEs were upregulated. This requirement for TRIM28
persists throughout adulthood, as loss of Trim28 from adult spermatogonial stem cells results in
symmetrical division of SSCs, depleting the pool of SSCs and thus causing premature
infertility®®.

In sum, my thesis work demonstrates that transposable elements and their regulators
are critical components of cell differentiation and can contribute to transcriptional fidelity and
fate restriction. Here, | demonstrate this capacity in the germline. Given the capacity of
transposable elements to work both as cis-regulatory elements which positively contribute to
tissue development and health as well as their capacity to derail transcriptional programs, TEs

and their regulators deserve careful consideration in both developmental and disease contexts.
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