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ABSTRACT OF THE DISSERTATION
Mechanisms Regulating PGC Specification and Sex-Specific Differentiation
by
Matthew Gregory Lowe
Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2022

Professor Amander Therese Clark, Chair

Infertility is a broad disorder with numerous causes including physical, genetic and
environmental. While techniques are currently in use to address certain causes of infertility, such
as in vitro fertilization and hormonal therapies, there is currently no treatment option for those
who are either unable to make or no longer possess viable gametes. Recently, advances have
been made in the development of in vitro gametogenesis which, if perfected, promises an option
for gametes to be derived from a patient’s own tissue. In order to bring this technique to fruition,
further research is needed into the mechanics directing the specification and epigenetic
reprogramming of the earliest stage of the germline, the primordial germ cells (PGCs).

Mammalian PGCs are specified early in embryonic development and give rise to the
entire adult germline. Following specification, PGCs undergo epigenetic reprogramming in order
to establish a permissive epigenetic landscape for proper gametogenesis prior to differentiation
into either oocyte or spermatogonial progenitors. Any errors in either of these processes can
result in the complete loss of the germline and infertility. In order to better understand the
mechanisms underlying PGC development, we utilized the in vitro PGC-like cell (PGCLC)

differentiation to study human PGC specification and PGC-specific conditional knockout mice to



assess epigenetic remodeling. In our studies into specification, we further characterized the
differences between mouse and human PGC specification mechanisms. Using CRISPR/Cas9
gene editing we identified that EOMES directs human PGCLC specification, whereas in the
mouse this role is accomplished by T. Our exploration into epigenetic reprogramming utilized a
Cre/lox driven PGC-specific conditional knockout mouse to assess the role of epigenetic
regulatory proteins during PGC differentiation. We used two knockouts, the first being UHRF1
which interacts with DNMT1 to promote DNA methylation maintenance and the second being
EED, a key component of PRC2 which adds the repressive H3K27me3. Through this we
identified that while UHRF1 appears to play no role in regulating the PGC stage of germline
development, it is necessary for the viability of the spermatogonial stem cell population within
the adult testes. In the case of EED, we identified that PRC2 is essential for regulating the timing
of sex-specific differentiation in PGCs as well as a novel role for H3K27me3 in X chromosome
decompensation within the embryonic testis. Finally, we identified a dual enrichment of
H3K27me3 and DNA methylation within the promoters of gametogenesis genes at the time of
PGC specification from the mouse epiblast. This provides an exciting glimpse into the complex
interactions between the epigenetic regulatory networks that direct PGC differentiation. Further
work will need to be conducted to identify the extent of these epigenetic regulator interactions in
human PGCs and to apply these findings into developing better methods to more accurately

recapitulate human PGC differentiation in vitro.
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Chapter 1

Introduction



Importance of the Germline

The germline is specified early in embryonic development as a handful of cells which
will ultimately give rise to the entire adult germline. In mammals, these earliest cells of the
germline are known as primordial germ cells (PGCs). Following specification, PGCs will rapidly
expand and specialize into either oocyte or spermatogonial precursors based upon sex-specific
signals received from the surrounding ovarian or testis somatic tissue, respectively (Ginsburg et
al., 1990; Saitou and Yamaji, 2012; Tang et al., 2016). Because the germline is the source of all
genetic material for the future generation, following specification PGCs reorganize their
epigenome not only to establish a permissive landscape for germline development but to also
protect themselves from the developmental cues which they are exposed to in the early embryo
(Guibert et al., 2012; Hackett et al., 2013; Hajkova et al., 2002; Hill et al., 2018; Kobayashi et
al., 2013; Liu et al., 2014; Seisenberger et al., 2012; Yokobayashi et al., 2013; Zheng et al.,
2016). Given this delicate balance, it is not too surprising that any issues which arise during PGC
specification or epigenomic reorganization can have catastrophic outcomes not only on fertility
but also the health of future generations.

In humans, infertility is defined as the inability to achieve a pregnancy after at least a
year of trying. Despite affecting roughly an eighth of all US couples, infertility remains difficult
to treat due to the complex nature in which it presents (Hasanpoor-Azghdy et al., 2014; Walker
and Tobler, 2022). The causes of infertility are varied, ranging from physical abnormalities in the
reproductive system to an inability to produce viable gametes, and affect both men and women
equally (Walker and Tobler, 2022). Additionally, an infertility diagnosis can place severe
psychological stress upon the affected individual which can damage relationships and increase

risk for other health problems (Abbey et al., 1991; Tao et al., 2011). Over the past few decades,



advancements in our understanding of infertility and the germline have led to more accurate
diagnosis and the development of new treatment options, such as in vitro fertilization (IVF),
surgeries and hormonal therapies. These advancements, alongside greater access to reproductive
resources, have reduced infertility rates over the past few decades (Chandra and Stephen, 2013;
Gnoth et al., 2005). However, despite these successes, assisted reproductive techniques like IVF
have proven ineffective in around 40% of couples and there is currently no treatment option
available to those who are unable to produce their own gametes (Tao et al., 2011; Walker and
Tobler, 2022). Recently, in vitro gametogenesis has successfully been performed using mouse
induced pluripotent stem cells to derive oocytes completely in vitro, however this feat has yet to
be fully recapitulated in humans (Hikabe et al., 2016; Yamashiro et al., 2018). Therefore, a better
understanding of the mechanisms underlying early germline specification and epigenetic
reprogramming is essential to understand the causes of infertility and develop new therapies to
better serve those seeking treatment.
Germline Specification

During embryonic development, cells undergo a process of lineage restriction through
commitment and differentiation which progressively locks them into specialized cell types
capable of carrying out the necessary tasks for organismal survival (Gilbert, 2000). The
commitment process takes place in two phases, specification and determination. Specification is
when a cell begins to express a distinct transcriptome but is still capable of reversion if given the
proper signals, whereas determination is when the cell is fully fate restricted and can no longer
revert. While these two processes can happen in quick succession, the mammalian germline is a
special case in which PGC commitment occurs over several days (mice) or weeks (human)

before determination within the embryonic gonad (Nicholls et al., 2019).



In mice, (m)PGC precursors arise in the proximal posterior epiblast in response to BMP4
and T which induce expression of BlimpI by embryonic day (E)6.25 (Aramaki et al., 2013;
Hayashi et al., 2007; Ohinata et al., 2005). These precursors become mPGCs by E7.5 when
BLIMP1 forms a positive feedback loop with TFAP2C and PRDM 14 which reinforces the
pluripotency network, represses somatic gene expression and promotes epigenetic
reprogramming (Magnusdottir et al., 2013). This collectively insulates the newly specified
mPGCs from signals directing tissue differentiation during migration towards the genital ridges.
In humans (h), the central hPGC transcription factor network is slightly different, constituting
BLIMPI1, TFAP2C and SOX17 (Irie et al., 2015). Additionally, while it has recently been shown
that PRDM 14 does play a key role in hPGC differentiation, the targets of PRDM14 are not
conserved between species (Sybirna et al., 2020). In chapter 2, we identify a further distinction
between the mouse and human PGC specification networks using CRISPR/Cas9 gene editing
and an in vitro disordered aggregate differentiation model that generates hPGC-like cells
(hPGCLCs) from embryonic stem cells (Sasaki et al., 2015). Briefly, we first knockout a gene of
interest in embryonic or induced pluripotent stem cells using CRISPR/Cas9 and then
differentiate them through a 24 hour incipient mesoderm-like state before dissociating and
reaggregating the cells in a 3D culture system for 4 days (Sasaki et al., 2015). From this
aggregate, only a handful of hPGCLCs will arise and by comparing the ratio of hPGCLCs to
non-hPGCLCs in the aggregate we can determine whether the gene is necessary for hPGC
specification. Using this approach, we found that both EOMES and TFAP2C are required to
initiate the human PGC specification network whereas mice only require TFAP2C (Chen et al.,

2017, 2018).



PGC DNA demethylation

While the PGCLC model is an effective system to study early PGC specification, it fails
to properly undergo the epigenetic reprogramming and transcriptome changes seen in later stage
PGCs and beyond (Kurimoto et al., 2015; Sasaki et al., 2015). Following specification,
mammalian PGCs undergo a wide ranging reorganization of their epigenome (Lesch et al., 2013;
Liu et al., 2020, 2014; Ng et al., 2013; Sachs et al., 2013; Seisenberger et al., 2012; Yamaguchi
et al., 2013; Yokobayashi et al., 2013). Due to the ethical and practical limitations of studying
these processes in humans, much of our knowledge for these events comes from the mouse
which closely models what has been observed in hPGC epigenomic reorganization (Tang et al.,
2016). Of these changes, the near complete removal of nuclear DNA methylation in a two stage
process during the migration and expansion of the mouse PGCs between E7.5 and E12.5 is one
of the most profound (Kagiwada et al., 2013; Seisenberger et al., 2012). The first stage involves
a genome-wide removal of DNA methylation through a mostly replication coupled process
driven by the downregulation of the de novo DNA methyltransferases DNMT3A/B as well as
UHRF1 which directs the maintenance methyltransferase DNMT1 to the replication forks
(Bostick et al., 2007; Kagiwada et al., 2013). Following this initial stage of DNA demethylation,
only a few patches of significantly methylated loci remain including transposable elements and a
few key CG island containing promoters which regulate gametogenesis genes, termed late
demethylators (Seisenberger et al., 2012). During the second stage, alongside continued
replication coupled depletion of DNA methylation, a more targeted removal through TET1
which oxidizes SmC to ShmC occurs at the late demethylating promoters, completing by E12.5
just prior to sex-specific differentiation of the embryonic gonads and exit from the mPGC stage

of germline development (Hackett et al., 2013; Seisenberger et al., 2012; Yamaguchi et al.,



2013). Previously, our lab has used an mPGC-specific conditional knockout mouse to confirm
that DNMT1 is essential for the maintenance of DNA methylation at the late demethylating
promoters and prevent precocious exit from the mPGC stage (Hargan-Calvopina et al., 2016).
Briefly, this mouse model utilizes a BlimpI promoter driven Cre which will be uniquely
expressed in mPGCs upon specification to knockout a floxed gene of interest (Li et al., 2015;
Ohinata et al., 2005). However, while we have identified that DNMTT is essential to maintain
DNA methylation at the late demethylating promoters during PGC differentiation, it still remains
unclear how it is targeted specifically to these loci. In chapter 3, we used this same approach to
create a mPGC-specific UHRF1 conditional knockout mouse in an attempt to answer this
question. Despite being downregulated, low levels of UHRF1 protein have been observed in
mPGCs concurrent with DNA demethylation (Kagiwada et al., 2013; Seisenberger et al., 2012).
While we did not observe a role for UHRF1 in regulating the mPGC stage of germline
development, it was found to be essential for the long-term maintenance of sperm production
within the adult mouse.
PGC chromatin mark reorganization

In addition to DNA demethylation, PGCs undergo a profound reorganization of their
chromatin marks which have also been shown to regulate germline genes (Lesch et al., 2013; Liu
et al., 2020, 2014; Ng et al., 2013; Sachs et al., 2013; Yokobayashi et al., 2013). In particular,
PRCI1.6, a variant of PRC1, has been shown to repress germline genes in mouse embryonic stem
cells (Endoh et al., 2017; Liu et al., 2020). In chapter 4, we explore the role of the other
polycomb complex PRC2, which adds H3K27me3 that has been shown to be dynamically
reorganized following mPGC specification (Kuzmichev et al., 2002; Sachs et al., 2013; Seki et

al., 2005, 2007). Much like PRC1 (Yokobayashi et al., 2013) and DNMT1 (Hargan-Calvopina et



al., 2016), we found that PRC2 represses germline genes and prevents precocious exit from the
mPGC stage. Additionally, we identified a co-presence of H3K27me3 and DNA methylation in
the epiblast at germline genes prior to mPGC specification as well as a role for PRC2 in X

chromosome decompensation within the embryonic testis.



References

Abbey, A., Andrews, F.M., and Halrnan, L.J. (1991). Gender’s Role in Responses to Infertility.
Psychology of Women Quarterly /5, 295-316. https://doi.org/10.1111/j.1471-
6402.1991.tb00798 x.

Aramaki, S., Hayashi, K., Kurimoto, K., Ohta, H., Yabuta, Y., Iwanari, H., Mochizuki, Y.,
Hamakubo, T., Kato, Y., Shirahige, K., et al. (2013). A Mesodermal Factor, T, Specifies Mouse
Germ Cell Fate by Directly Activating Germline Determinants. Developmental Cell 27, 516—
529. https://doi.org/10.1016/j.devcel.2013.11.001.

Bostick, M., Kim, J.K., Estéve, P.-O., Clark, A., Pradhan, S., and Jacobsen, S.E. (2007). UHRF1
plays a role in maintaining DNA methylation in mammalian cells. Science 317, 1760-1764.
https://doi.org/10.1126/science.1147939.

Chandra, A., and Stephen, E.H. (2013). Infertility and Impaired Fecundity in the United States,
1982-2010: Data From the National Survey of Family Growth. 19. .

Chen, D., Liu, W., Lukianchikov, A., Hancock, G.V., Zimmerman, J., Lowe, M.G., Kim, R.,
Galic, Z., Irie, N., Surani, M.A., et al. (2017). Germline competency of human embryonic stem
cells depends on eomesodermin. Biol Reprod 97, 850-861. https://doi.org/10.1093/biolre/iox138.

Chen, D., Liu, W., Zimmerman, J., Pastor, W.A., Kim, R., Hosohama, L., Ho, J., Aslanyan, M.,
Gell, J.J., Jacobsen, S.E., et al. (2018). The TFAP2C-Regulated OCT4 Naive Enhancer Is
Involved in Human Germline Formation. Cell Reports 25, 3591-3602.e5.
https://doi.org/10.1016/j.celrep.2018.12.011.

Endoh, M., Endo, T.A., Shinga, J., Hayashi, K., Farcas, A., Ma, K.-W., Ito, S., Sharif, J., Endoh,
T., Onaga, N., et al. (2017). PCGF6-PRCI1 suppresses premature differentiation of mouse
embryonic stem cells by regulating germ cell-related genes. ELife 6, €21064.
https://doi.org/10.7554/eLife.21064.

Gilbert, S.F. (2000). The Developmental Mechanics of Cell Specification. Developmental
Biology. 6th Edition.

Ginsburg, M., Snow, M.H., and McLaren, A. (1990). Primordial germ cells in the mouse embryo
during gastrulation. Development /70, 521-528. .

Gnoth, C., Godehardt, E., Frank-Herrmann, P., Friol, K., Tigges, J., and Freundl, G. (2005).
Definition and prevalence of subfertility and infertility. Human Reproduction 20, 1144—1147.
https://doi.org/10.1093/humrep/deh870.

Guibert, S., Forné, T., and Weber, M. (2012). Global profiling of DNA methylation erasure in
mouse primordial germ cells. Genome Res 22, 633—641. https://doi.org/10.1101/gr.130997.111.

Hackett, J.A., Sengupta, R., Zylicz, J.J., Murakami, K., Lee, C., Down, T.A., and Surani, M.A.
(2013). Germline DNA Demethylation Dynamics and Imprint Erasure Through 5-
Hydroxymethylcytosine. Science 339, 448—452. https://doi.org/10.1126/science.1229277.

8



Hajkova, P., Erhardt, S., Lane, N., Haaf, T., El-Maarri, O., Reik, W., Walter, J., and Surani,
M.A. (2002). Epigenetic reprogramming in mouse primordial germ cells. Mech. Dev. 117, 15—
23. https://doi.org/10.1016/s0925-4773(02)00181-8.

Hargan-Calvopina, J., Taylor, S., Cook, H., Hu, Z., Lee, S.A., Yen, M.-R., Chiang, Y.-S., Chen,
P.-Y., and Clark, A.T. (2016). Stage-Specific Demethylation in Primordial Germ Cells
Safeguards against Precocious Differentiation. Dev. Cell 39, 75-86.
https://doi.org/10.1016/j.devcel.2016.07.019.

Hasanpoor-Azghdy, S.B., Simbar, M., and Vedadhir, A. (2014). The emotional-psychological
consequences of infertility among infertile women seeking treatment: Results of a qualitative
study. Iran J Reprod Med 72, 131-138. .

Hayashi, K., de Sousa Lopes, S.M.C., and Surani, M.A. (2007). Germ Cell Specification in
Mice. Science 376, 394-396. https://doi.org/10.1126/science.1137545.

Hikabe, O., Hamazaki, N., Nagamatsu, G., Obata, Y., Hirao, Y., Hamada, N., Shimamoto, S.,
Imamura, T., Nakashima, K., Saitou, M., et al. (2016). Reconstitution in vitro of the entire cycle
of the mouse female germ line. Nature 539, 299-303. https://doi.org/10.1038/nature20104.

Hill, P.W.S., Leitch, H.G., Requena, C.E., Sun, Z., Amouroux, R., Roman-Trufero, M.,
Borkowska, M., Terragni, J., Vaisvila, R., Linnett, S., et al. (2018). Epigenetic reprogramming
enables the primordial germ cell-to-gonocyte transition. Nature 555, 392-396.
https://doi.org/10.1038/nature25964.

Irie, N., Weinberger, L., Tang, W.W.C., Kobayashi, T., Viukov, S., Manor, Y.S., Dietmann, S.,
Hanna, J.H., and Surani, M.A. (2015). SOX17 is a critical specifier of human primordial germ
cell fate. Cell 760, 253-268. https://doi.org/10.1016/j.cell.2014.12.013.

Kagiwada, S., Kurimoto, K., Hirota, T., Yamaji, M., and Saitou, M. (2013). Replication-coupled
passive DNA demethylation for the erasure of genome imprints in mice. The EMBO Journal 32,
340-353. https://doi.org/10.1038/emboj.2012.331.

Kobayashi, H., Sakurai, T., Miura, F., Imai, M., Mochiduki, K., Yanagisawa, E., Sakashita, A.,
Wakai, T., Suzuki, Y., Ito, T., et al. (2013). High-resolution DNA methylome analysis of
primordial germ cells identifies gender-specific reprogramming in mice. Genome Res 23, 616—
627. https://doi.org/10.1101/gr.148023.112.

Kurimoto, K., Yabuta, Y., Hayashi, K., Ohta, H., Kiyonari, H., Mitani, T., Moritoki, Y., Kohri,
K., Kimura, H., Yamamoto, T., et al. (2015). Quantitative Dynamics of Chromatin Remodeling
during Germ Cell Specification from Mouse Embryonic Stem Cells. Cell Stem Cell 76, 517-532.
https://doi.org/10.1016/j.stem.2015.03.002.

Kuzmichev, A., Nishioka, K., Erdjument-Bromage, H., Tempst, P., and Reinberg, D. (2002).
Histone methyltransferase activity associated with a human multiprotein complex containing the
Enhancer of Zeste protein. Genes Dev 16, 2893-2905. https://doi.org/10.1101/gad.1035902.



Lesch, B.J., Dokshin, G.A., Young, R.A., McCarrey, J.R., and Page, D.C. (2013). A set of genes
critical to development is epigenetically poised in mouse germ cells from fetal stages through
completion of meiosis. Proc Natl Acad Sci U S A 7170, 16061-16066.
https://doi.org/10.1073/pnas.1315204110.

Li, Z., Yu, J., Hosohama, L., Nee, K., Gkountela, S., Chaudhari, S., Cass, A.A., Xiao, X., and
Clark, A.T. (2015). The Sm protein methyltransferase PRMTS is not required for primordial
germ cell specification in mice. The EMBO Journal 34, 748-758.
https://doi.org/10.15252/embj.201489319.

Liu, M., Zhu, Y., Xing, F., Liu, S., Xia, Y., Jiang, Q., and Qin, J. (2020). The polycomb group
protein PCGF6 mediates germline gene silencing by recruiting histone-modifying proteins to
target gene promoters. J. Biol. Chem. 295, 9712-9724.
https://doi.org/10.1074/jbc.RA119.012121.

Liu, S., Brind’Amour, J., Karimi, M.M., Shirane, K., Bogutz, A., Lefebvre, L., Sasaki, H.,
Shinkai, Y., and Lorincz, M.C. (2014). Setdb1 is required for germline development and
silencing of H3K9me3-marked endogenous retroviruses in primordial germ cells. Genes Dev. 28,
2041-2055. https://doi.org/10.1101/gad.244848.114.

Magnusddéttir, E., Dietmann, S., Murakami, K., Giinesdogan, U., Tang, F., Bao, S., Diamanti, E.,
Lao, K., Gottgens, B., and Surani, M.A. (2013). A tripartite transcription factor network
regulates primordial germ cell specification in mice. Nat Cell Biol /5, 905-915.
https://doi.org/10.1038/ncb2798.

Ng, J.-H., Kumar, V., Muratani, M., Kraus, P., Yeo, J.-C., Yaw, L.-P., Xue, K., Lufkin, T.,
Prabhakar, S., and Ng, H.-H. (2013). In vivo epigenomic profiling of germ cells reveals germ
cell molecular signatures. Dev. Cell 24, 324-333. https://doi.org/10.1016/j.devcel.2012.12.011.

Nicholls, P.K., Schorle, H., Naqvi, S., Hu, Y.-C., Fan, Y., Carmell, M.A., Dobrinski, 1., Watson,
A L., Carlson, D.F., Fahrenkrug, S.C., et al. (2019). Mammalian germ cells are determined after
PGC colonization of the nascent gonad. Proceedings of the National Academy of Sciences /16,
25677-25687. https://doi.org/10.1073/pnas.1910733116.

Ohinata, Y., Payer, B., O’Carroll, D., Ancelin, K., Ono, Y., Sano, M., Barton, S.C., Obukhanych,
T., Nussenzweig, M., Tarakhovsky, A., et al. (2005). Blimp1 is a critical determinant of the germ
cell lineage in mice. Nature 436, 207-213. https://doi.org/10.1038/nature03813.

Sachs, M., Onodera, C., Blaschke, K., Ebata, K.T., Song, J.S., and Ramalho-Santos, M. (2013).
Bivalent Chromatin Marks Developmental Regulatory Genes in the Mouse Embryonic Germline
in Vivo. Cell Rep 3, 1777-1784. https://doi.org/10.1016/j.celrep.2013.04.032.

Saitou, M., and Yamayji, M. (2012). Primordial Germ Cells in Mice. Cold Spring Harb Perspect
Biol 4, a008375. https://doi.org/10.1101/cshperspect.a008375.

Sasaki, K., Yokobayashi, S., Nakamura, T., Okamoto, 1., Yabuta, Y., Kurimoto, K., Ohta, H.,
Moritoki, Y., Iwatani, C., Tsuchiya, H., et al. (2015). Robust In Vitro Induction of Human Germ

10



Cell Fate from Pluripotent Stem Cells. Cell Stem Cell 77, 178—-194.
https://doi.org/10.1016/j.stem.2015.06.014.

Seisenberger, S., Andrews, S., Krueger, F., Arand, J., Walter, J., Santos, F., Popp, C., Thienpont,
B., Dean, W, and Reik, W. (2012). The Dynamics of Genome-wide DNA Methylation
Reprogramming in Mouse Primordial Germ Cells. Mol Cell 48, 849—-862.
https://doi.org/10.1016/j.molcel.2012.11.001.

Seki, Y., Hayashi, K., Itoh, K., Mizugaki, M., Saitou, M., and Matsui, Y. (2005). Extensive and
orderly reprogramming of genome-wide chromatin modifications associated with specification
and early development of germ cells in mice. Dev. Biol. 278, 440-458.
https://doi.org/10.1016/j.ydbio.2004.11.025.

Seki, Y., Yamaji, M., Yabuta, Y., Sano, M., Shigeta, M., Matsui, Y., Saga, Y., Tachibana, M.,
Shinkai, Y., and Saitou, M. (2007). Cellular dynamics associated with the genome-wide
epigenetic reprogramming in migrating primordial germ cells in mice. Development /34, 2627—
2638. https://doi.org/10.1242/dev.005611.

Sybirna, A., Tang, W.W.C., Pierson Smela, M., Dietmann, S., Gruhn, W.H., Brosh, R., and
Surani, M.A. (2020). A critical role of PRDM14 in human primordial germ cell fate revealed by
inducible degrons. Nat Commun /7, 1282. https://doi.org/10.1038/s41467-020-15042-0.

Tang, W.W.C., Kobayashi, T., Irie, N., Dietmann, S., and Surani, M.A. (2016). Specification and
epigenetic programming of the human germ line. Nat. Rev. Genet. /7, 585-600.
https://doi.org/10.1038/nrg.2016.88.

Tao, P., Coates, R., and Maycock, B. (2011). The impact of infertility on sexuality: A literature
review. Australas Med J 4, 620-627. https://doi.org/10.4066/AMJ.20111055.

Walker, M.H., and Tobler, K.J. (2022). Female Infertility. In StatPearls, (Treasure Island (FL):
StatPearls Publishing), p.

Yamaguchi, S., Hong, K., Liu, R., Inoue, A., Shen, L., Zhang, K., and Zhang, Y. (2013).
Dynamics of 5-methylcytosine and 5-hydroxymethylcytosine during germ cell reprogramming.
Cell Res. 23, 329-339. https://doi.org/10.1038/cr.2013.22.

Yamashiro, C., Sasaki, K., Yabuta, Y., Kojima, Y., Nakamura, T., Okamoto, 1., Yokobayashi, S.,
Murase, Y., Ishikura, Y., Shirane, K., et al. (2018). Generation of human oogonia from induced
pluripotent stem cells in vitro. Science 362, 356-360. https://doi.org/10.1126/science.aat1674.

Yokobayashi, S., Liang, C.-Y., Kohler, H., Nestorov, P., Liu, Z., Vidal, M., van Lohuizen, M.,
Roloff, T.C., and Peters, A.H.F.M. (2013). PRC1 coordinates timing of sexual differentiation of
female primordial germ cells. Nature 495, 236-240. https://doi.org/10.1038/nature11918.

Zheng, H., Huang, B., Zhang, B., Xiang, Y., Du, Z., Xu, Q., Li, Y., Wang, Q., Ma, J., Peng, X.,

et al. (2016). Resetting Epigenetic Memory by Reprogramming of Histone Modifications in
Mammals. Molecular Cell 63, 1066—-1079. https://doi.org/10.1016/j.molcel.2016.08.032.

11



Chapter 2 — Germline Competency of Human Embryonic Stem Cells Depends on
Eomesodermin

12



Biology of Reproduction, 2017, 97(6), 850861
doi:10.1093/biolre/iox138

Research Article

Advance Access Publication Date: 30 October 2017

Research Article

Germline competency of human embryonic
stem cells depends on eomesodermin’

Di Chen’, Wanlu Liu?, Anastasia Lukianchikov’, Grace V. Hancock'?,
Jill Zimmerman', Matthew G. Lowe'2, Rachel Kim3, Zoran Galic®*,
Naoko Irie®¢7, M. Azim Surani®®7, Steven E. Jacobsen'2-3:8.2

and Amander T. Clark'-2:3.10.

'Department of Molecular Cell and Developmental Biology, University of California, Los Angeles, California, USA;
“Molecular Biology Institute, University of California, Los Angeles, California, USA; 3Eli and Edythe Broad Center of
Regenerative Medicine and Stem Cell Research, University of California, Los Angeles, California, USA; *Department
of Medicine, University of California, Los Angeles, California, USA; Wellcome Trust Cancer Research UK Gurdon
Institute, University of Cambridge, Cambridge, UK; ®Department of Physiology, Development and Neuroscience,
University of Cambridge, Cambridge, UK; ’Wellcome Trust-Medical Research Council Stem Cell Institute, University
of Cambridge, Cambridge, UK; ®Department of Biological Chemistry, University of California, Los Angeles, California,
USA; °Howard Hughes Medical Institute, University of California, Los Angeles, California, USA and "Jonsson
Comprehensive Cancer Center, University of California, Los Angeles, California, USA

*Correspondence: Department of Molecular Cell and Developmental Biology, 615 Charles E Young Drive South, University
of California Los Angeles, Los Angeles, CA 90095, USA. E-mail: clarka@ucla.edu

Grant Support: All experiments, with the exception of human hESC derivation, were funded by R01 HD079546 from the
Eunice Kennedy Shriver National Institute of Child Health & Human Development (NICHD) (ATC) and supported by Eli

and Edythe Broad Center for Regenerative Medicine and Stem Cell Research NIH-NCATS UCLA CTSI Grant Number
UL1TR0001881. No NIH funds were used for human embryo culture or hRESC derivation. Instead, the derivation of hESC lines
was funded by the California Institute for Regenerative Medicine, the UCLA Eli, and Edythe Broad Center of Regenerative
Medicine and Stem Cell Research (BSCRC). Di Chen is supported by a training grant from the UCLA BSCRC. Wanlu Liu is
supported by Philip J. Whitcome fellowship from the UCLA Molecular Biology Institute and a scholarship from the Chinese
Scholarship Council. Human fetal tissue was obtained from the Laboratory of Developmental Biology, University of
Washington, Seattle, which is supported by NIH Award Number 5R24HD000836 from the NICHD.

Received 23 October 2017; Accepted 27 October 2017

Abstract

In humans, germline competency and the specification of primordial germ cells (PGCs) are
thought to occur in a restricted developmental window during early embryogenesis. Despite
the importance of specifying the appropriate number of PGCs for human reproduction, the
molecular mechanisms governing PGC formation remain largely unexplored. Here, we com-
pared PGC-like cell (PGCLC) differentiation from 18 independently derived human embryonic
stem cell (hESC) lines, and discovered that the expression of primitive streak genes were pos-
itively associated with hESC germline competency. Furthermore, we show that chemical in-
hibition of TGFB and WNT signaling, which are required for primitive streak formation and
CRISPR/Cas9 deletion of Eomesodermin (EOMES), significantly impacts PGCLC differentiation
from hESCs. Taken together, our results suggest that human PGC formation involves signal-
ing and transcriptional programs associated with somatic germ layer induction and expression
of EOMES.

850 © The Authors 2017. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved.
For permissions, please e-mail: journals.permissions@oup.com
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Summary Sentence

EOMES induction in the progenitor cell prior to germ cell formation in vitro from hESCs is required

for efficient PGC-like cell formation.

Key words: human, EOMES, primordial germ cells, embryonic stem cells.

Introduction

Primordial germ cells (PGCs) are diploid embryonic progenitor cells
that ultimately differentiate into haploid gametes. PGCs are speci-
fied, maintained, and differentiated in a step-wise manner, and as a
result are responsible for the number and quality of adult gametes.
Very little is known about the earliest steps in human PGC differ-
entiation in the embryo. Most of our knowledge comes from the
mouse [1, 2], and more recently the nonhuman primate cynomolgus
(cyno) macaque [3], rhesus macaque [4], and porcine [5]. Analy-
sis of PGCs from cyno and porcine embryos relative to the mouse
strongly suggest that the molecular and cellular events in PGC speci-
fication are different. Notably, around the time of PGC specification,
cyno and porcine embryos develop morphologically as a bilaminar
disk, whereas mouse embryos develop as an egg cylinder. In mouse
embryos, PR domain zinc finger protein 1 (PRDM1), also called
BLIMP1, transcription factor AP2 gamma (TFAP2C), and PR do-
main zinc finger protein 14 (PRDM14) constitute the critical tripar-
tite transcription factor network responsible for specifying PGC fate
from competent epiblast cells in vivo [6-8] and epiblast-like cells in
vitro [9, 10]. In contrast, PRDM14 may not be required for human
PGC fate [11], and instead, SOX17 has emerged as a new critical
regulator in primates [12]. Therefore, the transcriptional network
required for PGC specification within the mammalian class appears
to have diversified.

Just as the transcriptional network for PGC specification has
changed in different mammalian species, the timing of PGC forma-
tion in the peri-implantation embryo may have also diverged. In cyno
embryos, PGCs are first identified in the peri-implantation embryo
prior to primitive streak formation in an extra embryonic cell layer
called the amnion [3]. Notably, the amnion is derived from the inner
cell mass/epiblast just prior to primitive streak formation. In porcine
embryos, PGC specification begins in the proximal pre-streak epi-
blast [5], whereas in the mouse embryo, PGC precursors are first
identified as a small cluster in the proximal epiblast around the time
of primitive streak formation [6, 13, 14]. Therefore, in cyno, mouse,
and porcine embryos, where PGC specification has been studied in
detail, PGC formation is induced from embryonic progenitors at or
just prior to formation of the primitive streak and would therefore
be exposed to signaling events that establish the primary germlayers
and the primitive streak.

One of the earliest markers of primitive streak is the T-box tran-
scription factor BRACHYURY (T), and in mouse embryos, T func-
tions downstream of Wnt signaling to promote PGC specification.
[15]. A second T-box transcription factor eomesodermin (EOMES)
is also expressed in the proximal epiblast prior to overt primitive
streak formation, becoming restricted to the primitive streak dur-
ing gastrulation [16]. In the mouse, there is no functional evidence
for EOMES in the regulation of PGC development. However, using
human-induced pluripotent stem cells (hiPSCs) a recent study indi-
cated that EOMES is required for human PGC-like cell (PGCLC)
formation following induced reprogramming [17]. It is not known
whether EOMES is required for differentiation of human PGCLCs
from human embryonic stem cells (hESCs).
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Although transcription factors regulating PGC specification may
have diverged between mice and humans [12], the major signaling
pathways that specify PGCs have not. Most notably, bone morpho-
genetic protein 4 (BMP4) is essential for mouse PGC formation in
vivo [18] as well as human and cyno PGCLC formation in vitro [3,
11, 12, 19, 20]. In the mouse, BMP4 specifies PGCs from the Wnt3-
primed posterior epiblast, with T functioning downstream of WNT
to regulate PGC fate [15]. In cyno’s, T is expressed in the nucleus
of nascent PGCs in the amnion, presumably due to Wnt3A signal-
ing [3], and in porcine embryos, T is expressed in nascent PGCs of
the preprimitive-streak embryo. Furthermore, porcine PGC numbers
diminish following WNT inhibition [5]. These results suggest a con-
served role for Wnt and BMP signaling in mouse, porcine, cyno, and
human PGC formation in the embryo.

Human PGCLCs induced from multiple hiPSCs have been used to
study the germ cell fate determinants [17, 21]. However, much less is
known about the competency across different hESCs. In the current
study, we discovered a positive correlation between the expression
of primitive streak genes and efficiency of human PGCLC induction
from 18 independently derived hESC lines. Using CRISPR/Cas9, we
provide direct evidence that the transcription factor EOMES is re-
quired for efficient induction of human PGCLCs from hESCs, and
lends additional support to the hypothesis that human PGCs are
induced from cells in the embryo that express EOMES.

Material and methods

Human fetal samples

Human prenatal testes and ovaries were acquired following elected
termination and pathological evaluation after University of Califor-
nia, Los Angeles (UCLA)-Institutional Review Board (IRB) review,
which deemed the project exempt under 45 CRF 46.102(f). All pre-
natal gonads were obtained from the University of Washington Birth
Defects Research Laboratory (BDRL), under the regulatory oversight
of the University of Washington IRB-approved Human Subjects pro-
tocol combined with a Certificate of Confidentiality from the Federal
Government. BDRL collected the fetal testes and ovaries and shipped
them overnight in HBSS with ice pack for immediate processing in
Los Angeles. All consented material was donated anonymously and
carried no personal identifiers. Developmental age was documented
by BDRL as days post fertilization using a combination of prena-
tal intakes, foot length, Streeter Stages, and crown-rump length. All
prenatal gonads documented with birth defect or chromosomal ab-
normality, were excluded from this study.

hESC culture

All primed hESC lines were cultured on mitomycin C-inactivated
mouse embryonic fibroblasts (MEFs) in hESC media, which is
composed of 20% knockout serum replacement (KSR) (GIBCO,
10828-028), 100 uM L-Glutamine (GIBCO, 25030-081), 1 x MEM
Non-Essential Amino Acids (NEAA) (GIBCO, 11140-050), 55 uM
2-Mercaptoethanol (GIBCO, 21985-023), 10 ng/mL recombinant
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human FGF basic (R&D systems, 233-FB), 1x Penicillin-
Streptomycin (GIBCO, 15140-122), and 50 ng/mL primocin (In-
vivoGen, ant-pm-2) in DMEM/F12 media (GIBCO, 11330-032).
All hESC lines were split every 7 days with Collagenase type IV
(GIBCO, 17104-019). 4i hESCs were maintained as described be-
fore [19]. 4i cells were grown on irradiated MEFs (GlobalStem) in
knockout DMEM containing 20% KSR, 2 mM L-glutamine, 0.1
mM NEAA, 0.1 mM 2-mercaptoethanol (all GIBCO), 20 ng/mL
human LIF (Stem Cell Institute [SCI]), 8 ng/mL bFGF (SCI), 1
ng/mL TGF-g1 (Peprotech), 3 uM CHIR99021 (Miltenyi Biotec),
1 uM PD0325901 (Miltenyi Biotec), 5 M SB203580 (TOCRIS
bioscience), and 5 uM SP600125 (TOCRIS bioscience). 4i hESCs
were split every 3 to 5 days using TrypLE Express (GIBCO). An
amount of 10 uM of ROCK inhibitor (Y-27632, TOCRIS bio-
science) was used for the first 24 h after passage. All hESC lines used
in this study are registered with the National Institute of Health
Human Embryonic Stem Cell Registry and are available for re-
search use with NIH funds. Specifically, the following hESC lines
were used in this study: UCLA1 (46XX), UCLA2 (46XY), UCLA3
(46XX), UCLA4 (46XX), UCLAS (46XX), UCLA6 (46XY), UCLA7
(47XX+13), UCLAS (46XX), UCLA9 (46XX), UCLA10 (46XY),
UCLA11 (46XY), UCLA12 (46XX), UCLA13 (46XY), UCLA14
(46XX), UCLA1S (46XX), UCLA16 (46XX), UCLA17 (46XX),
UCLA18 (46XX). The derivation and basic characterization (Kary-
otype and teratoma analysis) of UCLA1-6 were previously reported
[22]. UCLA8-10, UCLA14, and UCLA16-18 were reported [23].

Derivation and characterization of ESC lines from
human embryos

The following UCLA hESC lines UCLA7 (47XX+13), UCLA11
(46XY), UCLA12 (46XX), UCLA13 (46XY), UCLA1S (46XX)
were derived from human embryos according to the methods de-
scribed [22]. All hESC derivations were performed after human
subjects” approval from the UCLA-IRB and following Embryonic
Stem Cell Research Oversight committee approval. No NIH funds
were used for the derivation or initial characterization (karyotype
and teratoma) of hESC lines. Teratoma analysis was performed af-
ter Institutional approval by the UCLA Office of Animal Research
Oversight. Teratomas were created by injecting of collagenase di-
gested clumps of hESCs into the testicles of male scid/beige C.B.17-
Prkde(scid)Lyst(bg) mice. Prior to injection, hESCs were resuspended
in ice-cold matrigel (Corning, 354277), with 3x wells (from a 6-
well plate) of colonies injected per testis. Karyotype analysis was
conducted by Cell Line Genetics.

Induction of human PGCLCs though incipient
mesoderme-like cells from primed hESCs

Human PGCLCs were induced from primed hESCs as described
in [19] with some modifications. Day 7 hESCs were dissociated
into single cells with 0.05% Trypsin-EDTA (Gibco, 25300-054)
and plated onto Human Plasma Fibronectin (Invitrogen, 33016-
015)-coated 12-well plate at the density of 200 000 cells/well in
2 mL/well of incipient mesoderm-like cell (iMeLC) media, which is
composed of 15% KSR, 1x NEAA, 0.1 mM 2-Mercaptoethanol,
1x Penicillin-Streptomycin-Glutamine (Gibco, 10378-016), 1 mM
sodium pyruvate (Gibco, 11360-070), 50 ng/mL Activin A (Pepro-
tech, AF-120-14E), 3 uM CHIR99021 (Stemgent, 04-0004), 10 uM
of ROCKi (Y27632, Stemgent, 04-0012-10), and 50 ng/mL primocin
in Glasgow MEM (GMEM) (Gibco, 11710-035). iMeLCs were dis-
sociated into single cells with 0.05% Trypsin-EDTA after 24 h of

incubation unless otherwise mentioned and plated into ultra-low
cell attachment U-bottom 96-well plates (Corning, 7007) at the den-
sity of 3000 cells/well in 200 pL/well of PGCLC media, which is
composed of 15% KSR, 1x NEAA, 0.1 mM 2-Mercaptoethanol,
1x Penicillin-Streptomycin-Glutamine (Gibco, 10378-016), 1 mM
sodium pyruvate (Gibco, 11360-070), 10 ng/mL human LIF (Milli-
pore, LIF1005), 200 ng/mL human BMP4 (R&D systems, 314-BP),
50 ng/mL human EGF (R&D systems, 236-EG), 10 uM of ROCKi
(Y27632, Stemgent, 04-0012-10), and 50 ng/mL primocin in GMEM
(Gibco, 11710-035). An amount of 100 ng/mL stem cell factor (SCF;
PEPROTECH, 250-03), 10 uM SB431542 (Stemgent, 04-0010-10),
and 500 ng/uL Dickkopf Wnt Signaling Pathway Inhibitor 1 (DKK1)
(R&D systmes, 5439-DK) was added in PGCLC media for some
experiments.

Induction of human PGCLCs from 4i hESCs

41 WIS2 cells were dissociated with TrypLE and plated to ultra-low
cell attachment U-bottom 96-well plates (Corning, 7007) at the den-
sity of 20004000 cells/well in 200 ©L PGCLC media, which is com-
posed of 15% KSR, 0.1 mM NEAA, 0.1 mM 2-mercaptoethanol,
100 U/mL Penicillin-0.1 mg/mL Streptomycin, 2 mM L-Glutamine,
1 mM Sodium pyruvate, 500 ng/mL BMP4 (R&D Systems) or BMP2
(SCI), 1 pg/mL human LIF (SCI), 100 ng/mL SCF (R&D Systems),
50 ng/mL EGF (R&D Systems), and 10 pM ROCK inhibitor in
GMEM (Gibco, 11710-035).

Flow cytometry and fluorescence activated cell sorting
Human prenatal gonads or day 4 aggregates were dissociated with
0.25% trypsin (Gibco, 25200-056) for 5 min or 0.05% Trypsin-
EDTA (Gibco, 25300-054) for 10 min at 37°C. The dissociated cells
were stained with conjugated antibodies, washed with fluorescence
activated cell sorting (FACS) buffer (1% BSA in PBS), and resus-
pended in FACS buffer accompanying with 7-AAD (BD Pharmin-
gen, 559925). The single cell suspension was analyzed or sorted.
The conjugated antibodies used in this study are ITGA6 conjugated
with BV421 (BioLegend, 313624), EPCAM conjugated with 488
(BioLegend, 324210), EPCAM conjugated with APC (BioLegend,
324208), tissue nonspecific alkaline phosphatase (TNAP) conjugated
with PE (BD Pharmingen, 561433), and cKIT conjugated with APC
(BD Pharmingen, 550412).

Real-time quantitative polymerase chain reaction

Sorted cells or cell pellets were lysed in 350 uL of RLT buffer
(QIAGEN) and RNA was extracted using RNeasy micro kit
(QIAGEN, 74004). Complementary DNA was synthesized using
SuperScript I Reverse Transcriptase (Invitrogen, 18064-014).
Real-time quantitative polymerase chain reaction (PCR) was
performed using TagMan Universal PCR Master Mix (Applied
Biosystems, 4304437) and the expression level of genes-of-interest
were normalized to the expression of housekeeping gene GAPDH.
The Tagman probes used in this study include GAPDH (Applied
Biosystems, Hs99999905_m1), NANOS3 (Applied Biosystems,
Hs00928455_s1), PRDM1 (Applied Biosystems, hs01068508_m1),
TFAP2C (Applied Biosystems, Hs00231476_m1), SOX17 (Ap-
plied Biosystems, Hs00751752_s1), cKIT (Applied Biosystems,
hs00174029_m1), DAZL (Applied Biosystems, hs00154706_m1),
DDX4 (Applied Biosystems, Hs00251859.m1), SOX9 (Ap-
plied Biosystems, Hs01001343_g1), AMH (Applied Biosystems,
Hs01006984_g1), DND1 (Applied Biosystems, Hs00832091_s1), T
(Applied Biosystems, Hs00610080_m1), CER1 (Applied Biosystems,
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Hs00193796_-m1), MIXL1 (Applied Biosystems, Hs00430824_g1),
WNT3  (Applied Biosystems, Hs00902257_m1), EOMES
(Applied Biosystems, Hs00172872_m1), GSC (Applied Biosystems,
Hs00906630_g1), FOXA2 (Applied Biosystems, Hs00232764_m1),
POU3F1 (Applied Biosystems, Hs00538614_s1), TCF15 (Applied
Biosystems, Hs00231821_m1). For human gonad samples, two
technical replicates of real-time quantitative PCR were performed.
For hESCs, iMeLCs, and PGCLCs, two to three independent
experiments were performed.

Generation of EOMES mutant hESC lines

A pair of guide RNA (gRNA) targeting EOMES was designed using
crispr.mit.edu, and the corresponding gDNA sequence was cloned
into px330 vector [24]. An amount of 4 g of gRNA pair or 2 pug
of pMax-GFP was electroporated into 800 000 UCLAT1 cells using
P3 Primary Cell 4D-Nucleofector X Kit according to the manufac-
turer’s instructions (Lonza, V4XP-3024). Twenty-four hours after
nucleofection, cells were dissociated with Accutase (ThermoFisher
Scientific, A1110501) and seeded in low density. A total of 96 in-
dividual colonies were picked after 9 days and expanded. Lines
were screened for the presence of shorter bands due to deletion.
To determine the precise mutations, PCR product from the tar-
geted allele was cloned using Topo-TA cloning (Thermo-Fisher)
and analyzed by Sanger sequencing. Two mutant lines were cho-
sen and subcloned before experiments. The gRNA sequences used
to target EOMES are 5>~ GCGGTGTACAGCCGTAACAT and 5°-
GTTATCTACACCGAAAGTGC. Karyotyping by Cell Line Genet-
ics was performed before experimentation. GFP-labeled control and
EOMES mutant hESCs were made by lentivirus-based transfection
of UbiC-GFP-IRES-Puromycin and maintained as stable cell lines
with puromycin (1 pg/mL) selection.

Immunofluorescence

Immunostaining paraffin sections or aggregates in whole mount
were described previously [25, 26]. For cells cultured on cham-
ber slides, samples were fixed in 4% paraformaldehyde in PBS
for 10 min and washed with PBS containing 0.1% Tween 20 and
permeabilized with PBS containing Triton X for 10 min. Samples
were blocked with 10% donkey serum for 30 min before anti-
body incubation. The primary antibodies used for immunofluores-
cence in this study include rabbit-anti-EPCAM (Abcam, ab71916,
1:50), goat-anti-VASA (R&D Systems, AF2030, 1:20), rabbit-
anti-cKIT (DAKO, A4502, 1:100), goat-anti-OCT4 (Santa Cruz
Biotechnology, sc-8628x, 1:100), rabbit-anti-PRDM1 (Cell Signal-
ing Technology, 9115, 1:100), mouse-anti-PRDM1 (R&D Systems,
MAB36081SP, 1:100), rabbit-anti-TFAP2C (Santa Cruz Biotechnol-
ogy, sc-8977, 1:100), mouse-anti-TFAP2C (Santa Cruz Biotechnol-
ogy, sc12762, 1:100), rat-anti-ITGA6 (Santa Cruz Biotechnology,
sc-80554,1:100), goat-anti-T (R&D Systems, AF2085, 1:100), goat-
anti-SOX17 (Neuromics, GT15094, 1:100), rabbit-anti-EOMES
(Abcam, ab23345, 1:100), rabbit-anti- B-CATENIN (Cell Signal-
ing Technology, 9582, 1:100), rabbit-anti-pSMAD2/3 (Cell Signal-
ing Technology, 8828, 1:100). The secondary antibodies used in this
study are all from Jackson ImmunoResearch Laboratories includ-
ing donkey-anti-rabbit-488, donkey-anti-mouse-488, donkey-anti-
goat-488, donkey-anti-rat-488, donkey-anti-rabbit-594, donkey-
anti-mouse-594, and donkey-anti-goat-594. DAPI is counterstained
to indicate nuclei.
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RNA-sequencing

Sorted cells or cell pellets were lysed in 350 uL of RLT buffer
(QIAGEN), and total RNA was extracted with RNeasy micro kit
(QIAGEN, 74004). Total RNA was reverse transcribed and cDNA
was amplified using Ovation RNA-Seq System V2 (Nugen, 7102-
32) according to manufacturer’s instructions. Amplified cDNA was
fragmented into ~200 bp by Covaris $220 Focused-ultrasonicators.
RNA-sequencing (RNA-seq) libraries were generated using Ovation
Rapid Library Systems (Nugen, 0319-32 for index 1-8 and 0320-32
for index 9-16) and quantified by KAPA library quantification kit
(Illumina, KK4824). Libraries were subjected to single-end 50 bp se-
quencing on HiSeq 2000 or HiSeq 2500 sequencer with 4-6 indexed
libraries per lane.

RNAseq analysis

Analysis of individual gene expression

Raw reads in gseq format obtained from sequencer were first
converted to fastq format with customized perl script. Reads
quality were controlled with FastQC (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc). High-quality reads were then
aligned to hg19 reference genome using Tophat [27] (v 2.0.13) by
using “-no-coverage-search” option, allowing up to two mismatches
and only keeping reads that mapped to one location. Basically, reads
were first mapped to hg19 gene annotation with known splice junc-
tion. When reads did not map to the annotated genes, the reads
were mapped to hg19 genome. Number of reads mapping to genes
were calculated by HTseq [28] (v 0.5.4) with default parameters.
Expression levels were determined by RPKM (reads per kilobase of
exons per million aligned reads) in R using customized scripts. For
RNAseq of published datasets GSE60138 [12], GSM1643143 [19],
raw reads were obtained from GEO and then processed exactly the
same as described above.

Hierarchical clustering of RNAseq

Raw read counts for each gene obtained from HTseq were prepro-
cessed with DESeq R package [28]. To account for heteroscedas-
ticity between samples, variance stabilizing transformation was first
applied to all genes with DEseq. Samples were then hierarchical
clustered (hclust function) based on their Euclidian distances (dist
function) in R using customized scripts.

Principal component analysis

For principal component analysis (PCA), RPKM for each sample
was first calculated. Variance of each genes across samples were
then calculated (rowVars function in R). PCA analysis (prcomp
function in R) was performed on genes with the top 500 variation
across samples. PCA were then plotted with ggplot2 package in R
(http://ggplot2.org).

Correlation analysis between samples

Correlation between ITGA6/EPCAM and TNAP/cKIT was calcu-
lated and plotted in R. Firstly, RPKM of each ITGA6/EPCAM and
TNAP/cKIT RNAseq replicates were calculated. Pearson correla-
tions were then obtained with cor function. Scatter plot was plotted
with ggplot2 with linear regression line. Human PGC-enriched genes
compared to H9 hESCs were defined by Irie et al. [12] (only genes
with at least four fold enrichment in hPGC compared to H9 hESCs
were selected). The RPKM of those selected genes were extracted,
and heat map was plotted with log2(RPKM+1) values in R using
pheatmap package.

120z A Lz uo 1506 Aq G5ZZ85H/058/9/6/3101E/P0Ida1[01q/W00°dNo-0lLBPEOE//:SANY WOl papeojumMoQ



854

D. Chen et al., 2017, Vol. 97, No. 6

Differential gene expression calling

R DESeq package was used to normalize counts per RefSeq tran-
scripts to evaluate differential expression. For comparison between
hESC, iMeLC, mutant hESC, and mutant iMeLC, highly upregu-
lated genes of each sample, with mean log2(fold change) >1 and
adjusted P value < 0.05 were selected and plotted as Venn diagram
using VennDiagram package in R. Scatter plot of log2(RPKM+1)
was plotted in R with ggplot2 package. Log2(Fold change) were
colored with different scale.

Analysis of gene expression level and PGCLC induction effi-
ciency

In order to obtain iMeLC-specific genes coexpressing with PGCLC
induction efficiency, Spearman correlation of each gene’s expression
level in iMeLC was calculated with PGCLC induction efficiency.
Genes in hESC with RPKM more than 2 were filtered out, while genes
with at least 2 RPKM in iMeLC were kept. Gene’s expression levels
with at least 0.45 correlations to PGCLC induction efficiency were
kept. Heat map of log2(RPKM+1) was plotted in R as described
above.

Results

ITGA6 and EPCAM can be used to isolate human PGCs
from embryonic ovaries but not embryonic testes
Recently, in vitro human PGCLCs were isolated using INTEGRIN« 6
(ITGA6) and EPCAM following hiPSC differentiation [19]; how-
ever, whether ITGA6/EPCAM can be used to isolate in vivo PGCs
from human embryos has not been shown. To address this, we ex-
amined cells from a pair of human embryonic ovaries at 72 day
postfertilization by staining with four antibodies that detect ITGA6,
EPCAM, TNAP, and cKIT. cKIT and TNAP were used as a pos-
itive control, given that these surface proteins can be used to sort
human PGCs from the prenatal embryonic ovary and testis [25,
29]. The labeled cells were divided in two and sorted by FACS
gating on either ITGA6/EPCAM or TNAP/cKIT (Figure 1A). We
discovered that the percentage of ITGA6/EPCAM double positive
cells and TNAP/cKIT double positive cells in the embryonic ovary
was comparable (Figure 1A). Furthermore, the ITGA6/EPCAM dou-
ble positive population was also double positive for TNAP/cKIT.
Conversely, the TNAP/cKIT double positive cells were also double
positive for ITGA6/EPCAM (Figure 1A). Using real-time PCR, we
show that both populations expressed PGC genes at equivalent levels
(Figure 1B). We repeated this experiment with a pair of human em-
bryonic ovaries at 94 day, and found a similar result (Figure 1A and
B). Therefore, these observations indicate that ITGA6/EPCAM can
be used to isolate TNAP/cKIT positive germ cells from the human
embryonic ovary and vice versa.

Next, we performed the same analysis using embryonic testes.
Unlike the ovary, we discovered that most ITGA6/EPCAM dou-
ble positive cells are negative for TNAP/cKIT (Figure 1C), and
the ITGA6/EPCAM double positive cells have reduced levels of
PGC genes relative to the TNAP/cKIT double positive population
(Figure 1D). Given that ITGA6 and EPCAM are epithelial markers
[30, 31], and PGCs in the embryonic testis are known to be enclosed
within epithelial cords [25], we reasoned that ITGA6 and EPCAM
double positive cells are a mixture of both germ cells and somatic
cells in prenatal testis. To test this, we performed immunofluores-
cence and real-time PCR and show that ITGA6 and EPCAM are
expressed by both PGCs and epithelial Sertoli cells (Figure S1A and
B), and the ITGA6/EPCAM double positive population is also en-

riched in Sertoli cell genes SOX9 and AMH (Figure 1D). Therefore,
using prenatal tissues containing PGCs, TNAP/cKIT can be used
to sort PGCs from both the embryonic ovary and testis, whereas
ITGA6/EPCAM can only be used to sort PGCs from the embryonic
ovary.

Next, we performed RNA-seq on sorted ITGA6/EPCAM female
PGCs at 89 and 103 day (Figure 1E and F), and compared this to a
third sample involving a pair of ovaries collected at 89 d, which were
pooled and then stained and sorted separately for ITGA6/EPCAM
or TNAP/cKIT (Figure 1E-G, marked by asterisk). We also included
a testis at 59 day, which was sorted only using TNAP/cKIT to
specifically isolate the male PGCs. Using unsupervised hierarchi-
cal clustering (UHC), the sorted PGC samples clustered together
forming a distinct group relative to an undifferentiated female hESC
line (UCLA1), and a male hESC line (UCLA2) (Figure 1E). Evalua-
tion of candidate genes revealed that all putative PGC samples ex-
pressed the early and late stage PGC genes and have acquired a naive
pluripotent signature (Figure S1C). Moreover, the ITGA6/EPCAM
and TNAP/cKIT PGCs sorted from the same pair of 89 day embry-
onic ovaries clustered the closest compared to ITGA6/EPCAM pop-
ulations sorted from different ovaries (Figure 1E). This result further
supports the conclusion that ITGA6/EPCAM and TNAP/cKIT are
expressed on the same population of PGCs. To better display the
similarities and differences between samples, we performed PCA,
and found that the PGCs are well separated from undifferentiated
hESCs along the PC1 axis, while the 59-day male TNAP/cKIT PGCs
are separated from the other gonadal PGCs along the PC2 axis
(Figure 1F). This separation is anticipated to be caused by the 4-
week difference in age between male and female samples in this
study, as well as gender [32]. Last, we examined the differentially
expressed genes (DEGs) between ITGA6/EPCAM and TNAP/cKIT
positive cells sorted from the same ovary pair and found very few
DEGs as the two transcriptomes are highly correlated with linear re-
gression R squared = 0.98 (Figure 1G). Therefore, we propose that
ITGA6/EPCAM and TNAP/cKIT are coexpressed on the same cell
population in the embryonic ovary.

Germline competency is associated with the induction
of genes required for primitive streak formation

Prior to examining PGCLC differentiation across 18 independently
derived UCLA hESC lines with ITGA6/EPCAM/TNAP/cKIT, we first
piloted the sorting strategy on the male hESC line UCLA2. We dis-
covered that all ITGA6/EPCAM double positive putative PGCLCs at
day 4 of differentiation were positive for TNAP; however, cKIT was
not detected on the PGCLC population (Figure S2A). In mice, cKIT
is critical for PGC survival, migration, and proliferation [33-35].
In humans, cKIT is present on PGCs from at least week 4 to week
20 of prenatal life postfertilization [25, 29, 32, 36]. Furthermore,
analysis of cyno PGCs during gastrulation reveals that cKIT RNA is
expressed by PGCs at the time of specification [3]. Thus, we reasoned
that cKIT is either not translated in early stage human PGCs, or alter-
natively the conditions for PGCLC induction must be optimized to
enable cKIT expression on the cell surface. Given that ¢KIT is subject
to ligand induced endocytosis [37], we removed the ligand SCF from
the PGCLC media, and this resulted in ITGA6/EPCAM/TNAP/cKIT
positive PGCLCs (Figure S2B and D). To determine if excluding SCF
affects germ cell identity, we performed real-time PCR and RNA-
Seq of the putative ITGA6/EPCAM positive PGCLCs differentiated
with or without SCF (Figure S2C and E). To determine the molecu-
lar similarity of PGCLCs generated in primed conditions on MEFs,
to those generated from hESCs cultured in 4i on MEFs [12], we
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Figure 1. Analysis of ITGA6/EPCAM and TNAP/cKIT populations in human prenatal gonads. (A) Flow cytometry of prenatal ovaries at day (d) 72 and 94
postfertilization stained with antibodies that recognize ITGA6, EPCAM, TNAP, and cKIT. (B) Gene expression of the sorted populations from (A, 72d) by real-time
PCR. Expression is normalized to the GAPDH. Fold change is calculated relative to expression levels of each gene in female hESC line UCLA1 (passage 17 (p17)
and p18), which was given a value of 1.0. (C) Flow cytometry of prenatal testis at day 85 and 104 postfertilization stained with ITGA6, EPCAM, TNAP, and cKIT.
(D) Gene expression of the sorted populations from (C, 85d) by real-time PCR. For each gene examined, its expression is normalized to the GAPDH. Fold change
is calculated relative to expression levels of each gene in male hESC line UCLA2 (p11 and p12), which was given a value of 1.0. (E) Unsupervised hierarchical
clustering (UHC) of transcriptomes of female hESC line UCLA1 (two biological replicates, p14 and p15), male hESC line UCLA2 (two biological replicates, p13 and
p14), TNAP/cKIT positive germ cells from embryonic day 59 testes, ITGA6/EPCAM positive cells from 89d, 103d, and another 89d embryonic ovary. TNAP/cKIT
positive cells from 89d ovaries. Asterisk in E-G indicates that the two RNA-seq libraries were made from the same pair of ovaries but sorted with different
surface markers. (F) PCA of transcriptomes shown in E. (G) Scatter plot of two transcriptomes made from the same pair of ovaries but sorted with ITGA6/EPCAM
(x-axis) and TNAP/cKIT (y-axis).
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differentiated the WIS2 hESC line for 4 days according to the meth-
ods of Irie et al. [12] and sorted the TNAP/NANOS3-mCherry PG-
CLC population. RNA-seq analysis showed that PGCLCs generated
from either the primed or 4i cultured hESCs clustered together, and
were distinct from the undifferentiated hESCs (Figure S2E and F),
indicating that the starting culture media (4i on MEFs versus primed
media on MEFs) ultimately yielded PGCLCs with similar transcrip-
tional identities.

Using ITGA6/EPCAM as a sorting approach to analyze PGCLCs,
we next examined PGCLC competency of 18 hESC lines, all de-
rived at UCLA from 18 single frozen embryos (Figure 2A). All hESC
lines were capable of teratoma formation when injected into severe
combined immunocompromized (SCID) beige mice (UCLA1-6 [22];
UCLA8-10, UCLA14, UCLA16-18 [23]; and this study UCLA7,
UCLA11-13, and UCLA1S: Figure S3A-C). Seventeen out of eigh-
teen hESC lines are karyotypically normal, while UCLA7 has a dupli-
cation of chromosome 13 in 100% of cells karyotyped (Figure S3B).
We included this cell line in the analysis to determine whether aneu-
ploidy may be associated with alterations in PGCLC potential. It has
been previously reported that PGCLC induction efficiency is variable
between experiments [12, 19]. In order to minimize variability, we
induced PGCLCs from 18 hESC lines simultaneously and repeated
this experiment four times to determine the average PGCLC induc-
tion efficiency for all 18 lines. All 18 independently derived hESC
lines were germline competent. However, UCLA6 consistently ex-
hibited the highest germline potential generating on average 35%
PGCLCs at day 4 of aggregate formation, whereas UCLA9 had the
lowest germline potential generating on average less than 1% PG-
CLCs at day 4 (Figure 2A; Figure S3D). The aneuploid UCLA7
female hESC line generated a comparable percentage of PGCLCs to
the other female hESC lines in the data set. Meanwhile, we found
that male hESC lines on average were more competent for PGCLC
induction than female (Figure 2B).

In a recent study using nine hiPSC lines, it was determined that
primitive streak genes were associated with PGCLC competency
[21]. To determine whether this was also the case for hESCs, we
performed RNA-seq on the 18 hESC lines, and the corresponding
iMeLCs in biological duplicate. We used the following parameters
to define genes whose expression levels in iMeLCs are positively
correlated with PGCLC induction efficiency. First, we chose genes
that were expressed at low levels or not expressed in hESCs by set-
ting the RPKM value < 2. Second, we used the RPKM value > 2
in at least one of the 18 iMeLC samples to select for genes that
are upregulated in at least one of the 18 hESC lines induced to be-
come iMeLCs. Third, we correlated gene expression in iMeLCs with
PGCLC induction efficiency, and set the cutoff as >0.45. Based on
these parameters, we found 78 genes upregulated from hESCs to
iMeLCs that were also positively correlated with resulting PGCLC
induction efficiency in the aggregates (Figure 2C). Using gene on-
togeny (GO) term analysis of these 78 genes by WebGestalt [38, 39],
we discovered that the top term was “formation of primary germ
layer” (GO: 0001704), which included seven genes: EOMES, T,
GATA6, MIXL1, GATA4, WLS, and LHX1. These genes are asso-
ciated with primitive streak formation that are known to be induced
by NODAL/ACTIVIN A (TGES) and WNT [40].

Signaling pathways that promote primitive streak
formation are also required for PGCLC induction

Next, we confirmed the relationship between TGFB and WNT sig-
naling pathways, and the expression of T and EOMES in iMeLCs.

We performed immunofluorescence and identified nuclear accumu-
lation of phosphorylated SMAD2/3 (pSMAD?2/3) (Figure 3A) and
B-CATENIN (Figure 3B) in both iMeLCs and hESCs, indicating
that these cells are capable of responding to both signaling path-
ways. We then confirmed expression of T (Figure 3C) and EOMES
(Figure 3D) protein by immunofluorescence, and as predicted from
the RNA-Seq, T was induced in iMeLCs (Figure 3C), and EOMES
protein was expressed in both hESCs and in iMeLCs (Figure 3D).

The correlation of germline competency with TGFB and WNT
signaling, as well as T and EOMES induction promoted us to test if
these molecules are critical for PGCLC formation. To block TGF
signaling we added SB431542 [41], which inhibits the TGFB type [
receptors ALKS, ALK4, and ALK7, and phosphorylation of SMAD2
and SMAD3. This inhibitor does not block the ALKs or SMADs
downstream of BMP4. To block WNT receptor binding, we added
DKK1 [42] (Figure 3E). We discovered that the addition of these
two molecules prevented the induction of T and EOMES in iMeLCs
despite the presence of ACTIVIN A and GSK3i in the iMeLC media
(Figure 3F). In order to determine if T and EOMES expression is
dependent on TGFB or WNT, or both, we evaluated T and EOMES
expression in iMeLCs in the presence of either SB431542 or DKK1.
We found that Tand EOMES were repressed in the presence of either
SB431512 or DKK1 (Figure S4A and B), suggesting the expression of
T and EOMES in iMeLCs requires both TGF and WNT signaling.
To evaluate the effect on germline competency, we induced PGCLCs
in media with or without SB431542 and DKK1 (Figure 3E). We
discovered that the PGCLC population was completely abolished
when SB431542 and DKK1 were included in the media, despite the
presence of exogenous BMP4 and other cytokines known to induce
PGCLC fate (Figure 3G). These results suggest that the ability to
respond to TGFB and WNT signaling and potentially the induction
of genes associated with primitive streak formation such as T and
EOMES are required for germline induction.

EOMES is required for PGCLC induction

To provide direct evidence for EOMES in PGCLC induction, we
used CRISPR/Cas9 to mutate EOMES in the UCLA1 hESC line
(Figure S4C). We used two independent EOMES mutant clones for
analysis. By differentiating the EOMES mutant and control hESC
lines in parallel, we found that the ITGA6/EPCAM double positive
PGCLC population was dramatically reduced in the EOMES mutant
clones (Figure 4A-B). To confirm this result, we also performed
immunofluorescence on aggregates and detected PGCLCs by triple
staining for TFAP2C, SOX17, and PRDM1. In wild-type control
cells, we detected clusters of triple TFAP2C, SOX17, and PRDM1
human PGCLCs (Figure 4C, white dot outlined). However, in the
EOMES mutant lines, we identified very few triple positive PGCLCs
(Figure 4C, white arrowheads). Therefore, our results demonstrate
that EOMES is required for PGCLC formation in human, most likely
downstream of WNT and TGFB.

In cyno embryos, nascent PGCs in the amnion are negative for
EOMES [3]. Similarly, our RNA-seq data show that EOMES is not
expressed in prenatal PGCs or PGCLCs. Therefore, we hypothesize
that EOMES acts either noncell autonomously in the niche to support
PGCLC formation, or alternatively EOMES acts cell autonomously
in iMeLCs to prime PGC fate. To test this, we made stable GFP
lines of control and EOMES mutant hESCs. We made iMeLCs and
generated PGCLC aggregates containing a mix of GFP and unla-
beled cells in a 1:1 ratio. The iMeLC mixtures were composed of
GFP-labeled control cells with unlabeled controls (Figure 4D) or
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Figure 3. TGFB and WNT signaling are required for PGCLC induction from
hESCs. (A-D) Expression of pPSMAD2/3 (A), g-CATENIN (B), T (C), and EOMES
(D) in UCLA1 hESCs and iMeLCs. Scale bar: 10 um. (E) Schematic illustration
of PGCLC induction with or without SB431542 (SB) and DKK1. (F) Real-time
PCR for T and EOMES expression at iMeLCs in the presence of SB431542

and DKK1. (G) Flow cytometry showing loss of PGCLC competency in media
containing SB431542 and DKK1.

GFP-labeled EOMES mutant cells with unlabeled controls (Fig-
ure 4E). In the controls, about 45 % of the total cells were positive for
GFP, and about 35% of the PGCLCs were positive. Therefore, con-
trol hESCs with or without GFP both contribute to PGCLC induction
(Figure 4D). In contrast, only about 8 % of the PGCLCs were induced
from GFP-labeled EOMES mutant cells, whereas the total cells were
composed of about 48% GFP-labeled EOMES mutant cells (Fig-
ure 4E). This suggests that EOMES is required cell autonomously to
prime PGC fate.

Discussion

In the current study, we prove that PGCLC competency is an inher-
ent property of hESC lines. Together with previous work [11, 12,
19], our study proves that the generation of human PGCLCs in vitro
through directed differentiation is not a stochastic event restricted
to a small number of hESC or hiPSC lines, but rather a competency
that extends to the majority of human pluripotent stem cell lines
in vitro regardless of whether they originated from the inner cell
mass or through induced reprogramming. We also show that hetero-
geneity in PGCLC differentiation can provide a unique opportunity
to discover conserved and new genes that regulate PGC specifica-
tion in humans. Heterogeneity in differentiation potential amongst
independently derived pluripotent stem cell lines is not unique to
the germline, with multiple studies showing that hESC and hiPSC
lines each have varying potentials for somatic cell differentiation
[43-46]. In these studies, the underlying cause of this heterogeneity
is thought to be due to differences in chromatin and DNA methy-
lation in the self-renewing state [45, 46]. The underlying cause of
variable germline competency also warrants further investigation.

A recent study using nine hiPSC lines cultured on StemFit also
revealed that genes associated with primitive streak formation are as-
sociated with germline competency of hiPSCs in vitro [21]. Our study
extends this observation by demonstrating that primitive streak gene
expression is also associated with germline competency of hESCs,
and that functionally, PGCLC competency can be attributed to the
appropriate induction of T and EOMES downstream of TGFg and
WNT signaling. A recent study using hiPSCs revealed that T is not
required for hPGCLC specification; therefore, even though T is in-
duced and associated with PGCLC competency, T itself may not
necessary for germline competency in vitro [17].

Unlike T, EOMES has no reported functional role in mouse,
cyno, or porcine PGC specification. In mouse, EOMES is required
for the cell migration in the primitive streak and EOMES loss-of-
function mutants fail to undergo germ layer formation [47]. In the
current study, we determined that EOMES is critical for human
PGCLC specification where EOMES functions cell autonomously.
Our RNA-seq data show that EOMES is expressed in iMeLCs but
not in PGCLCs or PGCs. Therefore, we hypothesize that EOMES
functions before the specification of SOX17 positive PGCs and is
associated with germ cell competency of the epiblast/primitive streak.
Whether EOMES regulates the migration of iMeLCs and whether
the migration of iMeLCs is required for germ cell fate specification
require further analysis.

Finally, our work touches on the potential origins of the human
germline. In mouse embryos, PRDM1 positive PGC precursors are
specified by BMP4 signaling to the Wnt3 primed posterior epiblast
around the time of primitive streak formation [6, 15, 48]. In cyno
embryos, PGCs were first identified prior to primitive streak for-
mation in an embryonic cell layer called the amnion [3]. In porcine
embryos, SOX17 positive PGCs were identified in prestreak epiblasts
similar to the mouse [5]. In the current study, we discovered that sig-
naling pathways and transcription factors associated with primitive
streak formation (EOMES) regulate competency for SOX17 positive
human PGCLC formation. This does not directly refute the origin
of PGCLCs as being from the amnion, as the molecular identity
of amnion cells is almost completely unknown. Instead, our work
demonstrates that embryonic cells with the appropriate competency
to respond to TGFB and Wnt3 in order to induce EOMES are re-
quired for human PGCLC formation. Future studies using embryo
attachment culture will be necessary to determine the origin of the
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Figure 4. EOMES is required for PGCLC induction from hESCs. (A) Flow cytometry showing reduced PGCLC competency in EOMES mutant hESC line. PGCLCs
were identified as ITGA6/EPCAM double positive cells. (B) Summary of PGCLC induction percentage from control and two different EOMES mutant hESC
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TFAP2C/SOX17/PRDM1 triple positive PGCLCs in control. White arrowheads point to rare TFAP2C/SOX17/PRDM1 triple positive PGCLCs in EOMES mutant. (D)
Flow cytometry analysis of PGCLCs made from mixed iMeLCs (1:1 ratio) made from GFP negative and GFP positive wild-type hESCs. Left panel shows GFP
positive cells in all live cells from PGCLC aggregates. Middle panel shows PGCLCs positive for ITGA6 and EPCAM. Right panel shows GFP positive PGCLCs. (E)
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human germline, but only if they emerge before the primitive streak
given the ethical barrier that our field currently cannot cross.

Supplementary data

Supplementary data are available at BIOLRE online.

Figure S1. Germ cell marker expression and optimization of PG-
CLC induction from hESCs. (A) Human embryonic testis at day 115
section stained with ITGA6 (green), OCT4 (red), and DAPI (blue) by
immunofluorescence. Yellow arrowhead points to an OCT4-positive
germ cell that is also positive for ITGA6. Purple arrowhead points
to an ITGA6-positive germ cell that is negative for OCT4. Scale bar:
10 pm. (B) Human embryonic testis at day 72 section stained with
EPCAM (green), VASA (red), and DAPI (blue) by immunofluores-
cence. Yellow arrowhead points to a VASA-positive germ cell that is
also positive for EPCAM. Purple arrowhead points to an EPCAM-
positive germ cell that is negative for VASA. Scale bar: 10 um. (C)
Heat map showing the expression of germ cell, somatic cell, and
pluripotency genes in transcriptomes shown in Figure 1E.

Figure S2. Generating ITGA6/EPCAM//TNAP/cKIT positive PG-
CLGCs. (A and B) Flow cytometry of day 4 aggregates made with
SCF (A) or without SCF (B) from UCLA2 (p13) and stained
for ITGA6/EPCAM/TNAP/cKIT. (C) Real-time PCR of the sorted
ITGA6/EPCAM positive PGCLCs made from UCLA2 (p13, p14)
with SCF (green open columns) or without SCF (purple open
columns) and compared to gene expression in ITGA6/EPCAM PGCs
at day 72 postfertilization (Figure 1A and B) (green solid columns).
Fold change is calculated relative to expression levels of each gene
in the UCLA1 hESC line, which was given a value of 1.0. (D) Im-
munofluorescence of day 4 PGCLC aggregates from UCLA2 (p14)
to examine colocalization of OCT4 (red), with cKIT, PRDM1, and
TFAP2C (all green). Scale bar: 10 pum. (E) UHC of primed undif-
ferentiated hESCs (UCLA1 p14, p15 and UCLA2 p13, p14), day 4
PGCLCs sorted by FACS using ITGA6/EPCAM (made from UCLA1
pl4, p15 and UCLA2 p13, p14) with (plus) and without (minus)
SCF, undifferentiated 4i cultured hESCs sorted with TNAP (WIS2)
and day 4 PGCLCs sorted by FACS using TNAP/NANOS3-mCherry
(made from WIS2). UHC was based on the expression of DEGs be-
tween hPGCs and H9 hESCs defined by Irie et al. [12] and Sasaki
et al. [19]. Ul and U2 indicate UCLA1 and UCLA2, respectively.
Gonadal germ cell libraries analyzed here are the same in Figure 1E.
MS: minus SCF. PS: plus SCF. (F) PCA of transcriptomes in (E).

Figure S3. PGCLC induction from 18 pluripotent hESC lines
derived at UCLA. (A) Morphology of human embryos used for
derivation of hESC lines UCLA7, UCLA11, UCLA12, UCLA13, and
UCLA1S. All other hESC lines are reported elsewhere. (B) Kary-
otypes of hESC lines UCLA7, UCLA11, UCLA12, UCLA13, and
UCLAT1S (from left to right). All other hESC lines are reported else-
where. (C) Representative images showing teratomas formed by in-
jection of hESC lines UCLA7, UCLA11, UCLA12, UCLA13, and
UCLA1S (from left to right) into the testes of SCID-beige mice. All
other hESC lines are reported elsewhere. (D) FACS plots of day 4
PGCLCs (sorted with ITGA6/EPCAM) induced from 18 hESC lines
through 24 h of iMeLC differentiation.

Figure $4. Evaluation of T'and EOMES in different combination
of cytokines and inhibitors and molecular information of EOMES
mutant alleles. (A) T expression in the iMeLCs with different combi-
nations of cytokines and signaling inhibitors. (B) EOMES expression
in the iMeLCs with different combinations of cytokines and signal-
ing inhibitors. (C) Molecular information of gRNAs for targeting

EOMES and the resulting EOMES mutant alleles in the subline
used in this study.
Table S1. List of antibodies used in this study.
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Chapter 3

UHREF1 is not Required for PGC Differentiation
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Summary

Proper differentiation of the germline is essential for fertility. In mammals, the germline
is specified in the early embryo and undergoes major epigenetic remodeling which is
hypothesized to facilitate proper gametogenesis. In order to assess the role of Ubiquitin like with
PHD and Ring Finger domains 1 (UHRF1) throughout germline differentiation we created a
conditional deletion of UHRF1 at the time of specification. Through immunofluorescence and
cell sorting, we found that UHRF1 does not regulate the timing of sex-specific differentiation in
the embryonic gonads, contribute to global DNA re-methylation of the prospermatogonia in the
embryonic testis, or the maturation of the oocytes within the adult ovary. Immunofluorescence of
the adult testis revealed that while UHRF1 is not essential for the maintenance of the
spermatogonial stem cell population, it is required for the long-term maintenance of this
population and spermatogenesis. Thus, we provide the first longitudinal study of the role of

UHREFI in germline differentiation from the time of specification through gametogenesis.

Introduction

In mammals, primordial germ cells (PGCs) are the source of the entire adult germline. In
mice, the PGC stage takes roughly seven days beginning with specification from the embryonic
epiblast at embryonic day (E) 6.5 and ending at E13.5 following migration and sex-specific
differentiation into oogonia or prospermatogonia within the embryonic ovaries and testes,
respectively (Ginsburg et al., 1990; Jameson et al., 2012; Saitou and Yamaji, 2012). During
migration, the PGCs will undergo a genome-wide depletion of DNA methylation due to a
downregulation of the de novo DNA methyltransferases 3A and 3B (DNMT3A and DNMT3B)

as well as Ubiquitin like with PHD and Ring Finger domains 1 (UHRF1) which is necessary for
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directing the maintenance DNA methyltransferase 1 (DNMT1) to the replication forks
(Kagiwada et al., 2013; Seisenberger et al., 2012). Despite near complete genome-wide DNA
demethylation prior to entry into the genital ridges at E10.5, a few loci still retain significant
DNA methylation. These include transposable elements which retain DNA methylation
throughout sex-specific differentiation and the promoters of key gametogenesis genes, termed
“late demethylators,” which slowly lose DNA methylation until becoming fully demethylated
prior to sex-specific differentiation (Hargan-Calvopina et al., 2016; Hill et al., 2018; Liu et al.,
2014; Saitou and Yamaji, 2012; Seisenberger et al., 2012).

Following sex-specific differentiation, the embryonic oogonia will arrest in meiosis |
prophase I and undergo fetal oocyte attrition (FOA) in response to Linel expression ending at
post-natal day (P) 2 after a majority of oocytes are lost (Malki et al., 2014; Tharp et al., 2020).
The remaining oocytes are incorporated into primordial follicles where they will remain until
activated (Pisarska et al., 2004). Following follicle activation, the oocytes will undergo global
DNA re-methylation and maternal imprinting mediated by DNMT3A as they mature before
ovulation (Kaneda et al., 2010; Kobayashi et al., 2012; Lucifero et al., 2004; Smallwood et al.,
2011).

In the embryonic testis, the prospermatogonia undergo a similar global DNA re-
methylation and paternal imprinting driven by DNMT3A and DNMT3B in coordination with the
piRNA machinery and the catalytically inactive DNMT3L (Aravin et al., 2008; Bourc’his and
Bestor, 2004; Kato et al., 2007; Suetake et al., 2004). Following DNA re-methylation, the post-
natal prospermatogonia will then either migrate towards the basement of the seminiferous tubule

and become long lasting spermatogonial stem cells (SSCs) or differentiate into spermatogonia
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and ultimately sperm as part of the first wave of spermatogenesis (McLean et al., 2003; Yoshida
et al., 2006).

Throughout these processes, from specification to gametogenesis, proper regulation of
UHRF1 has been shown to be essential. Despite being downregulated during mouse PGC global
DNA demethylation, UHRF1 protein accumulates in the cytoplasm as early as E10.5 when PGCs
enter the genital ridges (Seisenberger et al., 2012). Additionally, UhrfI expression increases
coincident with sex-specific differentiation at E12.5 (Kagiwada et al., 2013; Seisenberger et al.,
2012), suggesting a potential role in DNA re-methylation. Indeed UHRF1 has been shown to be
essential for this process in oocytes with knockout resulting in increased hemi-methylated DNA
and the improper localization of DNMT]1 to the cytoplasm (Cao et al., 2019; Maenohara et al.,
2017). Additionally, in the adult testes UHRF1 has been shown to interact with the pachytene
piRNA machinery to maintain DNA methylation within the differentiating spermatogonia (Dong
et al., 2019; Wang et al., 2015).

Taken together, these studies suggest that UHRF1 is essential throughout germline
differentiation. However, a truly longitudinal analysis of its role from the time of specification
through gametogenesis has yet to be performed. We evaluated the role of UHRF1 in PGCs by
performing a PGC specific conditional deletion of UHRF1 (UCKO) at the time of specification
from the epiblast. Through immunofluorescence imaging of gonadal sections and cell sorting we
found that UHRF1 is not essential for regulating the timing of PGC sex-specific differentiation.
Additionally, while UHRF1 does not appear to be essential for the genomic re-methylation of the
prospermatogonia or establishment of the SSC population in the testis, it is necessary for the

long-term maintenance of this SSC population. Taken together, this work provides a strong
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foundation from which to investigate the loci specific impacts of UHRF1 in DNA methylation at
different stages of germline development.
Results
UHRF does not regulate PGC differentiation

In order to assess the role of UHRF1 in the germline, we crossed the UhrfIf/f (Obata et
al., 2014) allele which has been previously used to study the role of UHRF1 in T cells and the
BlimpI-cre (BC) (Ohinata et al., 2005) allele to create a PGC specific UHRF1 conditional
knockout (UCKO). Blimp1 is expressed in the PGC precursors prior to specification from the
epiblast and this expression is maintained for several days throughout the migration of PGCs
ensuring near complete recombination by colonization of the genital ridges at E9.5 (Li et al.,
2015; Ohinata et al., 2005). We also crossed in the Oct4-GFP (OG) (Lengner et al., 2007) allele
to create a GFP reporter to isolate GFP+ PGCs from the embryonic gonads via fluorescent
activated cell sorting (FACS) (Figure 1A). Using this approach, we discovered no significant
change in GFP+ PGCs isolated from the embryonic ovary or testis at E13.5 (Figure 1B and C).
This suggests that UHRF1 is not essential for the migration into and proliferation of either XX or

XY PGCs in the embryonic gonads.
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Figure 1: UHRF1 is not Required for Embryonic Germline Proliferation. A) Schematic for

UHRF1 conditional knockout used in subsequent experiments. Upon PGC specification, Cre will
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be expressed and excise UhrfI exons 4-5 flanked by LoxP sites leading to a UHRF1 conditional
knockout. All mouse strains used in this experiment are listed. B) Representative flow cytometry
plots from E13.5 XX and XY control and UCKO dissociated gonads. Boxed population of cells
represents the quantified GFP+ PGC population. C) Quantification of average PGC number at
E13.5 (n=3-8 embryos). Significance was calculated using a two-tailed unequal variance T-test

with P<0.05 considered significant.

UHRF1 does not regulate embryonic or adult XX germline differentiation

Given that UHRF1 does not play a role in regulating the timing of PGC differentiation in the
embryonic gonads, we next wanted to determine if it has a role in the transition from the
embryonic to the adult gonads. Therefore, we harvested ovaries at E13.5 and P10, and performed
immunofluorescent (IF) staining to detect proper oocyte development. These time points were
chosen because they map the exit from the PGC stage into oogonia following sex-specific
differentiation (E13.5) (Saitou and Yamaji, 2012) and initiation of folliculogenesis within the
adult ovary (P10) (Pisarska et al., 2004). Consistent with our FACs observations, we noticed no
difference in the presence or organization of VASA+ UCKO and control XX PGCs within the
E13.5 embryonic ovary (Figure 2A). Likewise, at P10 there was no change in the presence of
STELLA+ oocytes within the control and UCKO ovaries. During this stage of ovarian
development we would expect to see both primordial and primary follicles with loosely
associated and a single unbroken layer of FOXL2+ granulosa cells, respectively (Pisarska et al.,
2004). Indeed, both control and UCKO oocytes show proper follicular development with both
primordial and primary follicles present (Figure 2B). Interestingly, while UHRF1 does not

appear to be required for proper oocyte differentiation, it is heavily enriched within cytoplasm of
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oocytes following initiation of folliculogenesis.
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Figure 2: UHRF1 is not Required for XX Germline Maturation. A) Representative IF image of

VASA+ PGCs in control and UCKO E13.5 ovaries. Scale bar is 7 um (n=1). B) Representative
IF image of control and UCKO P10 ovaries. STELLA is an oocyte marker, FOXL2 is a marker
of the supporting follicle cells. Primordial follicles contain relatively small STELLA+ oocytes
and a loose association of FOXL2+ follicle cells. Primary follicles are larger STELLA+ oocytes
with a cytoplasm enriched for UHRF1 and ringed by a single layer of FOXL2+ follicle cells.

Scale bar is 10 um (n=3).

UHRF 1 is required for maintenance of spermatogonial stem cells

In order to assess the role of UHRF1 in the spermatogenesis, we harvested testes at E13.5, P1,
P10 and week 6 and performed immunofluorescent staining. These time points were chosen
since they mark the differentiation of PGCs into the prospermatogonial stem cells following
completion of sex-specific differentiation (E13.5) (Saitou and Yamaji, 2012), the
prospermatogonial stem cells in the postnatal testis prior to the first wave of spermatogenesis
(P1) (Shinohara et al., 2001; Yoshida et al., 2006), the spermatogonial stem cells (SSC) and first

wave spermatogonia (P10) (Shinohara et al., 2001; Yoshida et al., 2006) and the stable SSC
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population (week 6). Much like in the ovary, we saw no change in the gross morphology or
localization of PGCs at E13.5 or prospermatogonial stem cells at P1 (Figure 3A). Additionally,
there is no change in localization of the SALL4+ SSCs to the basement membrane of the P10
tubule, suggesting that UHRF1 is not essential for surviving first wave spermatogenesis or
establishment of the long-term adult SSC population (Hobbs et al., 2012; McLean et al., 2003;
Shinohara et al., 2001; Yoshida et al., 2006). However, by week 6 there was a depletion of
SALL4+ SSCs within the UCKO testes and a complete lack of VASA+ spermatogonia and
round spermatids within the tubules as well as spermatozoa within the lumen (Toyooka et al.,
2000). Additionally, the week 6 UCKO testes are undersized and underweight compared to the
control testes consistent with a reduction in SSC number and decreased spermatogenesis (Figure
3B) (Pan et al., 2020; Sun et al., 2015; Takada et al., 2021; Xiong et al., 2022). Additionally, we
show that UHRF1 is not required for the DNA re-methylation which occurs within the fetal
prospermatogonial stem cells (Figure 3C) (Kobayashi et al., 2013; Seisenberger et al., 2012).
Taken together we have identified that while UHRF1 has no role in regulating oocyte

maturation, it is necessary for the long-term maintenance of SSCs within the testis.
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Figure 3: UHRF1 is required for the Maintenance of Spermatogonial Stem Cells. A)
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Representative IF image of control and UCKO E13.5, P1, P10 and week 6 testes. VASA is a
marker of the PGCs at E13.5, prospermatogonial stem cells at P1 and maturing spermatogonia
and round spermatids at P10 and week 6. Sall4 is a marker of the spermatogonial stem cells at
P10 and week 6. Scale bar is 5 um at E13.5 (n=2), 7 um at P1 (n=1), 10 um at P10 (n=1) and 20
um at week 6 (n=1). B) Quantified weight of control and UCKO week 6 testes in mg. n=2. C)

Representative IF image of SmC in control and UCKO P1 testes. Scale bar is 7 um (n=1).

Discussion

In this study, we provide evidence that while UHRF1 plays a key role in regulating the XY adult
germline, it is not essential for either the embryonic germline or oocyte differentiation. Through
this, we have clarified the role of UHRF1 in regulating the differentiation of the germline from

specification to gametogenesis in the mouse.
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One of the major findings of this study is that UHRF1 is not essential for the sex-specific
differentiation of the embryonic germline. While it has been proposed that the downregulation of
Uhrf1 following specification of the mouse PGCs from the epiblast is essential for global
replication coupled DNA demethylation, the continued presence of low levels of UHRF1 protein
in the PGC cytoplasm and increased expression during sex-specific differentiation meant that it
may still have a role in the embryonic germline (Kagiwada et al., 2013; Seisenberger et al.,
2012). The DNMTT1 directed maintenance of loci-specific DNA methylation at the late
demethylating promoters has been previously shown to be essential to properly regulate the sex-
specific differentiation of mouse PGCs (Hargan-Calvopina et al., 2016). Here we show that loss
of UHRF1 does not impact the timing of mouse PGC sex-specific differentiation. While we
cannot rule out that UHRF1 may play a contributing role in the maintenance of DNA
methylation at certain loci, the failure to replicate the phenotype observed in the DNMT]1
knockouts suggests that this would be minor.

In the ovary, we saw no appreciable differences between the morphology of the UCKO
and control oocytes at P10. Therefore, while UHRF1 protein has been observed in the fetal
oocyte and has previously been shown to have a role in regulating Linel in spermatogonia, it
does not appear to have a similar role in the oocyte (Dong et al., 2019; Malki et al., 2014;
Seisenberger et al., 2012). This could be due to the fact that the piRNA machinery, while present
in the mouse fetal oocyte, is not essential for the repression of TEs (Taborska et al., 2019).
However, whether this non-essential role for piRNAs and UHRF1 holds true for human fetal
oocytes remains to be determined and provides an exciting area of future research (Roovers et
al., 2015; Tharp et al., 2020). Our findings on the non-essential role of UHRF1 in

folliculogenesis has been previously reported (Cao et al., 2019; Maenohara et al., 2017). Using
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an oocyte specific Zp3 promoter driven Cre, these studies show that genomic re-methylation and
the establishment of maternal imprinting is altered following loss of UHRF1 (Kaneda et al.,
2010; Kobayashi et al., 2012; Lucifero et al., 2004; Smallwood et al., 2011). Additionally,
aneuploidy and accumulation of DNA damage was observed in the UHRF1 knockout oocytes
(Cao et al., 2019; Maenohara et al., 2017). Despite these defects, UHRF1 knockout oocytes can
still complete folliculogenesis and become fertilized, arresting at the 2 to 4-cell stage of
embryonic development (Cao et al., 2019).

In the XY germline, we observed a re-methylation of the prospermatogonial stem cells
prior to birth and the proper establishment of the spermatogonial stem cells before a complete
collapse of spermatogenesis by week 6. Despite the fact that DNA re-methylation of the
prospermatogonial cells is involves the pre-pachytene piRNA machinery including PIWIL2
which UHRF1 has previously been reported to interact with, UHRF1 does not appear essential
for this process (Aravin et al., 2008; Dong et al., 2019). However, we cannot rule out that while
we do not see a change in the XY global DNA re-methylation by IF, UHRF1 may still play a role
in repressing the TEs and paternal imprinting as was seen in oocytes (Maenohara et al., 2017).
Additionally, UHRF1 does not appear essential for the post-natal establishment of the SSC
population nor the initiation of first wave spermatogenesis (McLean et al., 2003; Yoshida et al.,
2006). However, it is unlikely that these first round spermatogonia ultimately become viable
sperm due to the known role of UHRF1 in regulating meiotic chromosome pairing (Pan et al.,
2020; Takada et al., 2021; Xiong et al., 2022). Similar to the oocyte, loss of UHRF1 causes
aneuploidy as well as a failure to undergo meiotic sex chromosome inactivation ultimately

leading to meiotic catastrophe. Intriguingly, UHRF1 also appears essential for the maintenance
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of the SALL4+ SSC population and therefore may have a role outside of spermatogenesis. This
will require future in order to identify the mechanism by which this occurs.

Taken together, these results have now broadly characterized UHRF1 during the entirety
of mouse germline development, from specification through fertilization. However, questions
still remain over the exact role in regulating loci specific methylation following sex-specific

differentiation, particularly at imprinting control regions and transposable elements.

Methods

Mouse Husbandry

All animal experiments for this study were approved by the UCLA Institutional Animal Care and
Use Committee, also known as the Chancellor's Animal Research Committee. All mouse lines
were established from strains acquired from either Jackson labs (Oct4-GFP and Blimp1-cre
strains) or Riken (UHRFT strain). Control and UCKO XY and XX embryonic gonads were
obtained from crosses between OG; Uhrf1””/ (Lengner et al., 2007; Obata et al., 2014)
homozygous XX and BC; Uhrfl//* heterozygous XY (Ohinata et al., 2005) at E13.5 and
postnatal gonads harvested at P1, P10 and week 6. Embryos were staged at E0.5 by the detection
of a vaginal plug on the morning after time-mating pairs were established.

Immunofluorescence

Embryonic (E13.5) and postnatal gonads (P1, P10 and wk6) were extracted via microdissection
and fixed in 4% paraformaldehyde (Life Technologies) over night at 4 C. Week 6 testes were
weighed prior to fixation. Following fixation, gonads were stored in 70% ethanol until
sectioning. Gonads were embedded in paraffin wax and then cut into 5 um sections. Sections

were deparaffinized via immersion in xylene (Fisher Scientific) and rehydrated in an ethanol
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series. Antigen retrieval was performed at 95 C in either Tris-EDTA (10mM Trizma base (Sigma),
1mM EDTA (Sigma), 0.05% Tween-20 (Fisher Scientific) at a pH of 9.0) buffer for 40 minutes and
then cooled back to room temperature (RT). Sections were washed with 0.2% Tween 20 in PBS
(Fisher Scientific) (PBST), permeabilized in 0.5% Triton X-100 (Sigma) in PBS for 20 minutes at
room temperature and then washed with PBST. Sections were blocked for 1 hour in 10%
donkey serum (Fisher Scientific) in PBST. The primary antibody was added at the manufacturers
recommended concentration in 2.5% donkey serum PBST and incubated overnight at 4Cin a
humid chamber. Secondary antibody was added at a concentration of 1:200 in 2.5% donkey
serum PBST and 1x DAPI (Fisher Scientific) for 1 hour at room temperature. Slides were
mounted in Prolong Gold without DAPI mounting media (Invitrogen) and set to cure overnight
at room temperature in a dark chamber before being transferred to 4 C for long term storage.
All immunofluorescence sections were imaged on a Zeiss LSM 880 microscope as a Z stack
which was then processed in Imaris (Bitplane) to trim the Z-stack to a one to two cell thickness
(~5 um) as a maximum intensity projection, adjust individual channels brightness for

publication. All immunofluorescence antibodies in Table S1.

Table S1: All antibodies used in this chapter.

Antibodies Source Identifier

Goat Polyclonal Anti-MVH R&D Systems Cat# AF2030; RRID AB 2277369
Mouse Monoclonal Anti-5mC Aviva Biosciences Cat# AMM99021; RRID AB 387479
Rabbit Polyclonal Anti-UHRF1 Santa Cruz Cat# sc-373750; RRID AB 10947236
Mouse Monoclonal Anti-STELLA BD Biosciences Cat# 556003; RRID AB 396287

Goat Polyclonal Anti-FOXL2 Novus Biologicals Cat# NB100-1277; RRID AB 2106188
Mouse Monoclonal Anti-SALL4 Abcam Cat# ab57577; RRID AB 2183366

Donkey Polyclonal Anti-Mouse Alexa Fluor 488 | Jackson ImmunoResearch Cat# 715-546-150; RRID AB 2340849
Donkey Polyclonal Anti-Mouse Alexa Fluor 647 | Jackson ImmunoResearch Cat# 715-605-151; RRID AB 2340863
Donkey Polyclonal Anti-Rabbit Alexa Fluor 594 | Jackson ImmunoResearch Cat# 711-585-152; RRID AB 2340621
Donkey Polyclonal Anti-Goat Alexa Fluor 488 Jackson ImmunoResearch Cat# 705-546-147; RRID AB 2340430
Donkey Polyclonal Anti-Goat Alexa Fluor 594 Jackson ImmunoResearch Cat# 705-586-147; RRID AB 2340434
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Sample Preparation for Flow Cytometry

Embryonic gonads (E13.5) were extracted from the embryos via microdissection and dissociated
in 100 pL of 0.05% Trypsin- EDTA (Thermo Fisher Scientific) at 37 C for 5 minutes with
additional minutes added if necessary. Quenched with 200 uL. MEF media (10% FBS in DMEM)
and spun down at 300xG to pellet the dissociated cells. The pellet was resuspended in 1% BSA
(Sigma-Aldrich), passed through the cap strainer into a 5 mL Falcon Corning FACS tube and 1x
7AAD (Fisher Scientific) was added to the solution prior to sorting. Only 7AAD -, GFP+ cells
were quantified for statistical analysis. Significance for Flow Cytometry data was calculated via
a two-tailed, unequal variance T-test.

Genotyping

The head from each mouse embryo and tail from postnatal pups was collected for genotyping
following extraction of the gonad and dissociated in 100 uL. Modified Gitschier Buffer and 3 pL
(1:33) Proteinase K (Sigma-Aldrich) at 55 C overnight followed by a 5 minute 95 ‘C incubation
to inactivate the enzyme. The sample was spun down to pellet the undigested debris and 1 pL of
the supernatant was used for the genotyping PCR reactions. PCR products were run on a 2%
Agarose gel for 1 hour at 100V. For a sexing PCR, XY embryos have two bands at roughly 300
bp and 280 bp, whereas XX only have a single band at 300 bp. Blimp1-cre PCR shows a single
band at 200 bp if the transgene is present. Finally, for UHRF1 the control band is at around 150

bp with a larger mutant band at around 300 bp. The sequence oligos is present in Table S2.
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Table S2: Genotyping PCR primers used in this chapter.

Primer Name Primer Purpose Sequence
SMCX-1 Forward Genotyping CCGCTGCCAAATTCTTTGG
SMCY-1 Reverse Genotyping TGAAGCTTTTGGCTTTGAG
Blimp-Cre Transgene Forward Genotyping GCCGAGGTGCGCGTCAGTAC
Blimp-Cre Transgene Reverse Genotyping CTGAACATGTCCATCAGGTTCTTG
Oct4 Control Forward Genotyping GATCACCTGGGGTTTGAGAA
Oct4 Control Reverse Genotyping CAAGGCAAGGGAGGTAGACA
Oct4 Transgene Forward Genotyping CAAGGCAAGGGAGGTAGACA
Oct4 Transgene Reverse Genotyping AGGAACTGCTTCCTTCACGA
UHRF1 fi/fl Forward Genotyping CATCTCTGTACTGACAACTGCACA
UHRF1 fi/fl Reverse Genotyping CTTCAACCACATCTGCTAGGATTC
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Summary

Development of Primordial germ cells (PGCs) is required for reproduction. During PGC
development in mammals, major epigenetic remodeling occurs which is hypothesized to
establish an epigenetic landscape for sex-specific germ cell differentiation and gametogenesis. In
order to address the role of Embryonic Ectoderm Development (EED) and Histone 3 lysine 27
trimethylation (H3K27me3) in this process, we created a conditional deletion in EED and show
that EED is essential for regulating the timing of sex-specific PGC differentiation in both ovaries
and testes, as well as X chromosome dosage decompensation in testes. Integrating chromatin and
whole genome bisulfite sequencing of epiblast and PGCs, we identified a poised repressive
signature of H3K27me3/DNA methylation which we propose is established in the epiblast where
EED and DNMT]1 interact. Thus, EED joins DNMT1 in regulating the timing of sex-specific
PGC differentiation during the critical window when the gonadal niche cells specialize into an

ovary or testis.

Introduction

Primordial germ cells (PGCs) are the embryonic progenitors of the germline and their correct
epigenetic regulation and sex-specific differentiation is essential for establishing fertility in the
adult. In the mouse embryo, the PGC stage of germline development takes around seven days
beginning at embryonic day (E) 6.25 with specification of PGCs from the epiblast and ending at
E13.5, after the committed PGCs have colonized the embryonic gonad (Ginsburg et al., 1990;
Saitou and Yamayji, 2012). In the last 24 hours of PGC development, between E12.5-E13.5, XX
and XY PGCs heterogeneously initiate sex-specific differentiation in response to gonadal cues

(Jameson et al., 2012). This differentiation is accompanied by locus-specific epigenetic changes
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to promoters and enhancers combined with global remodeling of chromatin (Guibert et al., 2012;
Hackett et al., 2013; Hajkova et al., 2002; Hill et al., 2018; Kobayashi et al., 2013; Liu et al.,
2014; Seisenberger et al., 2012; Yokobayashi et al., 2013; Zheng et al., 2016). Following sex-
specific differentiation the germ cells enter cell cycle arrest by E15.5, either in prophase I of
meiosis I as XX PGCs become meiotic germ cells, or in GO cell cycle arrest XY PGCs become
pro-spermatogonia (Baltus et al., 2006; Western et al., 2008). It is hypothesized that epigenetic
remodeling during the final stages of PGC development is necessary to generate an epigenome

conducive to sex-specific differentiation and high-fidelity gametogenesis (Hajkova et al., 2002).

The epigenetic mark trimethylation of lysine 27 on histone 3 (H3K27me3) has long been known
to enrich in PGC nuclei following specification from the epiblast (Seki et al., 2005), however
little is known about its role in PGC biology. H3K27me3 is generated by polycomb repressor
complex 2 (PRC2), composed of the core components Enhancer of Zeste 2 (EZH2), Embryonic
Ectoderm Development (EED) and Suppressor of Zeste 12 (SUZ12) (Kuzmichev et al., 2002;
Schuettengruber et al., 2017). High levels of EED and SUZ12 are detected in PGC nuclei,
concurrent with a global enrichment of H3K27me3 in XY and XX PGCs during development
(Mallol et al., 2019; Napoles et al., 2007; Seki et al., 2005). In contrast, while H3K27me3 is
initially enriched on the inactive X (Xi) chromosome of XX PGCs at the time of specification,
the Xi is rapidly depleted of PRC2 components and H3K27me3 between E8.5 - E9.5 just prior to
X chromosome reactivation and repression of the long non-coding RNA X-inactive specific
transcript (Xist) (Lopes et al., 2008; Mallol et al., 2019; Napoles et al., 2007; Seki et al., 2005;
Sugimoto and Abe, 2007). Recent studies have revealed that both the nuclear increase in

H3K27me3, and the loss of H3K27me3 from the Xi are dependent upon the transcription factor
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Prdm14 (Mallol et al., 2019). After the PGCs have settled into the gonad, H3K27me3
redistributes transiently to the nuclear periphery where it is visualized as a bright ring from E11.5
until the end of PGC sex-specific differentiation (Prokopuk et al., 2017). Nuclear enrichment of
H3K27me3 by E9.5 is concurrent with genome wide depletion of DNA methylation, except in
locus-specific patches where both H3K27me3 and DNA methylation are identified at CG-island
(CGI)-containing promoters of germ cell differentiation genes called “late demethylators”
(Kobayashi et al., 2013; Seisenberger et al., 2012) or “germline reprogramming responsive
genes” (GRRs) (Hill et al., 2018) which regulate the timing of PGC differentiation in the
embryonic gonad (Hargan-Calvopina et al., 2016) as well as certain transposable elements (TEs)

(Liu et al., 2014).

To evaluate locus-specific sites of H3K27me3 enrichment in PGCs at the time of gonadal
colonization, chromatin immunoprecipitation (ChIP) followed by sequencing of PGCs isolated at
E11.5, E12.5 and E13.5 have revealed that H3K27me3 is enriched at the promoters of genes
involved in embryonic and germ cell development, as well as some classes of transposons (Lesch
etal., 2013; Liu et al., 2014; Ng et al., 2013; Sachs et al., 2013; Yokobayashi et al., 2013). This
promoter enrichment is consistent with other histone modifications that are predicted to
synergize with H3K27me3 in PGCs, both in regulating the timing of PGC differentiation as well
as maintaining genomic integrity. For example, monoubiquitination at lysine 119 of histone H2A
(H2AK119ubl) generated by polycomb repressor complex 1 (PRC1)/RNF2 has been shown to
regulate the timing of XX PGC differentiation and entrance into meiosis through regulation of
the Stra8 promoter (Yokobayashi et al., 2013). Addtionally, H3K9me3/SETDBI1 and

H4R3me2/PRMTS have broad roles regulating TE repression in PGCs (Kim et al., 2014; Liu et
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al., 2014) with H3K9me3 enrichment at some TEs coinciding with both H3K27me3 and DNA
methylation (Liu et al., 2014). Repression of TEs throughout germline development is critical
because some TEs are still capable of active transposition in mice (Dewannieux et al., 2004;
Richardson et al., 2017). Taken together, these studies suggest that H3K27me3 may function in
concert with other epigenetic marks to regulate PGC development. However, chemical inhibition
of EZH1/2 for 72-hours in ex vivo E11.5 gonadal organ culture (Prokopuk et al., 2017, 2018) as
well as a hypomorphic mutation in Eed (Stringer et al., 2018) had no observable effect on the

PGCs despite depletion of H3K27me3.

Given the dynamic nature of H3K27me3 during the course of PGC development in vivo, we
evaluated the role of EED in PGCs by performing a conditional deletion of EED at the time of
PGC specification using Blimp1-Cre (BC). EED is required to add and retain H3K27me3 at
nucleosomes, therefore a null deletion in EED causes loss of H3K27me3 from chromatin (Yu et
al., 2009). Our work shows that deleting EED and removing H3K27me3 from PGC chromatin
regulates the timing of PGC differentiation between E11.5-E13.5, placing H3K27me3 in a
synergistic pathway with DNA methylation and H2AK119ubl1 in regulating the response of
PGC:s to the niche during sex-determination. Moreover, we identify a distinct subset of germline
promoters within the epiblast uniquely marked with both H3K27me3 and DNA methylation at
the time of PGC specification. Finally, our data also reveals that H3K27me3/EED regulates
decompensation of X-linked genes in XY PGCs at the end of PGC development (Sangrithi et al.,
2017), providing new insights into the phenomenon of X chromosome dosage decompensation in

the XY prenatal germline.
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Results

Loss of EED Leads to Reduced PGC Number Within the Gonads

To evaluate the role of EED/H3K27me3 in PGCs, we crossed the Eed™" (Yu et al., 2009) allele
with Blimpl-Cre (BC) (Ohinata et al., 2005), to create an EED conditional knockout embryo
(ECKO). The BC mouse was chosen as Blimpl is expressed in the PGC precursors within the
epiblast of mouse embryos and continues to be expressed in PGCs until soon after gonadal
colonization (Ohinata et al., 2005) (Figure 1A). In addition, we also crossed the Eed™" mice with
Oct4-GFP (OG) (Lengner et al., 2007) to create a GFP reporter to isolate GFP+ PGCs by
fluorescence activated cell sorting (FACS). Using this tool, we performed FACS to isolate Oct4-
GFP+ PGCs from genital ridges at E10.5 and E11.5 (colonizing PGCs) as well as from the
embryonic gonads of XX and XY embryos at E12.5 and E13.5 when H3K27me3 levels are at their
highest (Figure 1A and S1A). Using this approach, we discovered a significant reduction in ECKO
PGC number compared to controls starting at E11.5 in XX and E12.5 in XY embryos (Figure 1B).
Linear regression analysis of PGC number over time shows a distinct difference in doubling time
between control and ECKO PGCs, with the effect on XX ECKO PGCs being particularly
pronounced (Figure 1C). To evaluate the localization of PGCs within the embryonic gonad at
E13.5, we performed immunofluorescence (IF) of embryonic testes and ovaries and show that
VASA+ XY ECKO PGCs correctly localize to the AMH+ testis cords (Figure S1B) while XX
ECKO PGCs tend to localize into small clusters or nests (Figure S1C). This result indicates that
EED regulates the size of the PGC progenitor pool within the gonad between E11.5-E13.5, and

does not have an obvious effect on PGC numbers prior to gonadal colonization.
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Given the dramatic reduction in PGC number, we next evaluated the presence or absence of
H3K27me3 in ECKO and control PGCs at E11.5 and E13.5 using IF. Using the germline
transcription factor TFAP2C to mark PGCs (Weber et al, 2010), we show that by E11.5 the vast
majority of TFAP2C+ PGCs in ECKO embryos no longer have detectable H3K27me3 (Figure
S1D-E). Notably, while the majority of ECKO PGCs do localize properly to the developing gonad,
we did observe some rare TFAP2C+ cells still outside the XX embryonic gonad at E11.5 (Figure
S1F), which might suggest some developmental delay/mislocalization of ECKO PGCs. However,
by E13.5, no VASA+ PGCs were identified outside the embryonic gonad and ECKO PGCs were
almost completely depleted of H3K27me3 (Figure 1D-E). Taken together, deleting EED in PGCs
leads to loss of H3K27me3 from PGC chromatin by E11.5 and this accompanied by a phenotypic

reduction in PGC number between E11.5 and E13.5.

To explore the cause of reduced PGCs at E13.5, we performed IF for the apoptotic marker cleaved
PARP (cPARP) (Boulares et al., 1999) and found no significant difference in the fraction of
apoptotic PGCs in ECKO embryos relative to control (Figure 1F-G). Additionally, we examined
Ki67 which marks cycling cells (Gerdes et al., 1983) and found no significant difference between
control and ECKO PGCs at E13.5 (Figure S1G-H). However, it is important to note that Ki67 is
still expressed in oocytes initiating meiotic arrest (Traut et al., 2002). This suggests that the
reduction in PGC number observed in both sexes by E13.5 is not due to increased apoptosis or

entrance into GO.

Given that H3K27me3 becomes enriched in PGCs as DNA methylation is reduced (Seki et al.,

2007, 2005), we next evaluated whether loss of EED/H3K27me3 is associated with failure to lose
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DNA methylation from the PGC genome by examining SmC and 5ShmC levels using IF. Staining
for SmC in XY and XX ECKO PGCs at E13.5 revealed that global levels of DNA methylation
were still depleted in the absence of EED/H3K27me3 (Figure S2A-B). Likewise, the generation
of distinct ShmC foci were also unaffected by loss of EED/H3K27me3 (Figure S2C-D). Therefore,
the loss of EED/H3K27me3 does not prevent the global depletion of DNA methylation. In contrast,
the active mark H3K27ac was significantly enriched in E13.5 XY PGCs following loss of
EED/H3K27me3 consistent with previous reports (Pasini et al., 2010) (Figure S2E-F). While the
E13.5 XX PGCs did not have significantly higher H3K27ac signal, they did show a marginal

increase and generally had higher H3K27ac signal than XY PGCs.

EED Regulates Precocious Differentiation in the Testis

In order to evaluate whether a deletion of EED in PGCs effects gene expression and identify a
mechanism for the reduced PGC number in both sexes, we performed RNA-Seq in XY GFP+
PGCs isolated by FACS from individual embryos at E11.5 and E13.5. Principle component
analysis (PCA) of RNA-seq data revealed a major shift in gene expression (PC1) between E11.5
and E13.5 regardless of genotype (Figure 2A). This is expected, and coincides with gonadal
niche sex-determination between E11.5-E13.5 which then instructs the PGCs to adopt a sex-
specific fate. Additionally, we observed a distinct separation at E13.5 when comparing ECKO
and control PGCs along PC2, which indicates a transcriptional shift on account of EED loss.
Although ECKO and control PGCs at E11.5 cluster closer together, a small number of significant
differentially expressed genes (DEGs) were identified (Table S1), with the vast majority (89%)
being upregulated (Figure 2B and Table S1). In order to identify whether the upregulated genes

at E11.5 are direct targets of EED/H3K27me3, we evaluated previously published H3K27me3
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ChIP-seq data of E11.5 wild-type PGCs (Sachs et al., 2013), and discovered that 81% of
upregulated E11.5 XY DEGs are reported to have promoters enriched for H3K27me3. (Figure
2C and Table S1). Therefore, the majority of differentially upregulated genes in the ECKO PGCs
are likely to occur as a direct consequence of H3K27me3 loss. Because H3K27me3 is known to
also mark TEs in PGCs (Liu et al., 2014), we next assessed whether loss of EED led to an
upregulation of TEs at E11.5 and E13.5. We observe a weak positive correlation between up-
regulated TE’s that are known to be enriched in H3K27me3 (Figure S3A-B), indicating that

EED/H3K27me3 does not have a major role in repressing TEs in PGCs.

A recently described phenomenon in the XY germline is X chromosome dosage decompensation,
which is initiated at the end of PGC development between E12.5-E14.5 (Sangrithi et al., 2017).
Given that Xist is not expressed in XY PGCs (McCarrey and Dilworth, 1992), we evaluated
whether EED is participating in X chromosome dosage decompensation by examining X
chromosome/Autosome (X/A) ratios in XY ECKO and control PGCs (Figure 2D-E). Our data
shows that despite there being no significant difference in H3K27me3 promoter abundance
between autosomes and the X chromosome in E13.5 XY PGCs (Figure S3C), the X/A ratio in
E13.5 ECKO XY PGC:s is significantly higher than control (Figure 2D). Using a Hypergeometric
test, we discovered that X-linked genes are statistically over-represented amongst the direct targets
of EED in XY PGCs at E13.5 (Figure S3D) and that the X-linked genes with known H3K27me3
promoter enrichment appear more sensitive to loss of EED relative to autosomal genes (Figures
2E). Taken together, this data indicates that X chromosome decompensation in the XY germline

involves EED/H3K27me3 and that this mode of regulation is likely to be direct.
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Similar to E11.5, at E13.5 there is a greater proportion of upregulated genes (59%) in the ECKO
PGCs (Figure 2F). Using previously published E13.5 H3K27me3 ChIP-Seq data from FACS
isolated PGCs (Liu et al., 2014), we show that approximately half the upregulated DEGs at E13.5
have H3K27me3 promoter enrichment in control PGCs at E13.5; suggesting that depletion of
H3K27me3 from chromatin prior to sex-specific differentiation may have indirect or secondary
effects on gene expression (Figure 2G and Table S1). Similarly, the vast majority of downregulated
DEGs at E11.5 and E13.5 do not contain H3K27me3 and are likely indirect effects of an EED
deletion in PGCs (Figures 2C and G). Gene ontology (GO) analysis of the upregulated DEGs at
E13.5 revealed an enrichment for genes involved in spermatogenesis and piRNA metabolism
(Figure 2H). In contrast, the downregulated DEGs were enriched for GO terms associated with
cell cycle and cell division (Figure 2I). Exiting the cell cycle in XY PGCs is a progressive process
associated with differentiation into pro-spermatogonia (Western et al., 2008). To confirm that XY
PGCs are precociously differentiating downstream of an EED mutation, we performed IF for MILI
(PTWIL2) which is expressed in cytoplasmic pi-bodies of pro-spermatogonia (Aravin et al., 2008).
Our results show that in the absence of EED, most XY PGCs at E13.5 have MILI in cytoplasmic
pi-bodies while only rarely detected in controls (Figure 2J-K). Given the precocious PGC
differentiation observed in PGCs at E13.5, combined with the reduction in PGC number at E12.5,
we performed single cell RNA sequencing of E12.5 in control and ECKO XY PGCs using
SMART-seq to evaluate whether precocious differentiation begins at E12.5 (Figure 2L and S3E).
These results show a reduction in Nanog levels in about half of the ECKO PGCs indicating
preparation for exiting the PGC stage, however Miwi2 (Piwil4) was not concomitantly upregulated
suggesting that precocious differentiation of XY PGCs into pro-spermatogonia initiates between

E12.5 and E13.5. Curiously, we identified de-repression of Hoxal and Hoxb!I in a small number
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of cells which are indicative of somatic gene expression. Finally, some rare ECKO XY PGCs also
exhibited an increased in Stra8, a gene required for meiotic initiation (Baltus et al., 2006).
However, this was not a major phenomenon, occurring in only 6/26 ECKO PGCs (Figure S3E).
Taken together these results suggest that EED is necessary to prevent precocious differentiation of
XY PGCs into pro-spermatogonia following sex specific differentiation of the gonadal niche, and

that EED participates in the XY PGC X chromosome dosage decompensation at E13.5.

EED Regulates Precocious Differentiation in the Ovary

Given that XX PGC numbers were reduced in the ovaries of ECKO embryos, we next turned to
the hypothesis that similar to RNF2/PRC1 (Yokobayashi et al., 2013), EED/PRC2 regulates XX
PGC differentiation timing. Following deletion of Rnf2, the meiotic initiator Straé, is precociously
upregulated driving entrance of XX PGCs into meiosis (Yokobayashi et al., 2013). To evaluate
whether EED/PRC2 functions upstream of PRC1 in PGCs, we performed IF for the PRCI
deposited epigenetic mark monoubiquitin of lysine 119 on histone 2A (H2AK119ubl) (de Napoles
etal.,2004) at E13.5 (Figure S4A-B). Through this, we show that global H2AK119ub1 enrichment

is not altered in XX and XY PGCs despite the absence of EED/HK27me3.

In order to evaluate how loss of EED may affect X chromosome dosage compensation in XX
PGCs, we performed RNA sequencing of FACS isolated OG+ PGCs from XX ECKO and control
embryonic ovaries at E11.5. This data showed that deletion of EED had no effect on PGC X-
chromosome dosage compensation (Figure 3A) and only weak effects on TE expression at E11.5
(Figure S3F). Analysis of autosomal genes revealed a relatively small number of DEGs at E11.5,

the majority which were upregulated (81%) (Figure 3B and Table S1). In particular, Stra8 was
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upregulated and genes associated with proliferative PGCs (Pecam 1 and Klf5) were downregulated
(Figure 3C-D) (Saitou and Yamaji, 2012). Similar to XY PGCs (Figure 2), analysis of H3K27me3
ChIP-Seq data sets (Sachs et al., 2013) revealed that the majority of upregulated DEGs (78%) at
E11.5 were known to have promoter enrichment of H3K27me3, and thus are likely direct targets
of EED (Figure 3E and Table S1). Given that after E11.5 H3K27me3 levels are reduced at the
Stra8 locus in wild type XX PGCs (Figure 3F) and the key role that Stra8 plays in regulating XX
PGC entrance into meiosis, this suggests a potential role for H3K27me3 in regulating meiotic

initiation.

In order to evaluate PGC identity in ECKO and control PGCs at E12.5, we performed single cell
RNA-seq using SMART-seq (Figure 3G and S4C-D). This result confirms that Stra8 de-repression
has begun by E12.5 in all ECKO XX PGCs with heterogenous upregulation of the meiotic marker
Synaptonemal Complex Protein 3 Sycp3 and Meioc which marks prophase I meiosis I arrested
PGCs (Soh et al., 2017). Furthermore, the down regulation of Nanog and Tfap2c indicates exit
from mitosis and entrance into meiosis. Intriguingly, like XY PGCs, we also observed upregulation
of the somatic patterning genes Hoxal and HoxbI in some ECKO meiotic PGCs (Figure S4C).
Through a comparison with recently published 10x single cell sequencing of PGCs (Zhao et al.,
2020) we found that control E12.5 PGCs in our data set correlated with E12.5 PGCs from (Zhao
et al., 2020) (Figure S4D). In contrast, the E12.5 ECKO PGCs showed a stronger correlation to

E14.5 PGCs consistent with precocious differentiation (Figure S4D).

Finally, to confirm that XX PGCs are precociously entering into meiosis, we used IF to evaluate

the meiotic marker SYCP3, and show that the majority of ECKO PGCs at E13.5 are SYCP3+
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(Figure 3H-I). In summary, the reduction in PGC number in XX and XY embryos between E11.5
and E13.5 is due to precocious differentiation of PGCs which involves exit from the mitotic cell

cycle and formation of meiotic oocytes or pro-spermatogonia respectively.

Some Gametogenesis Genes are Co-Enriched for H3K27me3 and DNA Methylation in the
Epiblast

Given that H3K27me3 in PGCs could be inherited from the epiblast cells at the time of PGC
specification as well as through enrichment in PGC chromatin after specification, we next
compared H3K27me3 promoter abundance in the epiblast at E6.5 (Yang et al., 2018) to PGCs at
E11.5 (Sachs et al., 2013). Using a >2-fold cut-off, we identified 3,783 promoters with H3K27me3
enrichment in both E6.5 epiblasts and E11.5 PGCs, referring to these promoters as “pre-existing”
under the assumption that H3K27me3 in the E6.5 epiblast was likely maintained following PGC
specification (Figure 4A and S5A-B). Additionally, we identified 2,852 promoters in PGCs that
were significantly enriched with H3K27me3 at E11.5, but not at E6.5, which we call “acquired”

with the assumption that H3K27me3 is acquired at these sites during PGC differentiation.

Given that EED regulates the timing of PGC differentiation similar to DNMT 1, we next explored
a potential relationship between H3K27me3 and DNA methylation in the context of the pre-
existing or acquired promoter categories. Using whole genome bisulfite sequencing (WGBS) data
sets from E6.5 epiblast and E11.5 PGCs (Seisenberger et al., 2012), we examined average DNA
methylation levels in the pre-existing and acquired H3K27me3 promoter categories (Figure 4B).
Because PRC2 recognizes unmethylated CpG rich sequences (Heeringen et al., 2014; Mendenhall

et al., 2010) and DNA methylation and H3K27me3 tend to be mutually exclusive (Bartke et al.,
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2010; King et al., 2016; Li et al., 2018), we hypothesized that promoters in the epiblast containing
pre-existing H3K27me3 should in general also be hypomethylated and indeed this is the case
(Figure 4C). In contrast, promoters that acquired H3K27me3 in PGCs were hypermethylated in
the E6.5 epiblast and became hypomethylated at E11.5 in PGCs. This is consistent with previously
published work showing that loss of DNA methylation can cause spreading of H3K27me3 (van
Mierlo et al., 2019; Murphy et al., 2013). Evaluating CpG content of these promoters based on the
criteria of (Mohn et al., 2008), revealed that the majority of pre-existing H3K27me3 promoters are
categorized as high and intermediate CpG content (HCP, ICP) whereas promoters that acquired
H3K27me3 in PGCs corresponded to low (LCP) and ICP (Figure 4D). This fits well with previous
work showing that high CpG content is typically associated with low levels of DNA methylation
and high levels of H3K27me3 (Chen et al., 2018; Mendenhall et al., 2010). Taken together, this
analysis reveals that the retention and acquisition of promoter H3K27me3 is inversely correlated

with DNA methylation as PGCs differentiate.

Given that the late demethylators and GRRs contain significant DNA methylation at E6.5 despite
being categorized as ICP and HCP (Hill et al., 2018; Seisenberger et al., 2012) we predicted that
they might acquire H3K27me3 following PGC specification. To address this, we evaluated the late
demethylating promoters identified by (Seisenberger et al., 2012), 45% of which exhibit
H3K27me3 promoter methylation in E11.5 PGCs (Sachs et al., 2013) (Figure S5C). Categorizing
these promoters with H3K27me3 revealed that while some are acquired as predicted, a greater
proportion (60%) had pre-existing H3K27me3. Repeating this analysis for the GRR promoters
identified by (Hill et al., 2018), we also found that (60%) were marked by H3K27me3, and the

vast majority of the marked promoters (80%) were pre-existing (Figure S5D). We next examined
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the extent that late demethylating promoters are enriched for H3K27me3 via scatterplot (Figures
S5E) and observed a similar pattern to what was seen in all promoters (Figure S5A). GO analysis
of the late demethylating promoters containing H3K27me3 at E11.5 identified categories of genes
involved in meiotic cell cycle, spermatogenesis and piRNA metabolic process (Figure 4E).
Critically, these are the same GO groups regulated by DNMT1 in PGCs (Hargan-Calvopina et al.,
2016) suggesting a potential connection between H3K27me3 and DNA methylation in regulating

PGC development.

Given that PGCs lose DNA methylation after specification from the epiblast, we predicted that the
relationship between DNA methylation and H3K27me3 likely begins in the epiblast. Evaluating
methylation levels of the late demethylating promoters at E6.5 (Seisenberger et al., 2012) revealed
that pre-existing promoters of late demethylating genes also begin with high levels of DNA
methylation in the epiblast (Figure 4F, S5E-F). This subgroup of pre-existing H3K27me3
promoters that are also enriched in DNA methylation includes critical germline genes such as Stra8
and Dazl (Figure S5E). Analyzing the CpG content of late demethylating promoters with pre-
existing H3K27me3 and high levels of DNA methylation (Figure 4F and S5F, red box) mostly
correspond to promoters with ICP and HCP (Figure 4G). Taken together, these results suggest a

potential functional relationship between EED/H3K27me3 and DNMTT1 in PGC development.

Gametogenesis Genes are Coregulated by EED and DNMT1
In order to characterize a potential relationship between EED and DNMT1, we re-analyzed the
DNMT1 PGC conditional knockout (DCKO) bulk RNA-seq data set at E13.5 (Hargan-Calvopina

etal., 2016) and discovered that 69% of the upregulated DEGs in the E13.5 XY DCKO PGCs have
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promoters enriched in H3K27me3 (Liu et al., 2014) (Figure 5A and table S1). We then compared
the overlapping upregulated DEGs between the E13.5 XY DCKO and ECKO PGC after filtering
out genes which are only expressed in both data sets and discovered that 60% of DCKO
upregulated genes at E13.5 are also upregulated in ECKO XY PGCs (Figure 5B-C and S6A). This
overlapping set of DEGs are significantly enriched for GO terms involved in gametogenesis

(Figure 5D) and the CpG content of their promoters is mostly ICP and HCP (Figure 5E).

Given the overlap, we next asked whether EED/H3K27me3 is required to maintain DNA
methylation at these promoters. To achieve this, we performed WGBS of control and ECKO GFP+
PGCs isolated from embryos at E10.5 and E11.5 using FACS (Figure S6B). E10.5 and E11.5 were
chosen because this is the time when late demethylators still have observable levels of DNA
methylation, whereas at E13.5 late demethylators have fully demethylated. This result shows that
loss of EED in PGCs is accompanied by a reduction in global levels of DNA methylation at E10.5
(Figure 5F). However, at a promoter level, we did not observe a significant difference in DNA
methylation between control and ECKO PGCs at E11.5 in selected late demethylating, overlapping
DEG promoters (Figure 5G and S6C). Therefore, our data suggest that DNA methylation at late-

demethylating promoters in PGCs is not dependent upon EED.

To examine a potential relationship between EED and DNMT]1 in the epiblast, we performed
native co-immunoprecipitation (co-IP) to evaluate the endogenous interaction between EED and
DNMT1. For this experiment we used Epiblast Like cells (EpiL6/9/22 1:16:00 PMCs) which are
equivalent to the epiblast of post-implantation embryos competent for PGC specification (Hayashi

et al., 2011), and mouse embryonic stem cells (ESCs) cultured in serum +LIF (Figures SH-I and
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S6D). Our results show when using EED for IP (Figure SH-I) DNMT1 and EED interact.
Additionally, we also detect EZH2 and DNMT s binding partner UHRF1 in the EED IP pulldowns
with no detectable signal in the IgG negative control. EED is known to have multiple isoforms
(Bracken et al., 2006; Liu et al., 2019; Montgomery et al., 2007) and regardless of whether EpiL.C
or ESCs were used, we selectively enriched for a shorter isoform (~45 kDa) when blotting for EED
in the IP experiments with the EED antibody. Interestingly, when performing the reciprocal pull
down with DNMTT1 antibody in serum +LIF ESCs, we also selectively pull down the shorter EED
isoform alongside UHRF1 (Figure S6D). Taken together we identified a unique subset of
gametogenesis genes which are enriched for both H3K27me3 and DNA methylation in the E6.5
epiblast prior to PGC specification, where we also see an interaction between EED and DNMT].
From this result, we propose a model by which this epigenetic signature is established in the
epiblast and maintained throughout PGC development to regulate PGC differentiation timing

(Figure 6).

Discussion

In this study, we show that EED is essential to regulate the timing of PGC differentiation
between E11.5-E13.5, and X chromosome dosage decompensation in XY PGCs at E13.5.
Through this, we identified a functional role for EED in PGC development before E13.5.
Additionally, we show a relationship between DNMT1/DNA methylation and EED/H3K27me3
that begins prior to PGC specification in the epiblast to regulate repression of gametogenesis
genes. Collectively, our data further clarifies the epigenetic landscape that regulates PGC
differentiation and identifies a new mechanism for regulating X chromosome decompensation in

XY germ cells at E13.5.
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One of the major findings in the current study is the direct role for EED in X chromosome
decompensation in E13.5 XY PGCs. X chromosome compensation in XX cells is regulated by
the long noncoding RNA Xist as well as H3K27me3, which becomes dynamically re-distributed
during the process of X-chromosome reactivation in XX PGCs. During X reactivation,
H3K27me3 is simultaneously removed from the Xi chromosome in XX PGCs, while becoming
globally enriched in the nucleus of PGCs in both sexes between E8.5-E9.5 (Mallol et al., 2019;
Napoles et al., 2007; Seki et al., 2005). Here, we show that loss of EED in XX PGCs does not
lead to an increase in the X/A ratio at E11.5, indicating that loss of EED does not have a major
impact on X-linked gene expression in XX PGCs prior to sex-determination. Instead, we found
that EED had a role in X chromosome decompensation during the transition of XY PGCs to pro-
spermatogonia, with X-linked genes in XY PGCs being significantly more sensitive to loss of
EED at E13.5 than H3K27me3 marked genes on autosomes. Future studies aimed at the role of
X chromosome decompensation in regulating the biology of pro-spermatogonia, establishment of

long-term self-renewing spermatogonia and spermatogenesis are warranted.

Despite the well-known complex dynamics of H3K27me3 global enrichment during PGC
development (Figure 1A), chemical inhibition of EZH1/2 using ex vivo embryonic gonadal organ
cultures suggested that EZH1/2 does not regulate PGC number (Prokopuk et al., 2017, 2018).
This was confirmed by a recent manuscript involving an EZH2 conditional knockout which
showed no loss of PGCs before E13.5, and instead a reduction in PGC number, together with TE
de-repression from E16.5 (Huang et al., 2021). A direct comparison of EED and EZH2 null

mutant phenotypes in mouse intestinal villus cells revealed that a EZH2 null phenotype is less
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severe than the EED null phenotype (Jadhav et al., 2020). This supports the finding that a more
severe phenotype is to be anticipated when deleting EED compared to EZH2, which in our study
involved the emergence of a PGC phenotype between E11.5-E12.5 in the EED null mutant

embryos.

Conditional deletion of Dnmtl in PGCs leads to a substantial increase in Stra8 RNA by E13.5
and precocious entry into meiosis (Hargan-Calvopina et al., 2016). Conversely, deletion of Ten
eleven translocation 1 (7et/) which oxidizes SmC to ShmC results in delayed entrance into
meiosis (Yamaguchi et al., 2013). Given that Stra8 was not significantly induced in Dnm¢t1
conditional knockout PGCs at E11.5, this result implies that other facultative repressors shield
Stra8 from precocious expression until E11.5. One of these repressors was previously identified
as PRC1/RNF2 which represses Stra8 in XX PGCs at E11.5 (Yokobayashi et al., 2013). Here,
we show that EED (a binding partner of PRC1 proteins) is also necessary to repress Stra8 in XX
PGCs at E11.5. Intriguingly, a conditional deletion of Eed (this study) and EzA2 (Huang et al.,
2021) in PGCs has no effect on the global levels of H2AK119ub1 in PGC nuclei. Similarly, loss
of Rnf2 does not affect the global levels pf H3K27me3 (Yokobayashi et al., 2013). This indicates
that while the global enrichment of H3K27me3 and H2AK119ubl in PGC nuclei are not
dependent upon one another, they appear to localize at certain promoters to co-regulate key loci
such as Stra8. Given that EED and DNMT 1 both act at the Stra8 promoter, we asked whether
EED is functionally required to maintain DNA methylation at the gametogenesis late-
demethylating promoters in PGCs. Our data shows that EED is not required to maintain DNA
methylation at the late demethylating promoters, suggesting that DNMT1 may utilize other

chromatin binding partners or chromatin signatures to maintain DNA methylation at
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gametogenesis genes following PGC specification. Taken together, our data indicates that at least
three repressive epigenetic modifications converge on the Stra8 promoter to regulate expression

timing in PGCs (DNMT1/DNA methylation, EED/H3K27me3 and RNF2/H2AK119ubl).

Although EED is not required to maintain DNA methylation at gametogenesis promoters in
PGCs, future studies could evaluate whether DNA methylation is involved in maintenance of
EED/H3K27me3 at gametogenesis promoters in PGCs. UHRF1 protein is repressed in PGCs,
therefore maintenance DNA methylation is not thought to be the mechanism by which DNMT1
functions in PGCs. Recent work has shown that DNMT]1 has de novo methyltransferase activity
when targeted to regions with densely methylated CGs maintaining DNA methylation in a
“neighborhood” dependent manner (Haggerty et al., 2021; Wang et al., 2020). There are two
major forms of DNA methylation at gametogenesis promoters in PGCs, 5-methylcytosine (5SmC)
and 5-hydroxymethyl cytosine (ShmC) (Hackett et al., 2013). TET1, the enzyme that oxidizes
5mC to ShmC is known to recruit PRC2 to high CpG content regions (Wu et al., 2011).
Therefore, it is tempting to speculate that the presence of ShmC at gametogenesis promoters in

PGCs enables the enrichment of H3K27me3 at these sites through PRC2.

Our data shows that the co-enrichment of DNA methylation and H3K27me3 at gametogenesis
promoters begins in the epiblast, before PGC specification. To address the relationship between
EED and DNMT]1 in pluripotent cells prior to PGC specification we used native co-IP in ESCs
and EpiLCs to show that EED and DNMTT interact, providing a potential mechanism for the
coordinated activity of EED and DNMTT in the epiblast. A caveat to these studies is that the

native IP interaction is weak. This could mean that DNMT1 and EED interact in only a small
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fraction of protein complexes, or that this interaction is indirect. In addition, a second unexpected
finding was that the shorter isoform of EED was preferentially pulled down in the Co-IPs using
the EED and the DNMT1 antibody. Different isoforms of EED have previously been described
(Bracken et al., 2006; Cao et al., 2014; Liu et al., 2019) and are known to incorporate into a
functional PRC2 complex (Montgomery et al., 2007). However, the relevance of the shorter
isoform in the putative EED/DNMTT interaction is not known. In ESCs repression of
gametogenesis genes is regulated by PCGF6, a component of the PRC1.6 complex (Endoh et al.,
2017; Zhao et al., 2017). In this cellular context, PCGF6 recruits the histone modifying enzymes
G9A/GLP to deposit H3K9me?2 at gametogenesis promoters (Liu et al., 2020). PRC2
components interact with G9A/GLP in undifferentiated ESCs (Mozzetta et al., 2014), and
DNMT1 recognizes H3K9me?2 through its interaction with UHRF1 (Rothbart et al., 2012). Since
we see an interaction between EED, DNMT1 and UHRF1 in ESCs, we propose that this
interaction occurs at promoters of gametogenic genes in the epiblast in order to establish a

gametogenesis signature that is sustained in PGCs through continual recruitment of PRC2.

In summary, EED is required to prevent precocious PGC differentiation in response to sex-
specific developmental signals during sex determination in the embryonic ovary and testis. Our
results identify an expanded role for EED during PGC development beyond what was previously
reported for EZH2 and provides an exciting glimpse into the complex epigenetic regulatory

networks that govern PGC development, beginning in the epiblast.

Limitations of the Study
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In order to show that DNMT1 and EED interact in the epiblast we used an in vitro model of the
epiblast called Epiblast-Like Cells (EpiLC). While EpiLCs have a similar transcriptome to the
post-implantation mouse epiblast, and can specify PGC-like cells in vitro (Hayashi et al., 2011),
EpiLCs themselves are not generated in an egg cylinder embryo. In addition, this work revealed
that EED is not responsible for maintaining DNA methylation at gametogenesis promoters

following PGC specification in vivo. It remains to be determined whether the reciprocal is true.
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Experimental Model and Subject Details

All animal experiments for this study were approved by the UCLA Institutional Animal Care and
Use Committee, also known as the Chancellor's Animal Research Committee. All mouse lines
were established from strains acquired from Jackson labs. Control and ECKO XY and XX
embryos were obtained from crosses between OG; Eed” (Lengner et al., 2007; Yu et al., 2009)
homozygous XX and BC; Eed”"* heterozygous XY (Ohinata et al., 2005) at E10.5, E11.5, E12.5
and E13.5. Embryos were staged at E0.5 by the detection of a vaginal plug on the morning after

time-mating pairs were established.

Method Details

Immunofluorescence

Aorta-gonad-mesonephros (AGM) (E11.5) and gonads (E13.5) were extracted from the embryos
via microdissection and fixed in 4% paraformaldehyde (Life Technologies) over night at 4°C.
Following fixation, gonads were stored in 70% ethanol until sectioning. Gonads were embedded
in paraffin wax and then cut into 5 pum sections. Sections were deparaffinized via immersion in
xylene (Fisher Scientific) and rehydrated in an ethanol series. Antigen retrieval was performed at
95°C in either Tris-EDTA (10mM Trizma base (Sigma), ImM EDTA (Sigma), 0.05% Tween-20
(Fisher Scientific) at a pH of 9.0) or Citrate (10 mM Sodium Citrate (Sigma), 0.05% Tween 20 at
PH of 6) buffer for 40 minutes and then cooled back to room temperature (RT). Sections were
washed with 0.2% Tween 20 in PBS (Fisher Scientific) (PBST), permeabilized in 0.5% Triton
X-100 (Sigma) in PBS for 20 minutes at room temperature and then washed with PBST. Sections
were blocked for 1 hour in 10% donkey serum (Fisher Scientific) in PBST. The primary antibody

(Table S3) was added at the manufacturers recommended concentration in 2.5% donkey serum
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PBST and incubated overnight at 4°C in a humid chamber. Secondary antibody (Table S3) was
added at a concentration of 1:200 in 2.5% donkey serum PBST and 1x DAPI (Fisher Scientific)
for 1 hour at room temperature. Slides were mounted in Prolong Gold without DAPI mounting
media (Invitrogen) and set to cure overnight at room temperature in a dark chamber before being
transferred to 4°C for long term storage. All immunofluorescence sections were imaged on a
Zeiss LSM 880 microscope as a Z stack which was then processed in Imaris (Bitplane) to trim
the Z-stack to a one to two cell thickness (~5 pum) as a maximum intensity projection, adjust

individual channels brightness for publication and quantify the images as described below.

For immunofluorescence staining, presence vs. absence of a mark was determined by identifying
the TFAP2C+ (E11.5) or VASA+ (E13.5) PGCs and quantifying the amount of PGCs positive
for the given mark by eye. The number of dual positive PGCs was divided by the total number of
TFAP2C+/VASA+ PGCs to calculate the ratio for a set of sections. For all IF analysis, sections
were analyzed from n>3 embryonic mice of the appropriate condition. >50 PGCs were quantified
for all analyses except the ECKO XX (>10 PGCs per sample) and E11.5 sections (>20 PGCs per
sample) due to limited PGC cell number per section. Quantification of H3K27ac signal intensity
within the PGC nucleus was performed in Imaris by first creating spots over the nuclei of
VASA+/DAPI+ PGCs and VASA-/DAPI+ somatic cells. Mean H3K27ac signal intensity was
measured over these spots and normalized for each image by taking the ratio of VASA+ PGC
average nuclear signal over VASA- somatic nuclear signal. For the MILI analysis, due to higher
background signal a mask over the VASA channel was created and then all MILI signal not

under the mask was set to zero in order to only look at MILI signal within PGC cytoplasm.
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Significance for all IF data was calculated between ECKO and control via a two tailed, unequal

variance T-test.

Sample Preparation for FACS

Aorta-gonad-mesonephros (AGM) (E10.5 and E11.5) and gonads (E12.5 and E13.5) were
extracted from the embryos via microdissection and dissociated in 100 puL of 0.05% Trypsin-
EDTA (Thermo Fisher Scientific) at 37°C for 5 minutes with additional minutes added if
necessary. Quenched with 200 uL. MEF media (10% FBS in DMEM) and spun down at 300xG
to pellet the dissociated cells. The pellet was resuspended in 1% BSA (Sigma-Aldrich), passed
through the cap strainer into a 5 mL Falcon Corning FACS tube and 7AAD (Fisher Scientific)
was added to the solution prior to sorting. Only 7AAD -, GFP+ cells were sorted and used for
further analysis. For bulk RNA sequencing, cells were sorted into 300 uL of RLT buffer
(Qiagen) in a 1.5 mL Eppendorf tube and stored at -80 °C until library prep. For single cell RNA
sequencing, individual XY and XX GFP+ cells were sorted into 2 uL of 0.2% Triton X-100 and
40 v/puL RNaseOut (Invitrogen) into a 96 well plate. Plates were sealed, spun down at 300xG for
1 minute and stored at -80°C until library prep. For whole genome bisulfite sequencing, all PGCs
from XX E10.5 and E11.5 embryos were sorted into 0.2 mL PCR tubes containing 10 uL. M-
Digestion Buffer (Zymo) and 1 uL Proteinase K (Zymo), spun down and stored at -80°C until

library prep.

Significance for FACS data was calculated via a two-tailed, unequal variance T-test. Linear
regression analysis was performed based on the assumption that the rate of division across the

PGC population in the gonad would be consistent and therefore linear on a log2 scale.
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Genotyping

The head from each mouse embryo was collected for genotyping following extraction of the
gonad and dissociated in 100 uL. Modified Gitschier Buffer and 3 uL (1:33) Proteinase K
(Sigma-Aldrich) at 55°C overnight followed by a 5 minute 95°C incubation to inactivate the
enzyme. The sample was spun down to pellet the undigested debris and 1 pL of the supernatant
was used for the genotyping PCR reactions. PCR products were run on a 2% Agarose gel for 1
hour at 100V. For a sexing PCR, XY embryos have two bands at roughly 300 bp and 280 bp,
whereas XX only have a single band at 300 bp. Blimp1-cre PCR shows a single band at 200 bp if
the transgene is present. Finally, the EED PCR has a control band at around 300 bp with a larger

mutant band at around 350 bp. The sequence of all genotyping oligos is present in Table S4.

Bulk RNA-sequencing Analysis

Bulk RNA Libraries were made from sorted cells of the E11.5 XY and XX as well as E13.5 XY
embryos. The cell lysate in RLT was thawed on ice and cleaned up using a Qiagen RNeasy
Micro RNA kit. Following cleanup, the samples were converted to cDNA following the Ovation
RNA-seq System V2 protocol (Nugen). 4.5 uL of RNA + 0.5 uL of ERCC (Thermo Fisher
Scientific) spike in was converted to cDNA and purified with Agencourt RNAclean XP beads
(Beckman Coulter). cDNA was amplified via the SPIA reaction, cleaned up using the Qiagen
MinElute Reaction Cleanup Kit and eluted in 50 uL low EDTA TE buffer. Purified cDNA was
quantified via Qubit and then sonicated into 200 bp fragments using a Covaris. Sonicated cDNA
was purified using a Qiagen MinElute Reaction Cleanup Kit and eluted in 10 uL. Low EDTA TE

buffer. 8 uL of eluted cDNA was indexed using the Ovation Rapid DR Multiplex System with
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the indices L9-16. Following final repair, the indexed cDNA was purified using Agencourt
RNAclean XP beads and eluted in 11 uL low EDTA TE buffer. Indexed libraries were quantified
using the Kapa Library Quantification Kit for [llumina platforms (KAPA Biosystems). Libraries
were submitted for sequencing in a single lane and sequenced as follows, E13.5 XY on the
Illumina 2500 as single end 50 bp, E11.5 XX on the Illumina Hiseq 4000 as paired end 100 bp

and the E11.5 XY on the Novaseq as paired end 50 bp.

The bulk RNA-sequencing reads were aligned to the mouse reference genome mm9 using
HISAT?2 (Kim et al., 2015) and mappability for each sample can be found in Table S5. The
mRNA read counts of genes were computed using HTSeq (Anders et al., 2015). Genes that are
expressed (read counts > 0) in at least one replicate in both control and ECKO are included for
analysis. Normalization for sequencing depth and differential gene analysis was performed using
edgeR (Robinson et al., 2010). Only genes with RPKM >10 in at least one sample after
normalizing for sequencing depth were analyzed. Genes with >2-fold difference in expression
and FDR < 5% were considered differentially expressed. Gene ontology analysis was performed
using DAVID (Huang et al., 2009). All DEGs for bulk RNA-sequencing can be found in Table

S1.

For the comparison of the E13.5 XY EED and DNMT1 conditional knockout upregulated DEGs,
the RNA-sequencing datasets were first trimmed to remove all genes which are not expressed
(read counts >0) in at least one replicate in both the control and mutant from each condition.
Only genes with RPKM >10 in at least one samples after normalizing for sequencing depth were

analyzed. Genes with >2-fold difference in expression and FDR <5% were considered
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differentially expressed. This ultimately led to a loss of 55 upregulated ECKO DEGs relative to
the EED only analysis. Gene ontology analysis was performed using DAVID (Huang et al.,

2009).

X Chromosome and TE Expression analysis

X chromosome over autosome expression ratio was calculated by dividing the mean RPKM
normalized to sequencing depth of all X chromosome genes by the mean of all somatic genes. A
two tailed, unequal variance T-test was then used to assess significance between the X/A ratio of
control and ECKO PGCs. A hypergeometric test was used to evaluate the enrichment of the de-
repressed genes with H3K27me3 in each chromosome. The test uses the hypergeometric
distribution to calculate statistical significance of the enrichment of de-repressed gene promoters
with H3K27me3 among all expressed genes on each chromosome. A p-value < 0.01 was

considered to be statistically significant.

For TE analysis, raw reads were trimmed with cutadapt 1.18 (Martin, 2011) and trimmed reads
with less than 30 bp were discarded. Retained reads were aligned to mm9 with STAR 2.7.0
(Dobin et al., 2013) setting --outFilterMultimapNmax 1000 --outSAMmultNmax 1. Reads
aligned to TE were counted by multiBamCov in bedtools (Quinlan and Hall, 2010). RPKM was

calculated by edgeR (Robinson et al., 2010).

Single Cell RNA-sequencing Analysis
Single cell libraries were prepared according to the Smart-seq v4 library prep kit (Takara). Prior

to the kit, plates were thawed and brought to 11.5 uL with 1 mM DNTP (Invitrogen) in nuclease
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free water. Kit protocol was followed exactly for reverse transcription. Following conversion, the
libraries were amplified for 22 cycles and then purified using Agencourt Ampure XP beads
(Beckman Coulter). The profile of each cDNA library was confirmed using a HS D5000 tape on
an Agilent 2200 TapeStation. XX and XY cells were indexed following the Nextera XT DNA
library prep kit and indexed with primer sets A and D (Illumina), respectively. Indexed libraries
were pooled and purified using Agencourt XP beads and eluted in low EDTA TE buffer. The
size profile of the purified eluate was confirmed using a D1000 tape on an Agilent 2200
TapeStation. The pooled libraries were multiplexed and sequenced on the Novaseq as paired end

100 bp.

Raw scRNA-sequencing reads were trimmed with cutadapt 1.18 (Martin, 2011). Trimmed reads
with less than 30 bp were discarded. Retained reads were aligned to mm9 with STAR 2.7.0
(Dobin et al., 2013). Reads aligned to exons were counted by featureCount 2.0.1 (Liao et al.,
2014) from the Subread package. Cells with at least 2000 genes and 0.8M reads were kept for
further analysis. Downstream analyses including k-means clustering, DEG finding, and
dimension reduction were performed with R packages SC3 (Kiselev et al., 2017) and Scater
(McCarthy et al., 2017) and plotted with ggplot2 (Wickham, 2016). All DEGs for scRNA-

sequencing can be found in Table S1.

Whole Genome Bisulfite Sequencing Analysis
Samples were thawed and brought to 20 uLL with nuclease free water. Genomic DNA isolation
and bisulfite conversion was performed as per the EZ DNA Methylation-Direct Kit (Zymo).

Following desulfonation, samples were indexed following the Pico Methyl-seq Library Prep Kit
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(Zymo) with a few modifications due to the low input cell number. For the initial amplification,
only 1 puL of primer was added. Additionally, during library amplification 10 PCR cycles were
performed. Following indexing and purification, samples were run on the Agilent 2200
TapeStation to ensure proper size profile using a D1000 tape and then sequenced on a Novaseq

as paired end 100 bp.

Raw WGBS reads were trimmed with cutadapt 1.18 (Martin, 2011) and trimmed reads with less
than 30 bp were discarded. Retained reads were aligned to mm9 with BS-Seeker 2 (Guo et al.,
2013). Duplicated reads were removed from .bam file with picard tools (Broad Institute, 2020).
Cytosines and reverse complimented guanines with coverage > 4 were retained and calculated

for average CG methylation level.

Promoter Methylation Analysis

The E6.5 and E11.5 whole genome bisulfite sequencing datasets were downloaded from
European Nucleotide Archive under the accession number ERP001953 (Seisenberger et al.,
2012). The reads were mapped against the mouse reference genome mm9 using BS-Seeker 2
(Guo et al., 2013). Genome-wide DNA methylation profiles were generated by determining
methylation levels for each cytosine in the genome. The methylation level per cytosine serves as
an estimate of the percentage of cells that have a methylated cytosine at a specific locus. We only
included cytosines that are covered by at least three reads. The promoter region is defined as the
region between -2,000 bp<TSS<+500 bp. Methylation over a promoter region was calculated for

each CG in the region and then these individual values were averaged to give a representative
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value for the promoter region. Analysis of all promoters based on %CG methylation can be

found in Table S2.

H3K27me3 and CpG Classification

ChIP-seq data of H3K27me3 in mouse Epiblast at E6.5 was downloaded from GSE104243
(Yang et al., 2018), H3K27me3 in mouse PGCs at E11.5 was downloaded from GEO accession
GSE46396 (Sachs et al., 2013), and H3K27m3 in mouse PGCs at E13.5 was downloaded from
GEO accession GSE60377 (Liu et al., 2014). Reads were aligned to the mouse reference genome
mm9 using bowtie2 (Langmead and Salzberg, 2012) and the uniquely aligned reads were
retained using SAMtools (Li et al., 2009). The E6.5, E11.5 and E13.5 ChIP-seq data were
compared between H3K27me3 ChIP-seq and their corresponding control (input or H3) at
promoters (-2000 to +500 of TSS) using edgeR (Robinson et al., 2010). The comparison
considered the control, replicates, and statistical significance. The promoters with g-value < 0.05
and fold-change > 2 are considered as H3K27me3 enriched promoters. The promoters on the sex
chromosomes were excluded from this analysis. Presence or absence of an H3K27me3 enriched
promoter at E6.5 and E11.5 was used to classify the promoters into one of four categories. CpG
classification for all promoters was performed according to (Weber et al., 2007), updating the
CpG cutoffs for the mouse genome as per (Mohn et al., 2008). Analysis of DEGs based on
H3K27me3 promoter content can be found in Table S1 and all promoters in Table S2. Analysis

of all promoters CpG content can be found in Table S2.

Significance for the distribution of %CG methylation within the pre-existing late demethylating

promoters was determined by first classifying all promoters as either “High” (>mean%) or
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“Low” (<mean%) for the time point. Hypergeometric testing was performed to identify
enrichment or depletion for %CG methylation within the pre-existing or acquired promoters
relative to their abundance within the genome at a given embryonic time point. Additionally,
hypergeometric testing was used to identify the enrichment for each CpG content category (LCP,
ICP, HCP) within the pre-existing and acquired promoters using the relative distribution in all

promoters as the population.

Native Co-Immunoprecipitation

Mouse embryonic stem cells (ESC) were cultured in serum +Lif. EpiLC were differentiated from
mouse embryonic stem cells cultured in 2i +Lif conditions following the Hayashi et al., 2011
protocol. 3 million cells were harvested in cold PBS and lysed with 130 mM NacCl, 1% NP-40
(Sigma), 1 mM EDTA (Thermo), and 25 mM Hepes (Thermo) in the presence of 1x HALT
protease inhibitor cocktail (Invitrogen). Lysate was agitated for 30 minutes on a rotator at 4°C
and then centrifuged at 4°C to pellet the cellular debris. Supernatant was precleared with protein
G dynabeads (Thermo). Pulldown was performed by adding 500 pg of protein lysate to 5 ug of
rabbit anti-DNMTT1 (ab188453), mouse anti-DNMT1 (NB100-56519) or mouse anti-EED (05-
132) antibody (Table S3) bound to protein A (rabbit) or G (mouse) dynabeads at 4°C for 1 hour
on a rotator. A species matched negative control IgG (Mouse (5415) or Rabbit (ab27478)) was
performed in parallel using 500 pg of the same input. Following incubation, beads were washed
with lysis buffer 3 times. Beads were then resuspended in 40 uL 1x LDS (Thermo) and 1x
NuPAGE reducing agent (Thermo) and boiled for 10 minutes at 95°C to release the protein. 10
pL (1/4) of eluted IP supernatant was loaded onto a 4-12% Bis-Tris gel (Thermo) alongside 5 pg

input and 10 pL (1/4) of eluted IgG supernatant. Proteins were transferred to a PVDF membrane
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using the Biorad Trans-Blot Turbo system, blocked with TBST+5% milk for 30 minutes, cut into
strips and then exposed to appropriate primary antibodies (Table S3) at 4°C. The strips were then
washed with TBST for 5 minutes 5 times, blocked for 10 minutes with TBST+5% milk and then
incubated with secondary antibodies (Table S3) in TBST+5% milk for 1 hour at room
temperature on a rocker. Membranes were washed in TBST for 5 minutes 5 times, exposed to
ECL reagent (Thermo) and then imaged using a BioRad Chemidoc. For all co-IP analysis, an
independent replicate is considered an independent pulldown. All replicate and uncropped blots

can be found in document S1.

Quantification and Statistical Analysis

Statistical tests and cutoffs used for each analysis are reported in each methods subsection. All
information on replicate numbers and error bars is present in the figure legends and methods.
p<0.05 was considered significant for all tests, except in bulk RNA sequencing results which
were considered significant if the FDR was <0.05 and X chromosome Hypergeometric testing

where a p<0.01 was considered significant.
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Figures and Legends
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Figure 1: EED regulates PGC number within the embryonic gonads. A) Schematic of PGC
differentiation and the global changes of H3K27me3 in epiblast and PGC nuclei from E6.5-
E13.5. B) Quantification of average PGC number at E10.5 (n=15-17 embryos), E11.5 (n=8-24
embryos), E12.5 (n=4-7 embryos) and E13.5 (n=6-8 embryos). C) Linear regression analysis of
PGC number in B. D) Representative IF image of H3K27me3 at E13.5 in control and ECKO
embryonic gonads. VASA marks PGCs. White dashed lines surround PGCs. Scale bar is 5 mm.
E) Ratio of H3K27me3+ PGCs from D. F) Representative IF image of cPARP at E13.5 in
control and ECKO embryonic gonads. VASA marks PGCs. Scale bar is 10 mm. G) Ratio of
cPARP+ PGCs from F. Significance was calculated using T-test in all panels. * is p<0.05. All
error bars are + standard deviation. For all IF, n=3 embryos. See also Figures S1 and S2.
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Figure 2: EED regulates PGC differentiation in the testis. A) PCA plot of RNA-Seq data
generated from GFP+ XY PGCs isolated at E11.5 and E13.5. B) Percentage of up and down
regulated DEGs at E11.5. C) Percentage of DEGs from B with and without H3K27me3 promoter
enrichment in wild-type PGCs at E11.5 (Sachs et al., 2013). D) X-chromosome to autosome
expression ratio (X/A) at E11.5 and E13.5. E) Differential log2 fold change in gene expression
on the X chromosome and autosomes at E13.5 with (+) and without (-) promoter H3K27me3
enrichment (Liu et al., 2014). F) Percentage of up and down regulated DEGs at E13.5. G)
Percentage of DEGs from E with and without promoter H3K27me3 enrichment in wild type
PGCs at E13.5 (Liu et al., 2014). H/I) Gene ontology of up (H) and down regulated (I) DEGs at
E13.5. Values are calculated based on the -Log10(p-value). DEG number denoted below each
plot. J) Representative IF of MILI in control and ECKO embryonic testes at E13.5. VASA marks
PGCs. Scale bar is 10 mm. Inset of select nuclei shown in white dashed box with scale bar of 2
mm. K) Ratio of MILI+ PGCs from J. L) Heatmap of selected germ cell marker gene expression
from single GFP+ PGCs FACS isolated at E12.5. Blue is germline identity, Purple is early PGC
genes, Red is piIRNA genes and Green is somatic genes. Color is assigned based on log
normalized read counts. Significance was calculated using a T-test. * is p<0.05. All error bars are
+ standard deviation. For IF, n=3 embryos. See also Figure S3.
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Figure 3: EED Regulates PGC Differentiation in the Ovary. A) Mean X/A expression ratio in
XX PGCs at E11.5. B) Percentage of up and down regulated DEGs at E11.5. C) Heatmap of the
171 DEGs at E11.5. Selected up and downregulated DEGs are displayed. D) Stra8 Log?2 fold
change expression of E11.5 control and ECKO PGC replicates. E) Percentage of DEGs at E11.5
with or without promoter H3K27me3 in PGCs (Sachs et al., 2013). F) Genome browser track for
H3K27me3 at the Stra8 promoter at E11.5 (Sachs et al., 2013) and E13.5 (Liu et al., 2014).
Promoter region boxed in red (-2 to +0.5 kb). G) UMAP of GFP+ FACS isolated single PGCs
analyzed using Smart-seq. Feature plots for the PGC marker Ddx4 (Vasa), the meiotic initiator
Stra8, the pluripotency marker Nanog and the meiotic protein Sycp3 are highlighted. H)
Representative IF of SYCP3 at E13.5. VASA marks PGCs. White dashed lines surround PGCs.
Scale bar = 2 mm. n=3 embryos. I) Ratio of SYCP3+ PGCs from H. Significance was calculated
using a T-test. * is p<0.05. All error bars are + standard deviation. See also Figures S3 and S4.
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Figure 4: Gametogenesis genes are co-enriched for H3K27me3 and DNA Methylation in the
epiblast. A) Heatmaps of H3K27me3 promoter (-2 to +0.5 kb) enrichment at E6.5 (Yang et al.,
2018) and E11.5 (Sachs et al., 2013). Acquired promoters gain H3K27me3 by E11.5 in PGCs
compared to E6.5 epiblast. Pre-existing promoters have H3K27me3 in both E6.5 epiblast and
E11.5 PGCs. Metaplots for each category are presented. B) Schematic of the gain of promoter
H3K27me3 in the pre-existing and acquired subsets with dashed bars showing predicted gains in
H3K27me3. The average DNA demethylation of the genome (global) and late
demethylating/GRR promoters DNA demethylation are below in purple (Seisenberger et al.,
2012). C) %CG methylation (Seisenberger et al., 2012) at E6.5 and E11.5 in promoters defined
as either having pre-existing or acquired H3K27me3. Significance within a given time point was
calculated via Hypergeometric testing. D) Promoter CpG content analysis of pre-existing or
acquired promoters. High, intermediate and low CpG content were defined as described in the
methods. E) Gene ontology of the late demethylating promoters with H3K27me3 at E11.5 (Sachs
et al., 2013). F) %CG methylation of promoters at E6.5 (Seisenberger et al., 2012) with pre-
existing or acquired H3K27me3. Pre-existing promoters with high CG methylation (40%)
outlined in red. Significance was calculated using T-Test. G) Promoter CpG content analysis of
pre-existing promoters with 40% CG methylation (high) or <40% CG methylation (low) at E6.5
(Seisenberger et al., 2012), acquired promoters and all promoters without H3K27me3 at E6.5
(Yang et al., 2018). * is p<0.05. See also Figure S4.

83



A: N=92 N=30 B: C:

10 kb E13.5 XY PGCs
100 E13.5 XY E13.5 Upregulated XY PGC DEGs E— 541
30% PGCs Control - i - 541
&0 3 Wwith ECKo CECKO‘ L l L N 02
o o DCKO ontrol 9
2 60 69% B without DCKO A | e P 1 IO SR
£
S Gisft
5 70% 1kb 2248
® Control - - 2248
» 31% ECKO S — A .
Control - o3
0 T T DCKO [ b
Up pown Tuba3b
D: E: E13.5 XY PGCs E
: E13.5 XY PGCs Overlap 100 N=23238 N=37  N=55  N=600 40
3 Hep
Meiotic Cell Cycle ] S 35
80 329% 28% o Eice 8

62% Cer

Spermatogenesis ]
Catabolic Process ]

% of Promoters

E10.5 %CG Methylati

25% 30%
Cell Cycle .:l 40 47% 2
28% 15
DNA Methylation 4~
2 a2% || s20% ©
—
% 10% T T
N=55 S 0@l 2) 3 T T ™ — Control ECKO
= “Log10(Palue) Al DCKO ECKO
Pomoters  Only 2" onyy E10.5 XX PGCs
G: 5kb H: N
30 SHg 519
EM) CMP e bl e kDa  nput P 196 kDa  jnput P IgG
Hak27me3| Input
1 180 DNMT1 180 ~ DNMT1
PGCWGBS | ECKO |, alh L *
— T = - UHRF1 — UHRF1
! ' .S,ycmI " 80 ‘ : 80 . A
e - e . ’ il
E11.5] OhIP Lanen st it alibeb texmin e o 09 8 : 80 .
HIK27ME3 | Input - ase sy ‘ ! ‘ ce0 —
Eﬂv5xx‘r;omrou coal il ot 50 a i 50 — EED
PGC WGBS Lo il R Y R T .
Fero Antibody: EED (05-132) Antibody: EED (05-132)

— -
Tuba3b Cells: ESCs Cells: EpiLCs

Figure 5: Gametogenesis genes are co-regulated by EED and DNMT 1. A) Percentage of up and
down regulated DEGs from E13.5 XY DCKO embryos (Hargan-Calvopina et al., 2016) with and
without promoter H3K27me3 (Liu et al., 2014). B) Overlap in upregulated DEGs in XY E13.5
ECKO and DCKO conditions. Significance was calculated via hypergeometric testing. * is
p<0.05. C) Representative RNA-sequencing tracks from overlapping DEGs in the DCKO
(Hargan-Calvopina et al., 2016.) and ECKO data sets D) Gene ontology of the overlapping
DEGs in the XY ECKO and DCKO conditions. Values are calculated based on the -Log10(p-
value) and DEG number denoted below the plot. E) Promoter CpG content analysis of E13.5 XY
ECKO and DCKO overlapping or DCKO only promoters. High, intermediate and low CpG
content promoters were defined as described in the methods. F) Percentage of methylated CG
sites with 4X coverage in E10.5 XX PGCs as measured by WGBS (n=2 replicates). G)
Representative WGBS tracks from E11.5 XX PGCs and E11.5 H3K27me3 ChIP-seq tracks (Liu
et al., 2014) at representative overlapping DEGs from ECKO and DCKO embryos (Hargan-
Calvopina et al., 2016). H) Representation of co-immunoprecipitation in serum+LIF mouse
ESCs following pulldown with an anti-EED antibody (05-132). Input is collected prior to the
pulldown, IP is the EED bound fraction and IgG is a negative control reciprocal pulldown with a
non-specific mouse antibody (5415) (blots from n=3 independent replicate pull downs for EED
(05-132), EZH2 (5246) and DNMT1 (ab87654), n=2 independent replicates for UHRF1
(sc373750)). I) Co-immunoprecipitation in EpiLCs following pulldown with an anti-EED
antibody (05-132) (blots from n=3 independent replicates for EED (05-132), DNMT1 (ab87654)
UHRF1 (sc373750), n=2 independent replicates for EZH2 (5246)). All replicate and uncropped
blots are in document S1. All antibodies identified by their catalogue number listed in table S3.
See also Figure S5.
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Figure 6: Model for EED and DNMT1 Co-regulation of Gametogenesis Genes. Promoters that
exhibit H3K27me3 in the epiblast and in PGCs (pre-existing H3K27me3) have low levels of
DNA methylation. These genes are involved in organismal development. Promoters with
detectable H3K27me3 in PGCs but not in the epiblast (acquired H3K27me3) begin with high
levels of DNA methylation in the epiblast which reverts to low DNA methylation in PGCs.
These genes are involved in cell signaling and anchorage. This study identified a new set of
poised gametogenic promoters that begin with H3K27me3 and high levels of DNA methylation
in the epiblast. These promoters continue to have detectable H3K27me3 and DNA methylation
in PGCs. We propose that the maintenance of this signature in the epiblast is regulated by
DNMTI/EED interactions. In PGCs, EED is not required to maintain DNA methylation at
gametogenesis genes (red cross). Dotted line in the epiblast represents a potential interaction
between UHRF1 in the epiblast as an alternative interacting partner with EED/PRC2. Dotted line
between DNMT1 and EED/PRC2 in PGCs represents a theoretical interaction which has yet to
be validated.
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Figure S1: ECKO embryos lose H3K27me3 in PGCs by E11.5 A) Flow plot representations of
dissociated control and ECKO AGM and gonads isolated from XY and XX embryos at E10.5,
E11.5,E12.5 and E13.5. PGCs are GFP+. B) Representative IF images of AMH in testes at E13.5.
VASA marks PGCs and AMH marks the testis cords. Red dotted lines outline the gonad. Scale
bar is 50 mm. C) Representative IF images of E13.5 ovaries. VASA marks PGCs. Scale bar is 20
mm. D) Representative IF images for H3K27me3 at E11.5. TFAP2C marks PGCs. Scale bar is 10
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mm. E) Ratio of H3K27me3+ PGCs from D. XY and XX embryos pooled and labeled as blue and
pink respectively. F) Representative IF images genital ridges at E11.5. TFAP2C marks PGCs. Red
dotted lines outline the genital ridge and arrows mark PGCs outside the genital ridge. Scale bar is
100 mm. G) Representative IF images of Ki67 at E13.5. VASA marks PGCs. Scale bar is 10 mm.
H) Ratio of Ki67+ PGCs from G. Significance was calculated using T-test in all panels. * is p<0.05.
All error bars are + standard deviation. For all IF, n=3-7 embryos. See also Figure 1.
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Figure S2: Global epigenetic remodeling in PGCs following deletion of EED. A) Representative
IF images for SmC at E13.5 in embryonic gonads. VASA marks PGCs. Scale bar is 5 mm. B)
Ratio of 5mC+ PGCs from A. C) Representative IF images for ShmC at E13.5. VASA marks
PGCs. Scale bar is 5 mm. D) Ratio of ShmC+ from C. E) Representative IF images for H3K27ac
at E13.5. VASA marks PGCs. Scale bar is 5 mm. F) Ratio of PGC nuclear H3K27ac signal relative
to gonadal somatic signal from E. White dashed lines outline PGCs in all panels. Significance was
calculated using T-test in all panels. * is p<0.05. All error bars are + standard deviation. For all
IF, n=3-4 embryos. See also Figure 1.
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Figure S3: Loss of EED alters expression of genes but not transposons in PGCs. A) Scatter plot
of TE expression from E11.5 XY PGC RNA-seq relative to the enrichment of H3K27me3 at E11.5
(Sachs et al., 2013). Dotted line represents the line of best of fit with the R? displayed on the graph.
B) Scatter plot of TE expression in PGCs from the E13.5 testis relative to the enrichment of
H3K27me3 at E13.5 (Liu et al., 2014). Dotted line represents the line of best of fit with the R?
displayed on the graph. C) H3K27me3 log2 fold change (H3K27me3/H3) abundance (Liu et al.,
2014) at E13.5 in XY PGCs. D) Analysis of gene expression by chromosome at E13.5. Line plot
(right Y axis) represents all detectable genes on the chromosome and the bar plot (left Y axis)
represents all significantly upregulated genes with H3K27me3 marked promoters (Liu et al.,
2014). *1is p<0.01 as determined by a Hypergeometric test as described in the methods. E) UMAP
of single GFP+ sorted PGCs from the testis at E12.5. Feature plots for the germline marker Ddx4
(Vasa), the meiotic differentiation gene Stra8, the pro-spermatogonial gene Miwi2 (Piwil4) and
the pluripotent gene Nanog are highlighted. F) Scatter plot of TE expression from E11.5 XX
PGCs relative to the enrichment of H3K27me3 at E11.5 (Sachs et al., 2013) within the TE. Dotted
line represents the line of best of fit with the R? displayed on the graph. See also Figures 2 and 3.
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Figure S4: Ovarian ECKO PGCs precociously differentiate. A) Representative IF images for
H2Ak119ubl at E13.5. VASA marks the PGCs. White dashed lines outline PGCs. Scale bar is 10
mm. n=3 embryos. B) Ratio of H2AK119ub1+ PGCs from A. Significance was calculated using
T-test. * is p<0.05. All error bars are + standard deviation. C) k-means hierarchical clustering and
heatmap of selected PGC marker genes in single cell RNA-Seq data of E12.5 sorted XX PGCs.
Selected genes were clustered into rows; Blue is germline identity genes, Purple is PGC genes,
Red is meiotic genes and Green is somatic genes. Color is assigned based on log normalized read
counts. Cell number for each condition is below the plot. D) Correlation plot between E12.5 sorted
GFP+ XX PGCs analyzed by SMART-Seq compared to 10X Genomics single cell RNA-Seq of
PGCs from wild-type gonads at E12.5, E14.5 and E16.5 (Zhao et al., 2020). See also Figure 3.
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Figure S5: Late demethylating promoters are enriched for both H3K27me3 and DNA methylation.
A) Scatterplot for promoter log2 normalized H3K27me3 CPM values at E6.5 (Yang et al., 2018)
and E11.5 (Sachs et al., 2013). Dotted lines represent a 2-fold enrichment above input. All
promoters with an FDR > 0.05 at both time points were categorized as Never. B) Genome browser
tracks of a representative pre-existing (Mael) and acquired (UhrfI) promoter. Red boxes outline
promoter regions (-2 to +0.5 kb of TSS). C) Late demethylating promoters categorized with pre-
existing or acquired H3K27me3 (Seisenberger et al., 2012). D) GRR promoters categorized with
pre-existing or acquired H3K27me3 (Hill et al., 2018). E) Scatterplot of late demethylating
promoters for log2 normalized CPM values at E6.5 (Yang et al., 2018) and E11.5 (Sachs et al.,
2013). Dotted lines represent a 2-fold enrichment above input. All promoters with an FDR > 0.05
in both time points were categorized as Never. Promoter %CG methylation at E6.5 (Seisenberger
et al., 2012). Dazl and Stra8 are labeled. F) %CG methylation at E6.5 (Seisenberger et al., 2012)
for the late demethylating promoters in the pre-existing, acquired or without H3K27me3 at E11.5
(never and lost) categories. Pre-existing promoters with high (>40%) E6.5 CG methylation are
boxed in red. See also Figure 4.
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Figure S6: Overlapping ECKO and DCKO DEGs show similar regulation. A) Representative
overlapping upregulated DEG RNA-sequencing tracks from ECKO and DCKO (Hargan-
Calvopina et al., 2016.) B) Representative flow plots from E10.5 and E11.5 XX PGCs isolation
via FACs for WGBS. C) Representative WGBS tracks at E11.5 in XX PGCs and E11.5
H3K27me3 ChIP-seq tracks (Liu et al., 2014) at overlapping upregulated ECKO and DCKO
DEGs. D) Representation of co-immunoprecipitation in serum+LIF mouse ESCs following
pulldown with an anti-DNMT 1 antibody (NB100-56519). Input is collected prior to the
pulldown, IP is the DNMT1 bound fraction and IgG is a negative control reciprocal pulldown
with a non-specific mouse antibody (5415) (blots from n=3 independent replicate pull downs for
EED (05-132), EZH2 (5246) and DNMT1 (NB100-56519), n=2 independent replicates for
UHREF1 (sc373750)). * is the heavy chain of the pulldown antibody and arrowhead is the short
isoform of EED. All replicate and uncropped blots are in document S1. All antibodies identified
by their catalogue number listed in table S3. See also Figure 5.

Table S1: Differentially expressed gene analysis. All ECKO and DCKO DEGs and DEG promoter
H3K27m3 analysis as defined in the methods. Related to Figures 2, 3, 5, S3, S4, S6 and STAR
methods.

Table S2: Gene classification. All identified genes and their respective promoters used in this
paper are shown with their relevant classifications. E6.5 and E11.5 %CG methylation values and
late demethylating promoter classification is from (Seisenberger et al., 2012). Promoter H3k27me3
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abundance is from (Yang et al., 2018) (E6.5), (Sachs et al., 2013) (E11.5) and (Liu et al., 2014)
(E13.5). H3K27me3 categorization is from this manuscript. CpG content is as defined by (Mohn
et al., 2008; Weber et al., 2007). GRR are from (Hill et al., 2018). All DCKO DEGs are from
(Hargan-Calvopina et al., 2016) and ECKO DEGs are from this manuscript. Related to Figures 2,
3,4,5,S3, S4, S5, S6 and STAR methods.

Table S3: Antibodies used. All antibodies used in this manuscript.

Antibodies Source Identifier

Goat Polyclonal anti-MVH R&D Systems Cat# AF2030; RRID AB 2277369
Mouse Monoclonal anti-AP-2gamma (TFAP2C) Santa Cruz Cat# SC12762; RRID AB 667770
Rabbit Polyclonal anti-H3K27me3 Millipore Cat# 07-449-MI; RRID AB 310624

Mouse Monoclonal anti-5mC

Aviva Biosciences

Cat# AMM99021; RRID AB 387479

Rabbit Monoclonal anti-H2AK119ubl

Cell Signaling Technologies

Cat# 8240T; RRID AB 10891618

Rabbit Polyclonal anti-cPARP

Cell Signaling Technologies

Cat# 9544; RRID AB 2160724

Mouse Monoclonal anti-KI167

BD Biosciences

Cat# 556003; RRID AB 396287

Mouse Monoclonal anti-AMH Bio-Rad Cat#t MCA2246T; RRID AB 226470
Rabbit Polyclonal anti-H3K27ac Abcam Cat# ab4729; RRID AB 2118291
Rabbit Polyclonal anti-ShmC Active Motif Cat# 39069; RRID AB 10013602
Mouse Monoclonal anti-SYCP3 (SCP3) Abcam Cat# ab97672; RRID AB 10678841
Rabbit Polyclonal anti-PIWL2 (MILI) Abcam Cat# ab36764; RRID AB 777284

Donkey Polyclonal anti-Mouse Alexa Fluor 488

Jackson ImmunoResearch

Cat# 715-546-150; RRID AB 2340849

Donkey Polyclonal anti-Rabbit Alexa Fluor 488

Jackson ImmunoResearch

Cat# 711-545-152; RRID AB 2313584

Donkey Polyclonal anti-Rabbit Alexa Fluor 594

Jackson ImmunoResearch

Cat# 711-585-152; RRID AB 2340621

Donkey Polyclonal anti-Goat Alexa Fluor 594

Jackson ImmunoResearch

Cat# 705-586-147; RRID AB 2340434

Rabbit Monoclonal anti-DNMT1 Abcam Cat# ab188453; RRID AB 2877711
Mouse Monoclonal anti-EED Millipore Cat# 05-132-0MI; RRID AB 1586999
Rabbit Monoclonal anti-EZH2 Cell Signaling Technologies Cat# 5246s; RRID AB 10694683
Mouse Monoclonal anti-UHRF1 Santa Cruz Cat#sc373750; RRID AB 10947236
Mouse Monoclonal anti-DNMT1 Novus Biologicals Cat#NB100-56519; RRID AB 838131
Rabbit Polyclonal IgG Control Abcam Cat#ab27478; RRID AB 2616600
Mouse Polyclonal IgG Control Cell Signaling Technologies Cat#5415; RRID AB 10829607

Rat Monoclonal anti-Mouse HRP Abcam Cat#ab131368; RRID AB 2895114
Veriblot for IP Detection Reagent HRP Abcam Cat#ab131366; RRID AB 2892718

Table S4: PCR primers. Sequences of all primers used in this manuscript.

Primer Name Primer Purpose Sequence

SMCX-1 Forward Genotyping CCGCTGCCAAATTCTTTGG
SMCY-1 Reverse Genotyping TGAAGCTTTTGGCTTTGAG
Blimp1-Cre Transgene Forward Genotyping GCCGAGGTGCGCGTCAGTAC
Blimp1-Cre Transgene Reverse Genotyping CTGAACATGTCCATCAGGTTCTTG
Oct4 Control Forward Genotyping GATCACCTGGGGTTTGAGAA
Oct4 Control Reverse Genotyping CAAGGCAAGGGAGGTAGACA
Oct4 Transgene Forward Genotyping CAAGGCAAGGGAGGTAGACA
Oct4 Transgene Reverse Genotyping AGGAACTGCTTCCTTCACGA
EED fi/fl Forward Genotyping GGGACGTGCTGACATTTTCT
EED fl/fl Reverse Genotyping CTTGGGTGGTTTGGCTAAGA

Table S5: Sequencing summary. Summary of all bulk RNA sequencing, single cell Smart-seq
RNA sequencing, WGBS and ChIP-sequencing comparison used in this study. Related to STAR

methods.
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Document S1: Summary of replicates and uncropped Western blots. Related to Figures 5 and S6.
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Document S1: Summary crops; DNMT1 (ab188453) Pulldowns in ESCs
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Document S1: EpilLC EED (Millipore 05-132) Pulldown Replicate 1 Blots (Summary Blot 1)
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Document S1: EpiLC EED (Millipore 05-132) Pulldown Replicate 2 Blots (Summary Blot 2)
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Document S1: EpilLC EED (Millipore 05-132) Pulldown Replicate 3 Blots (Summary Blot 3)
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Document S1: ESC EED (Millipore 05-132) Pulldown Replicate 2 Blots (Summary Blot 5)
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Document S1: ESC DNMT1 (Abcam ab188453) Pulldown Replicate 1 and 2 Blots 12
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Document S1: ESC DNMT1 (Abcam ab188453) Pulldown Replicate 3 Blots (Summary Blot 9)
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Document S1: ESC DNMT1 (NB100-56519) Pulldown Replicate 1 Blots (Summary Blot 10)
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Document S1: ESC DNMT1 (NB100-56519) Pulldown Replicate 3 Blots (Summary Blot 12) 16
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Chapter 5

Conclusion and Future Perspectives
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Given the prevalence of infertility and current limitations in treatment options, it is
essential that we study the mechanisms regulating hPGC specification and epigenetic
reprogramming. One of the most promising new advances for infertility treatment is the recently
published in vitro gametogenesis protocol which has allowed for the complete recapitulation of
the XX mouse germline in vitro (Hikabe et al., 2016). While there has been some preliminary
work translating this technique into human cell culture, the cells fail to progress into mature
oocytes suggesting a problem in either the specification or epigenetic reprogramming of the
hPGCLCs (Yamashiro et al., 2018). Given the practical and ethical limitations in assessing these
processes in human embryos, we rely upon the in vitro hPGCLC differentiation method as well
as mPGC-specific conditional knockout mice in order to study the mechanisms of hPGC
specification and epigenetic reprogramming, respectively.

In chapter 2, we discussed our use of CRISPR/Cas9 gene editing to characterize the
transcription factor network which specifies hPGCs by creating null mutants in human
embryonic stem cells which were then differentiated into hPGCLCs. Through this, we identified
that unlike mPGCs, EOMES is required for hPGCLC induction (Chen et al., 2017). This
technique provides a robust way to identify and validate key regulators of hPGC specification
which can potentially be used as a diagnostic or therapeutic target.

While the hPGCLC method is sufficient to study the specification of hPGCs, it fails to
properly undergo the epigenetic reorganization necessary for further germline development
(Sasaki et al., 2015). Therefore, in order to properly assess epigenetic reprogramming in hPGCs,
we turned to the mouse embryo as a model organism. Using the Cre-lox system with a Blimp1
promoter driven Cre, we created mPGC-specific conditional knockout mice in order to assess the

role of a gene of interest in germline development without altering expression in other tissue

109



(Ohinata et al., 2005). In chapter 3, we explored the role of UHRF1 and identified that while its
cofactor DNMT1 has been shown to have a key role in regulating the timing of sex-specific
differentiation in PGCs, it is doing so independent of UHRF1 (Hargan-Calvopina et al., 2016).
This raises questions over what is directing DNMT]1 to maintain DNA methylation at the late
demethylating promoters of gametogenesis genes (Kagiwada et al., 2013; Seisenberger et al.,
2012). Recently, DNMT1 was confirmed to have de novo methyltransferase activity in
“neighborhoods” of dense DNA methylation (Wang et al., 2020). Since the late demethylating
promoters contain heavily methylated CG islands, it is possible that this higher than average
density of methylated cytosines attracts or holds DNMTT at these sites for a longer period of
time allowing for a slower DNA demethylation (Hill et al., 2018; Seisenberger et al., 2012).
Additionally, it is also possible that there is another cofactor which directs DNMT]1 to these loci
which has yet to be identified. Indeed, in chapter 4 we identified an interaction between DNMT1
and EED/PRC2 using Epiblast-like cells, an in vitro model of the post-implantation epiblast
which mPGCs are specified from (Hayashi et al., 2011). However, closer examination of the late
demethylating promoters revealed no change in the maintenance of DNA methylation following
conditional knockout of EED, confirming that, much like UHRF1, PRC2 is not directing
DNMTT to these loci.

Looking more broadly, much like DNMT1 (Hargan-Calvopina et al., 2016) and PRC1
(Yokobayashi et al., 2013), EED/PRC2 was found to regulate the timing of exit from the mPGC
stage of the germline. Given that all of these epigenetic regulators converge on and repress
gametogenesis genes such as Stra8, a key protein in driving XX germline differentiation, the
possibility for an expansive epigenetic regulatory network is intriguing (Hargan-Calvopina et al.,

2016; Yokobayashi et al., 2013). It has recently been shown that PRC1.6, a subcomplex of
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PRCI, is essential to maintain repression of the gametogenesis genes in mouse embryonic stem
cells (Endoh et al., 2017). Given the ability for PRC2 and PRCI1 to recognize the other’s
downstream histone mark, H3K27me3 and H2AK119ub]1 respectively, and establish a polycomb
mediated repressive feedback loop, it is possible that PRC1.6 may be directing PRC2 to the
gametogenesis promoters (Boyer et al., 2006; Bracken et al., 2006). PRC1.6 has also been shown
to interact with G9A/GLP (Liu et al., 2020) and SETDB1 (Mochizuki et al., 2021) to direct
deposition of their repressive marks, H3K9me1/2 and H3K9me3 respectively, to gametogenesis
promoters in vitro. Additionally, we identified a subset of gametogenesis genes which are
marked by both DNA methylation and H3K27me3 within the E6.5 post-implantation mouse
epiblast which is maintained through the first stage of DNA demethylation suggesting a
coordinated role in regulating mPGC differentiation (Sachs et al., 2013; Seisenberger et al.,
2012; Yang et al., 2018). With all of these epigenetic regulatory pathways converging onto the
same subset of gametogenesis genes, it is reasonable to suspect that they may be working as part
of a greater regulatory network to finely tune gene expression during mPGC differentiation. This
presents not only an exciting avenue for future research which can be pursued both in a mouse
model to explore the potential co-maintenance of these marks during mPGC differentiation as
well as to assess whether targeted inhibition of these pathways in hPGCLCs allows for a more
accurate recapitulation of hPGC differentiation in vitro.

Altogether, this work furthers our understanding of the mechanisms driving both hPGC
specification and the subsequent epigenetic regulatory networks which direct germline
differentiation. This is critical to better understand the underlying causes of infertility, improve

diagnosis of germline disorders and to further the development of treatment options such as IVG.
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