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Summary

The development of primordial germ cells (PGCs) involves several waves of
epigenetic reprogramming. A major step is the transition from the stably suppressive
histone modification H3K9me2 to the more flexible, still repressive H3K27me3, while
the cells are arrested in the G2 phase of their cell cycle. The significance and
underlying molecular mechanism of these events were so far unknown. In this study,
a role of the Mad2I2 (Mad2B, Rev7) gene product in development of PGCs was
investigated. Mad2l2 is a HORMA domain protein, which is involved in protein-
protein interaction. Mad2I2 is essential for PGC, but not for somatic development.
PGCs were specified normally in Mad2I2”~ embryos, but their chromatin did not
proceed from the H3K9me2 to H3K27me3 state. Mad2I2” PGCs failed to arrest in
the G2 phase, and were eliminated by apoptosis. Co-immunoprecipitation analysis
showed that Mad2I2 could interact with the histone methyltransferases G9a and
GLP, and thus lead to a downregulation of H3K9me?2. It also interacts physically with
Cdk1, which together with Cyclin B1 is the main driving force for mitotic entrance and
progression. The inhibitory binding of Mad2l2 to Cdkl could arrest the cell cycle in
the G2 phase, and therefore allow the other histone methyltransferase, Ezh2, to
upregulate H3K27me3. In conclusion, Mad2l2 is essential for epigenetic
reprogramming in mouse PGCs.

Mad2I2” ESC lines cultured in conventional condition (LIF/Serum) showed
evidence for a spontaneous differentiation into epithelial-like cells with the molecular
characteristics of primitive endoderm. They had a cell cycle similar to that of
differentiated cells, failed to incorporate into chimeras, and deviated to primitive
endoderm at the expense of pluripotency. They also manifested an epigenetic
configuration distinct from normal ESCs, namely elevated H3K9me2 and H3K27me3
levels. Differentiating cells disappeared once the cultures were shifted to the
chemically defined medium supplemented with two inhibitors of MEK and Wnt
pathways (LIF/2i). Co-immunoprecipitation of Mad2l2 in ESCs followed by mass
spectrometry identified CETN2 as its interacting partner. This interaction might be
involved in regulation of Nanog expression and thus in sustaining self-renewal of

ESCs. Altogether, these data point to essential role of Mad2I2 in pluripotent ESCs.



Introduction

Mad212 as a protein-binding protein
Mad2I2 is a protein-binding protein involved in several biological processes including
cell cycle control and DNA repair (Aravind and Koonin, 1998; Chen and Fang, 2001,
Pfleger et al., 2001). It mainly comprises of a conserved HORMA domain by which it
binds to a diverse spectrum of proteins. Several, but not all of these partners bind
through their conserved sequence motif PXXXPP (Hanafusa et al., 2010). Reported
binding partners include Cdhl and Cdc20, the substrate binding proteins of the
APC/C complex, Rev 1, Rev 3, the transcription factors Elk-1 and TCF4, the clathrin
light chain A, Mad2I2 itself, and other proteins (Chen and Fang, 2001; Hong et al.,
2009; Medendorp et al.,, 2009; Medendorp et al., 2010; Murakumo et al., 2001,
Pfleger et al., 2001; Zhang et al., 2007).

Mad2I2 interacts with three cell signaling components c-JNK, Elk1, and TCF4.
It interacts physically with two downstream molecules of mitogen-activated protein
(MAP) kinase pathway: c-JNK kinase and transcription factor EIk1. MAP kinases are
involved in directing cellular responses to a wide variety of extrinsic stimuli, including
mitogens, proliferative signals, osmotic and heat shock stresses, regulating cell
proliferation, gene expression, cell survival, and apoptosis (Chang and Karin, 2001;
Kyriakis and Avruch, 2001). These signals are further transduced via either
extracellular signal-regulated kinase (ERK) pathway or c-Jun N-terminal protein
kinase (c-JNK) kinase and p38 pathways (Roux and Blenis, 2004; Yang et al., 2003).
Mad2I2 serves as an adapter to facilitate Elkl phosphorylation by JNK and
consequently increases its transcription activation potential. As a result, Mad2I2
upregulates the expression of Elkl-downstream targets such as egrl and c-foc
(Zzhang et al.,, 2007). Following introduction of DNA damage by methyl
methanesulfonate (MMS) treatment or UV irradiation, a large increase is observed in
the kinase activity of protein extracts, including JNK. By this, Mad2I2 functions as an

adaptor to ensure the maximal JNK-mediated phosphorylation and EIk1 trans-
activation following exposure of cells with DNA-damaging agents. In this context,

Mad2I2 was suggested to act as a scaffold protein to co-localize the kinase
and the substrate (Zhang et al., 2007).



Mad2I2 was found to interact with T cell factor 4 (TCF4). Downstream in the
Wnt signaling pathway, TCF4 associates with $-catenin and binds to TCF-binding
sites TBSs in promoters of the Slug gene family and trans-activates the expression
of Slug genes (i.e. Slug and Snail). This, in turn, inhibits the transcription of E-
cadherin and thereby induces epithelial-mesenchymal transdifferentiation (EMT) in
SW480 colorectal cancer cells (Hong et al., 2009). Mad2I2-TCF4 interaction
hampers DNA binding potential of TCF and consequently blocks TCF4-mediated
gene expression. As a result, Mad2I2-TCF4 interaction abolishes EMT and rather
induces mesenchymal-epithelial transdifferentiation (MET) in these cells (Hong et al.,
2009). Thus, Mad?2I2 is probably involved in the modulation of Wnt and Erk signaling,

and regulates cellular responses to these pathways.

Mad212 as the accessory subunit of DNA polymerase {

Originally, Mad2I2 was identified as an accessory, non-catalytic subunit of the
translesion DNA polymerase zeta (DNA Pol ) in budding yeast Saccharomyces
cerevisiae, where it is called “Rev7” (Lawrence et al., 1985; Torpey et al., 1994).
Mad2I2 homologues are also identified in mice and humans (Murakumo et al., 2001;
Murakumo et al., 2000). Translesion synthesis (TLS) is an error-prone DNA repair
mechanism to bypass DNA lesions, when other error-free DNA replication systems
including base excision repair, nucleotide excision repair, mismatch repair, and
recombination repair (Hanawalt, 1994; Sancar, 1994) are ineffective or impaired. In
TLS, normal DNA polymerases are stalled on a DNA damage site and displaced by
translesion polymerase(s), which synthesize a short patch of nucleotides, before the
replicative polymerases resume DNA synthesis. Since TLS frequently induces
mutations, it is considered as the last resort for DNA repair (Bridges, 1999; Friedberg
and Gerlach, 1999).

In human cancer cell lines, Mad2I2 knockdown leads to hypersensitivity
towards double strand break (DSB) introduced by y-irradiation or DNA-crosslink
induced by cisplatin treatment represented by increased phosphorylation of H2AX
(yYH2AX). This also increases cell death indicated by increased cleavage of caspase
3 (Cheung et al., 2006; Gan et al., 2008; Sharma et al., 2012). Mad2I2 knockdown
induces accumulation of HeLa cells in G2/M phase of cell cycle, especially following
introduction of DSB, implying the involvement of Mad2I2 in the G2/M DNA damage
checkpoint (Sharma et al., 2012). Mad2l2 interacts physically with two catalytic

8



translesion polymerases Revl and Rev3, forming a ternary complex which resolves
DSBs and facilitates homologous recombination repair and translesion repair
(Kikuchi et al., 2012; Murakumo et al., 2001; Sharma et al., 2012; Xie et al., 2012).
Mutations of the mouse Rev3 gene result in embryonic lethality at E8.5-E12.5
or severe delay/retardation of the embryos (Bemark et al., 2000; Esposito et al.,
2000; Van Sloun et al., 2002; Wittschieben et al., 2000). Revl-deficient mice
become infertile after backcrossing for two generations to C57BL/6 mice (Jansen et
al., 2006). While elimination of Mad2I2 in lower organisms like yeasts results in
reduced rate of mutations upon treatment with DNA-damaging agents (Baynton et
al., 1999), function of Mad2I2 in higher organisms is unknown due to the lack of

Mad2I2 mutant mice.

Embryonic development of primordial germ cells!

When this project was started, it had been shown that Mad2l2-deficient mice
are infertile due to early loss of germ cells (Dr. Sven Pilarski). In the next chapters,
development of the germline is introduced. Germ cells are unique cells present
during almost the entire life span. They function to carry the genetic material safely
into the next generation. For that, they develop distinctly from all other cells of the
body, and probably their genomes undergo particularly critical quality controls.
Primordial germ cells (PGCs) arise early in embryogenesis, and develop further in
the genital ridge at midgestation, whereas the male and female gametes are only
formed after the birth. The germ cell cycle culminates by the fusion of a haploid
oocyte with a spermatozoon, giving rise to a diploid one-cell embryo (De Felici and
Farini, 2012). During the first cell divisions of a mouse embryo there is no separate
development of somatic cells from the germline. Only at the onset of gastrulation a
small set of PGC progenitors is induced in the epiblast in response to instructive
BMP signals (de Sousa Lopes et al., 2007; Hopf et al., 2011; Ohinata et al., 2009).
The first bona fide germ cells, the PGCs, leave the epiblast with the extraembryonic
mesoderm at the posterior primitive streak, and thus in mice a group of around 40
PGCs locates at the base of the allantois. From here the PGCs migrate within the
definitive endoderm of the prospective hindgut, then exit from the hindgut endoderm,

and migrate via the dorsal mesentery towards the genital ridges. Here, they

! Some parts of this chapter are modified from (Pirouz et al., 2012).



accumulate in the gonad anlagen, and ovaries and testes become morphologically
distinguishable around midgestation (Saga, 2008; Saitou, 2009a, b; Saitou et al.,
2012). Murine PGC precursor cells in the epiblast divide very rapidly with a doubling
time of 5-7h, comparable to their surrounding cells (McLaren, 2000; McLaren and
Lawson, 2005; Tam and Snow, 1981). However, they slow down drastically to a
regular 16-hour cell cycle after emigration of the extraembryonic mesoderm. Thus,
PGC numbers increase to around 250 at embryonic day E9.5, to 1000 at E10.5, and
to 26000 in the gonad primordia at E13.5 (Tam and Snow, 1981). Massive cell
biological and molecular changes occur in PGCs after their induction and before
gonad formation (Figure 1). They affect the developmental potential, the cell cycle,

the transcriptional program, and the epigenetic set up of the chromatin.

¢ 0 6%
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Passive DN;A demethylatiod :
|
|
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Figure 1. Embryonic development of PGCs.

PGCs (red dots) are induced in the epiblast by BMP4 and at E7.5, specified PGCs start
epigenetic reprogramming by the passive erasure of DNA methylation. Then, from E8.0 to
E9.5, they undergo epigenetic transition from H3K9me2 to H3K27me3 state while migrating
in the hindgut endoderm. PGCs become transiently arrested in G2 phase of the cell cycle
and once they arrive in the genital ridges, an active DNA demethylation occurs via base
excision repair-mediated mechanism. As a result, PGCs reset their genome and become
ready for future gametogenesis. Modified from (Pirouz et al., 2012).

The specification of primordial germ cells

Once induced in the most proximal epiblast by bone morphogenetic protein 4
(BMP4) emanating from extraembryonic ectoderm, PGC precursors start to express
two essential genes for PGC development: Prdm1 (Blimpl) start to express at
around E6.25 and subsequently Prdm14 at E6.5, (Ohinata et al., 2005; Yamaiji et al.,

2008). A major function of Blimpl in PGCs is the transcriptional repression of typical
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somatic genes like Hox, Snail, and others (Lin et al., 1997; McLaren and Lawson,
2005). It also controls the reduction of the doubling time via downregulation of c-Myc
(Lin et al., 1997; McLaren and Lawson, 2005). Blimp1 is responsible for suppression
of cell cycle regulators including Ccnel, Ccndl and Cdc25a (Kurimoto et al., 2008a;
Yamaiji et al., 2008). Both Blimpl and Prdm14 are required for the activation of germ
cell development-related genes like Stella, E-cadherin, Fragilis, and the pluripotency
markers Sox2, Klf2 and Nanog, which had been suppressed in the early epiblast and
their renewed transcription indicates the re-acquisition of potential pluripotency.
Blimpl and Prdm14 are synergistically involved in downregulation of histone- and
DNA-methyltransferases GLP, and Dnmt3a, Dnmt3b, respectively (Kurimoto et al.,
2008b; Yamaji et al., 2008). All together, at E7.25, PGCs upregulate around 500
“‘germ cell specification” genes and downregulate around 330 “somatic program”
genes (Kurimoto et al., 2008a).

AP2y, which is induced by Blimp1 and encoded by the Tcfap2c gene at
~E6.75, is also critical for PGC development, as AP2y-mutants lose their PGCs soon
after specification probably due to a failure in suppression of somatic mesodermal
genes. With the program orchestrated by the two PRDM genes and AP2y, the
unique germ cell fate of the PGCs is established (Figure 2), and they are usually
considered to be “specified” (Kurimoto et al., 2008b). This implies that they are
clearly bearing the characteristics of germ cells, and will continue as such, if no
further influences will affect their fate. However, in order to secure this fate against
external cues, a further fixation of the identity is necessary. This is achieved by
epigenetic modifications of the chromatin and of the DNA, introducing inheritable

marks that guarantee the commitment to a germ cell fate (Figure 2).
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Figure 2. Transcriptional regulation of PGC specification.

A genetic network involved in specification of PGCs suggested from in vivo
experiments (Kurimoto et al., 2008a; Yamaji et al., 2008). Arrows indicate activation
and lines with terminal ends point suppression. Dotted arrows and lines are suggested
from in vitro experiments (Covello et al., 2006; Weber et al., 2010; West et al., 2009).
The figure is from (Saitou and Yamaiji, 2012).

The epigenetic reprogramming of primordial germ cells

Following specification, PGCs undergo epigenetic reprograming that can be
generally divided into two phases: (i) changes in histone modification between E8.0-
E9.5, and (ii) DNA demethylation occurring mainly at E10.5-E12.5. At the first phase,
PGCs arrest their cell cycle in the G2 phase and stall Pol II-mediated de novo
transcription relatively early after their specification for about 36h (Seki et al., 2007).
It seems that this phase is used for initiation of significant changes in the epigenetic
status (Figure 1). The repressive histone mark H3K9me2 now decreases
progressively, and finally becomes effectively removed. This genome-wide effect
correlates with the Blimpl- and Prdm14-dependent downregulation of the histone
methyltransferase GLP, which together with G9a is critical for H3K9 di-methylation

(Kurimoto et al., 2008a; Seki et al., 2005). In parallel, expression of the histone de-
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methylase Jmdm2a is maintained (Seki et al., 2007; Yamane et al., 2006). The
downregulation of the methyltransferases, and the maintenance of the demethylase
explain the gradual loss of H3K9me2 over time. A different suppressive histone
mark, H3K27me3, is introduced by the polycomb repressive complex 2 (PRC2).
PRC2 consists of the core components Ezh2, Eed and Suzl2, all of which are
present in PGCs (Yabuta et al., 2006). The replacement of one inhibitory
modification by another alters the molecular configurations at the affected loci.
H3K9me2 recruits heterochromatin protein 1 (HP1) and causes DNA methylation,
whereas H3K27me3 is a histone mark conferring more plasticity (Hawkins et al.,
2011; Smallwood et al., 2007). PGCs have significant levels of both the activating
H3K4me3 and the repressive H3K27me3 modification. Therefore, they might in
principle generate bivalent loci, i.e. configurations that are often located on
developmentally critical promoter regions in ESCs (see the next chapter), and can be
quickly activated in response to differentiation stimuli (Bernstein et al., 2006). In
PGCs they may facilitate the epigenetic resetting of the chromatin in preparation for
future differentiation steps in the genital ridges. Further histone modifications occur
later, in parallel to the demethylation of DNA (Hajkova et al., 2008). They include a
transient loss of H3K9me3 and H3K27me3, whereas the histone variants
H4/H2AR3me2s and H3K9ac are persistently lost.

In the second phase (Figure 1), in addition to the modification of histones,
significant changes of DNA methylation patterns are introduced in migratory and
post-migratory PGCs (Hackett et al., 2012a; Hackett et al., 2012b; Hajkova, 2011,
Saitou et al., 2012; Seki et al., 2007). Genome-wide DNA demethylation occurs
passively by repressing the DNA methyltransferases, and results in a gradual loss of
5mC with every cell division (Kurimoto et al., 2008a; Seki et al., 2005). In addition,
methyl groups can also be removed from DNA directly, e.g. by employing the
cytidine deaminase Aid (Popp et al.). The critical mechanism for genome-wide DNA
demethylation in PGCs is DNA repair through the base excision repair (BER)
pathway (Hajkova et al., 2010). Only later, also repetitive regions and transposable
elements become in part demethylated, while they remain highly methylated and
silenced in somatic cells. Imprinting of genes is erased, and becomes re-established
after sex determination to adjust the dosage according to the sex of the cells
(Bartolomei and Ferguson-Smith, 2011; Hackett et al., 2012b). Between E11.5 and

E13.5, the X chromosome reactivation in female PGCs, which was initiated already
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during migration, is completed (Mochizuki and Matsui, 2010; Saitou et al., 2012;
Sasaki and Matsui, 2008). Taken together, the extensive remodeling of the
chromatin in PGCs reprograms the epigenome in preparation for totipotency
(Hajkova, 2011; Hajkova et al., 2008).

Embryonic Stem Cells

Since PGCs and pluripotent stem cells have a reciprocal relationship (Pirouz et al.,
2012), the function of Mad2I2 in mouse embryonic stem cells was addressed in the
second phase of the PhD.

Mouse embryonic stem cells (ESCs) are pluripotent cells derived from
preimplantation embryos (Evans and Kaufman, 1981). Pluripotency is defined as the
potential of cells for indefinite self-renewal and multi-lineage differentiation. ESCs
also manifest unique genetic and epigenetic characteristics. Several transcription
factors build the core pluripotency circuit favoring the undifferentiated state of the
cells. In parallel, histone modifiers and chromatin remodeling chaperones ensure
maintenance of proper epigenetic signature in ESCs. Mutations in some of these
regulators compromise the epiblast or ESCs, which in turn results in early embryo
lethality or loss of pluripotency (Surani et al.,, 2007; Young, 2011). Namely, Oct4,
Nanog and Sox2, comprising core transcription factors, play critical roles in
supporting self-renewal and inhibiting differentiation in ESCs. They function to
regulate their own expression in a positive, auto-regulatory loop. They also co-
occupy and upregulate the expression of genes necessary for maintenance of ESCs
in an undifferentiated state, or suppress the expression of lineage-specific
transcription factors (Jaenisch and Young, 2008). Apart from core transcription
factors, several other proteins are essential for maintenance of ESC, including Tcf3
functioning in Wnt signaling to core circuit, KlIf4, Stat3 and Tbx3 in LIF signaling,
Smadl1/2/3 in TGF-B signaling, c-Myc in proliferation, Ronin in ESC metabolism,
Prdm14 in ESC identity, Zfx in self-renewal, Sall4 in pluripotency, and etc. (Young,
2011).

While self-renewing, ESCs retain the capacity to undergo multi-lineage
differentiation. At the molecular level, this balance is tuned finely by simultaneously
suppressing and activating chromatin at the regulatory regions of lineage-specific
transcription factors (Azuara et al., 2006). This phenomenon is called “bivalency”,

and refers to a situation in which an individual locus is occupied by both activating
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(e.g. H3K4me3 and H3K9Ac) and repressive (e.g. H3K27me3) histone marks. This
places lineage-affiliated genes in a “stand-by” state that represses their expression,

and ensures their activation upon exit from self-renewal and onset of differentiation.

Implication of cell signaling in pluripotency

Several signaling pathways are involved in regulation of self-renewal or
differentiation of embryonic stem cells (Li et al., 2012; Miki et al., 2011; Sokol, 2011;
Takahashi et al., 2005; Tanaka et al., 2011; Watanabe and Dai, 2011). Traditionally,
mouse ESCs are cultured on mitotically inactivated mouse embryonic fibroblasts
(MEFs) as a feeder with a medium comprised mainly of leukemia inhibitory factor
(LIF) and serum. LIF induces pluripotency-related genes via at least two routs: firstly,
it activates its transducer STAT3 that in turn induces Klf4, and secondly, it maintains
Nanog expression via the PI3K pathway (Niwa et al., 2009). In this culture system,
serum can be replaced by BMP4 even in the absence of MEF feeder cells (Ying et
al., 2003). BMP4 activates the Smad pathway to induce inhibitor of differentiation (Id)
genes. Additionally, it inhibits ERK and p38 MAP kinase pathways that are
responsible for differentiation (Qi et al., 2004). Taken together, in the conventional
so-called “LIF/serum” culture regime, LIF and BMP4 synergistically maintain self-
renewing ESCs via induction of pluripotency and inhibition of differentiation,
respectively.

More recently, a new serum-free regime for ESC culture was developed
applying a chemically defined medium supplemented with LIF and two inhibitors
(PD0325901 and CHIR99021) of the ERK signaling pathway and the GSKS3,
respectively. This so-called “LIF/2i” medium supports ESCs in the “ground state” in
the absence of MEF feeder cells and serum (Ying et al., 2008). Although they show
a great similarity to LIF/serum-cultured cells, ESCs adapted in LIF/2i manifest also
some distinctive features: (1) while in LIF/serum ESCs, the expression of
pluripotency markers like Nanog fluctuate, LIF/2i cells express these markers more
uniformly; (2) LIF/2i ESCs express less c-Myc and lineage priming transcripts and
more metabolic genes than LIF/serum cells; (3) in general, the total number of
transcribed genes is less in LIF/2i, where the transcription is referred as “pausing”
compared to LIF/serum, which is referred as “pause release”; (4) and finally in LIF/2i,
polycomb repressive complex (PRC) targets are less occupied by the histone mark
H3K27me3 (Marks et al., 2012). Apart from these differences, ESCs cultured in both

15



conditions fulfill all the pluripotency-attributed criteria including indefinite self-renewal

capacity, multi-lineage differentiation, and chimera formation.

Chromatin configuration in ESCs versus differentiated cells

The chromatin in the pluripotent stem cells is often considered as “open” in
comparison to differentiated cells, which possess “closed” chromatin (Figure 3). This
points to a higher ratio of euchromatin to heterochromatin observed in pluripotent
cells. Euchromatin is associated with transcriptionally active loci, whereas
heterochromatin specifies compacted and transcriptionally silenced genomic regions
(Efroni et al., 2008; Gaspar-Maia et al., 2011; Park et al., 2004).

Mouse ESCs and ICM cells have a more dispersed chromatin than their
progenies emerging during differentiation (Ahmed et al., 2010; Schaniel et al., 2009).
Several histone modifications are distributed differentially over euchromatic and
heterochromatic regions in ESCs and differentiated cells. For example, H3K9me3,
which is enriched in heterochromatin, is less abundant in ESCs than differentiated
cells (Meshorer et al., 2006). ChIP-chip experiments have shown that H3K9me2 is
progressively distributed in chromatin during differentiation (Wen et al., 2009). ChlP-
seq analysis has revealed that H3K9me3 and H3K27me3 coverage in ESCs genome
expands from 4% to 12% and 16%, respectively, in differentiated cells (Hawkins et
al., 2010). In comparison to low levels of these suppressive histone marks in ESCs,
higher levels of active histone modifications, including H3K4me3 and acetylation, are
distributed in their genome (Azuara et al., 2006; Meshorer et al., 2006), explaining
open chromatin and active transcription in ESCs (Figure 3). ESCs have developed a
unigue strategy to suppress expression of multi-lineage differentiation genes and at
the same time poise them for activation. This would prevent premature differentiation
of ESCs and also sustain their ability to start differentiation upon receiving stimuli. At
the onset of differentiation, repressive H3K27me3 is removed and activating
H3K4me3 facilitates accessibility of the lineage-differentiation loci to RNA

polymerase, launching the transcription.
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Figure 3. Chromatin configuration changes upon differentiation of ESCs.

Undifferentiated ESCs possess an open chromatin with a high accessibility for RNA
polymerase to start transcription. As a result, the chromatin is less condensed and inter-
nucleosomal regions are covered by histone H1 (Upper scheme). Following
differentiation, the configuration of chromatin is changed into a condensed
heterochromatin containing more heterochromatin protein HP1, less active marks and
more repressive histone modifications. Consequently, the related genomic regions are
less transcribed or become silenced. Modified from (Gaspar-Maia et al., 2011)

Development of extraembryonic tissue

Trophectoderm development

The first fate decision in mouse embryo is made when segregation of
extraembryonic trophectoderm (TE) and pluripotent inner cell mass (ICM) by morula
stage at E2.5 (Figure 4). Following three rounds of cell division, the eight-cell stage
is reached, where it undergoes compaction (Hyafil et al., 1980; Plusa et al., 2005;
Vinot et al., 2005). Further cell cleavages would form 16-, 32-cell and finally
blastocyst stages, in which outer cells surround the inner cells. This inside-outside
polarity results in activation of Hippo signaling only in inner cells that eventually
establishes pluripotent ICM (Nishioka et al.,, 2009). On the other hand, in the
absence of Hippo signaling in the outer cells, TEA domain family transcription factor
4 (Tead4) activates TE-specific genes including caudal-related homeobox 2 (Cdx2)
and GATA-binding protein 3 (Gata3) that triggers differentiation toward TE and
formation of placenta (Dietrich and Hiiragi, 2007; Niwa et al., 2005). This finally
establishes the mutually exclusive expression of Cdx2 in the TE and pluripotency-
related transcription factors Oct4, Nanog, and Sox2 in the pluripotent ICM (Figure
5A).
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Figure 4. Different stages of preimplantation development in mice.

As the consequence of two successive waves of asymmetric cell division starting at the 8—16-
cell stage transition, pluripotent ICM cells are set aside from outer cells. The outer cells turn
into trophectoderm (TE) in the first cell fate decision. In the second cell fate decision, primitive
endoderm (PE) is formed at the surface of the ICM and in the deeper layers epiblast (EPI)
cells are developed. Modified from (Zernicka-Goetz et al., 2009).

Development of extraembryonic endoderm

The second fate decision is made in the ICM and segregates primitive endoderm
(PrE) from the epiblast. Epiblast cells locate inside the ICM, express pluripotency
markers Nanog and Oct4 and contribute to the formation of derivatives of somatic
lineages (i.e. ectoderm, mesoderm, and endoderm) as well as germ cell, while PrE
cells line underneath the ICM, face the blastocoel cavity, express Gata6 and Gata4,
and give rise to visceral and parietal endoderm. Originally, Nanog and Gata6 are co-
expressed in 8- to 16-cell stage morula, until in the late blastocyst their expression is
restricted to epiblast and PrE cells, respectively (Guo et al., 2010). This segregation
is controlled by FGF-mediated activation of MAP kinase signaling and a differential
distribution of FGF4, SH2/SH3 adaptor (Grb2), FGF receptor 2 (Ffgr2) expression
during blastocyst formation (Chazaud et al., 2006). The involvement of FGF
signaling in the formation of PrE is confirmed using Erk inhibitor that results in the
elimination of Gata4-expressing PrE cells in the blastocysts (Nichols et al., 2009).
Epiblast- and PrE-progenitors are distributed randomly in early blastocysts. FGF4
expression is increased in the putative epiblast progenitors. In parallel, Fgfr2
expression is elevated in PrE-fated cells (Guo et al., 2010). This triggers MAP kinase
signaling in these cells, which in turn launches differentiation program toward PrE
(Figure 5B). Thus, the development of the PrE and the ICM cells are finely tuned by

mutual inhibition of Nanog and Gata4 expression, respectively.
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Figure 5. The underlying molecular mechanism of preimplantation development.

(A) The transcriptional network regulating specification of ICM and TE. Tead4 induces Cdx2
and Gata3, which together act to specify TE. A reciprocal inhibition between Cdx2 and
Oct4/Nanog restricts Cdx2 expression to TE cells, while the expression of Oct4 and Nanog
is gradually confined to ICM cells. Modified from (Takaoka and Hamada, 2012).

(B) Upper panel: Heterogeneous populations in the ICM of the early blastocyst comprising of
epiblast (Epi, red) and primitive endodermal (PE, green) progenitors. These cells express
Nanog or Gata6, respectively, in a mutually exclusive manner. Lower panel: Nanog and
Gata6 inhibit each other, leading to the segregation of the two lineages, which is derived by
Fgf4/Erk signaling. Although the fate of the cells can still be modulated after initial
expression of Nanog and Gata6, this plasticity is gradually lost at E4.0. Trophectoderm is
depicted in gray. Figures are from (Lanner and Rossant, 2010).

19



Aim of the thesis

This study was initiated to unravel function of Mad2I2 in the development of
mouse PGCs, and in the pluripotency of mouse ESCs. The following questions were
in the focus of project:

1. What is the precise time window of PGC loss in Mad2I2” embryos?

2. How is the epigenetic reprogramming affected in Mad2I2” PGCs?

3. How is the cell cycle affected in Mad2I2” PGCs?

4. What is the molecular mechanism of Mad2l2 function in the epigenetic

reprogramming and cell cycle progression in PGCs?

(62

. How is the pluripotency affected in Mad2I2” ESCs?
6. What is the identity of differentiated cells in Mad2I2” ESC cultures?
7. What is the molecular mechanism of Mad2l2 function in the maintenance of

pluripotency?
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Materials and methods

Solutions and buffers
PBS buffer (20X)

Ingredients Final concentration (g/L)
NaCl 160

KCI 4
Na,HPO,.2H,0 28.8

KH,PO, 4.8

Gelatin (0.1%)
1 g Gelatin type A (from porcine skin; Sigmaaldrich) was dissolved in 1 litter dH,0

and then autoclaved. Culture dishes were coated by this solution for at least 30 min.

ES/Trypsin

50 ml Trypsin solution was mixed with 150 ml Saline/EDTA, filtered, and was frozen.

Trypsin solution

Ingredients Final concentration (g/L)
NaCl 8.0
KCI 0.4
Na,HPO, 0.1
Glucose 1.0
Tris base 3.0
Trypsin 2.5

Adjust pH to 7.6; aliquot and freeze

Saline/EDTA

Ingredients Final concentration (g/L)
EDTA 0.2

NaCl 8.0

KCI 0.2

Na,HPO, 1.36

KH,PO, 0.2

Adjust pH to 7.2; aliquot and freeze

DNA lysis buffer

Ingredients Final concentration
Tris.HCI pH=8.0 100 mM
EDTA 5mM

NacCl 200 mM

SDS 0.2%

Autoclave, and add Proteinase K before use.
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RIPA buffer for protein lysis

Ingredients Final concentration
NP-40 1%
NaDOC 0.25%
(Natriumdeoxycholate)

Tris.HCl pH=7.4 50 mM

NacCl 150 mM
EDTA pH=8.0 1 mM

Electrophoresis buffer (10X) for WB

Ingredients Amount
Tris base 30.2¢g
Glycine 144 g
SDS 10% 100 ml
Up to 1 litter dH20

Transfer buffer for WB

Ingredients Amount Final concentration
Tris 299 48 mM
Glycine 145¢g 3.9mM

SDS 10% 18.5 ml 0.037%
Methanol 11 20%

First the powders were dissolved in dH20 and then methanol was added.

Stacking buffer (4X) for WB

Ingredients Amount (for 50 ml) | Final concentration
Tris 3.025¢g 05M
SDS 10% 2ml 0.4%

Adjust pH at 6.8

Separation buffer (4X) for WB

Ingredients Amount (for 50 ml) Final concentration
Tris 9.08 g 15M
SDS 10% 2 ml 0.4%

Adjust pH at 8.8

Stacking gel (5%) for WB
Ingredients Amount
4X stacking buffer 1.25ml
Polyacrylamide 30% 830 pl
dH,O 2.92 ml
APS 10% 30 ul
TEMED 10l

Separation gel (12%) for WB

Ingredients Amount
4X stacking buffer 3.75 ml
Polyacrylamide 30% 6 ml
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dH,O 5.25 ml
APS 10% 100 pl
TEMED 20 pl

ECL developing solution

Solution A (keep at 4 °C)

Ingredients Amount
Tris.HCI (pH=8.6) 200 ml
Luminol (Sigma A4685) 50 mg
Solution B (keep at room temperature)

Ingredients Amount
DMSO 20 ml
Para-Hydroxycoumarin acid (Sigma C9008) 22 mg

Mix 5 ml solution A, a.5 ml H202 (30%), and 500 pl solution B for 2 minutes before use.

Paraformaldehyde (PFA) 4%
40 g paraformaldehyde was dissolved entirely in 1 litter pre-warmed PBS (around 65

°C) with 7-8 drops of 10 M NaOH. The pH was adjusted at 7.8 by addition of 1 M

NaOH or HCI.

Alkaline Phosphatas
AP buffer for cell cul

e (AP) staining buffers

ture

Ingredients Final concentration
Tris.HCI pH=9.5 100 mM
NaCl 100 mM
MgCl, 50 mM

AP buffer for whole mount

Ingredients Final concentration
Tris.HCI pH=9.5 100 mM

NaCl 100 mM
MgCl, 50 mM
Tween 20 0.1%

Cell culture media

Ingredients of different culture media were as following. For N2B27 ESC
medium (LIF/2i), DDM and B27 media were mixed (1:1). LIF, CHIR 99021 (3 uM)
and PD 0325901 (1 uM) were added and filtered.

Components of MEF

medium

Ingredients Final concentration
DMEM 1x
Fetal Bovine Serum (FBS) 10%
Sodium Pyruvate 1mM
Penicillin 10" Units/ml
Streptomycin 10 mg/ml
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Components of conventional ESC medium (LIF/Serum condition)

Ingredients Final concentration
KO-DMEM 1x
Fetal Bovine Serum (FBS) 20%
Sodium Pyruvate 1 mM
MEM Non-essential amino acids 0.1 mM
L-Glutamine 2 mM
2-mercaptoethanol 100 uM
Penicillin 10" Units/ml
Streptomycin 10 mg/ml
Leukemia Inhibitory Factor (LIF) 10° Units/ml

Components of N2B27 ESC medium (LIF/2i condition)

DDM medium
Ingredients Final concentration
DMEM:F12 with Glutamax 1X
Sodium Pyruvate 1mM
MEM Non-essential amino acids 0.1 mM
2-mercaptoethanol 100 uM
Penicillin 10" Units/ml
Streptomycin 10 mg/ml
Bovine serum albumin fraction V 1/150 (viv)
N2 supplement 1x
B27 medium
Ingredients Final concentration
Neurobasal medium 1X
B27 supplement 1x
L-Glutamine 2 mM
Antibodies
Following antibodies were used in this study:
Table 1. List of primary antibodies
Antibody Host Dilution for IF Dilution Company/source
for WB
Anti-Cyclin B1 Rabbit 1:100 1:1000 Sigma-Aldrich
Anti-phospho-Histone H3 mouse 1:200 1:2000 Cell Signaling
(serlQ)
anti-HA rat 1:100 1:1000 Roche
anti-yTubulin mouse 1:200 Abcam
anti-Cdk1 mouse 1:50 1:500 Santa Cruz
anti-pCdk1 rabbit 1:50 Cell Signaling
anti-Oct4 mouse 1:100 1:1000 BD
anti-Oct4 rabbit 1:100 1:1000 Abcam
anti-SSEA1 mouse 1:100 Santa Cruz
anti-Nanog rabbit 1:100 1:1000 abcam
anti-Sox2 rabbit 1:200 1:1000 Millipore
anti-H3K9me?2 rabbit 1:100 1:1000 Upstate
anti-H3K9me?2 rabbit 1:100 1:1000 Millipore
anti-G9a rabbit 1:25 1:500 Cell Signaling
anti-GLP mouse 1:50 1:500 Abcam
anti-Mad2l2 rabbit 1:100 1:2000 Abcam
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anti-Mad2I2 Mouse 1:100 1:1000 BD
anti-yH2AX mouse 1:200 1:2000 Millipore
anti-pChk2 rabbit 1:200 Cell Signaling
anti-Ezh2 rabbit 1:200 1:2000 Cell Signaling
anti-pEzh2 17487 rabbit 1:100 1:1000 Epitomics
anti-H3K4me2 rabbit 1:100 1:1000 Active Motif
anti-H3K27me3 rabbit 1:100 1:1000 Active Motif
anti-Dppa3 rabbit 1:500 Abcam
anti-H3K4me3 rabbit 1:1000 Abcam
anti-p-actin mouse 1:2000 Sigmaaldrich
anti-Tubulin mouse 1:2000 Sigmaaldrich
Anti-Erk1/2 rabbit 1:2000 Cell Signaling
Anti-phospho-Erk1/2 rabbit 1:2000 Cell Signaling

Table 2. List of secondary antibodies

Antibody Host Dilution Company/source
Alexa Fluor® 568 anti-mouse IgM Goat 1:1000 Invitrogen
Alexa Fluor® 594 anti-mouse 1gG Goat 1:1000 Invitrogen
Alexa Fluor® 488 anti-mouse IgM Goat 1:1000 Invitrogen
Alexa Fluor® 594 anti-rabbit IgG Goat 1:1000 Invitrogen
Alexa Fluor® 488 anti-rabbit IgG Goat 1:1000 Invitrogen
Alexa Fluor® 488 anti-rat IgG Goat 1:1000 Invitrogen
Alexa Fluor® 594 anti-rat IgG Goat 1:1000 Invitrogen
Alexa Fluor® 647 anti-rabbit 1IgG Goat 1:500 Invitrogen
HRP-conjugated anti-mouse Goat 1:10000 Abcam
HRP-conjugated anti-rat Goat 1:10000 Abcam
HRP-conjugated anti-rabbit Goat 1:10000 Jackson Immuno
Research
HRP-conjugated anti-goat Rabbit 1:10000 Jackson Immuno
Research

Immunocytochemistry

Cells on chamber slides were washed twice, fixed for 20 min with formaldehyde,
permeablized with 0.1% Tween 20, and blocked for 1 hour in 10% normal goat
serum/1% bovine serum albumin. Primary antibodies were prepared in blocking
solution and applied for 1-2h at room temperature. Alexa Fluor 594 goat anti-mouse
IgG, Alexa Fluor 488 goat anti-mouse IgM, Alexa Fluor 488 goat anti-rabbit 1gG,
Alexa Fluor 594 goat anti-rabbit 1gG, Alexa Fluor 594 goat anti-rat 19G, or Alexa
Fluor 488 goat anti-rat IgG were used as secondary antibodies (all from Molecular
Probes). The nucleus was counterstained with 4,6-Diamidin-2-phenylindol (DAPI,
Vectashield).

Immunohistochemistry

Embryos were washed, fixed for 1 hour at 4° C in formaldehyde, washed three

times, treated with 30% sucrose, immersed in a 1:1 mixture of Tissue Freezing
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Medium (Jung) and 30% sucrose for 30-60 min, and then embedded. 10 pum
cryosections were washed, and permeablized for 10 min in 0.1% PBSTx (phosphate
buffered saline/0.1% Triton X-100). Blocking was performed for 1 hour with 10%
normal goat serum/1% BSA. The incubation with the primary antibody was always
performed overnight at 4° C. Secondary antibodies were used as above, or the ABC

staining system (Santa Cruz) was applied.

Whole mount staining

Embryos were dissected in PBS and were fixed by PFA 4% on ice for 30 minute to 1
hour, depending on the size of the embryo. PGC-containing portions of the embryos
were further cut into smaller pieces to ease antibody penetration. Embryo pieces
were permeablized by 1% PBSTx for 45 minutes on ice and then were incubated for
4 days with primary antibodies diluted in blocking solution (BSA 1%, normal goat
serum 10% in PBSTx 1%). After washing, embryo pieces were incubated for two
days with secondary antibodies and Hoechst 33258 in blocking solution then washed
and mounted on slides and were finally studied by confocal microscopy (Leica, SP5).
To quantify the number of PGCs, the posterior portion of the embryos was subjected
to alkaline phosphatase (AP) staining by incubation in NBT/BCIP substrate solution

for 4-5 min at room temperature according to the manufacturer (Roche).

Flowcytometry

Cells were fixed for at least 30 min in 70% ethanol, stained with propidium iodide,
treated for 30 min with RNase, and analyzed by flowcytometry (FACS Calibur).

FACS sorting

Two days after transfection of NIH3T3 cells with GFP-Mad2l2 expressing vector,
they were trypsinized, washed with PBS, and then sorted by FACS Aria Il (BD).
Sorted cells were lysed in RIPA buffer (for protein isolation) or in RLT buffer (for RNA
isolation). For ESCs, in order to sort GFP-expressing cells, they were washed and
trypsinized and cell suspensions were subjected to FACS. Sorted cells were either

cultured back on inactivated MEF feeders, or were lysed in RIPA buffer.

Real-Time qRT-PCR
Total RNA from GFP-Mad2I2 FACS-sorted samples was extracted with RNeasy kit
(Qiagen), and DNA was digested by DNasel (Qiagen). cDNA was synthesized from
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1 ug RNA by reverse transcriptase (Omniscript, Qiagen) and a combination of
random hexamere and oligo dT primers (Promega). 25 ng cDNA per reaction was
amplified by KAPA SYBR® FAST qPCR Master Mix (KAPA biosystems) in Real-time
PCR with an Applied Biosystems 7300 Sequence Detection system. The Ct values
were determined using default threshold settings. The expression levels of samples

were normalized to GAPDH.

Western blotting

Protein extracts or immunoprecipitates were dissolved on gels by SDS-PAGE and
then transferred to the nitrocellulose membranes. Unspecific antigens were masked
by 1-hour incubation with blocking solution (5% low-fat milk dissolved in 0.1%
PBSTw). Membranes were incubated with primary antibodies diluted in blocking
solution overnight at 4° C on shaking plate. After three times washing with 0.1%
PBSTw, membranes were incubated for 1 hour at room temperature with HRP-
conjugated secondary antibodies diluted in blocking solution. Membranes were
washed and developed after treating with Pico chemiluminescent substrate (Thermo

Scientific).

Immunoprecipitation

Whole cell extracts from ESCs or HA-Mad2I2 transfected NIH 3T3 cells were pre-
cleared with normal control IgG antibodies (Upstate), and incubated for 1 hour at 4°
C with primary antibodies. Precipitation was performed using Protein A/G PLUS-

Agarose Immunoprecipitation Reagent according to the manufacturer (Santa Cruz).

GST-Mad212 preparation

GST-fused Mad2I2 protein was prepared after Dr. Sven Pilarski (PhD thesis,
Goettingen University). Briefly, it was expressed in and purified from E. coli. Full
length Mad2l2 cDNA was cloned in frame with the N-terminal GST-tag into the
pPGEX-KT vector. Expression was induced by the addition of 1 mM IPTG (isopropyl-
B-D-thiogalactopyranoside, Sigma). Bacterial cells were harvested; proteins were
lysed on ice in 50 mM Tris, pH 7.5, 500 mM NaCl, 2 mM EDTA, 5 mM DTT, 10%
glycerol, freshly added 1 mM PMSF and Complete™-EDTA protease inhibitor tablet
(Roche). Glutathione Sepharose 4B (Amersham Biosciences) was used to purify the
GST-fused protein. The elution was done twice, each time with 2 ml elution buffer
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(500 mM Tris, pH 8.0, 100 mM Glutathione supplemented with protease inhibitor).
The protein was dialyzed in dialysis buffer (20mM Tris-HCI pH 7.5) using a dialysis
cassettes (Pierce) at 4°C overnight. The protein concentrations were measured and
determined according to the standard curve.

Kinase assay

Kinase activity of Cdkl1-cyclin B1 was analyzed using purified, recombinant proteins
(CycLex), and a human Cdc7 peptide as substrate, applying an assay system from
CycLex (Zhan et al., 1999). To test effect of Mad2I2 on kinase activity of Cdk1-Cyclin
B1, dilutions of GST-Mad2I|2 or GST alone protein were incubated for 15 min at 37°
C with 12.5 mUnits of recombinant kinase. These protein mixes were individually
given into substrate-coated wells, and incubated for 45 min at 37° C. For detection of
phospho-Cdc7 a specific monoclonal antibody (TK-3H7) and HRP-conjugated anti-

mouse IgG was applied, and the absorbance at 450 nm was measured.

TUNEL assay

Programmed cell death was analyzed using the TUNEL assay (Millipore) on
chamber slides or embryo cryosections. The assay was followed by immunostaining
against SSEAL.

Primers used for genotyping or qRT-PCR

Genotyping was performed using following primers:

Primer used for genotyping Mad2I2 locus

Primer #1 GCTCTTATTGCCTTGACATGTGGCTGC

Primer #2 GGACACTCAGTTCTGGAAAGGCTGG

Primer #3 CTGCAGCCCAATTCCGATCATATTCAATAAC

Primer used for genotyping Cre transgene

Transgene Forward | ATGCTTCTGTCCGTTTGCCG

Transgene Reverse | CCTGTTTTGCACGTTCACCG

Primer used for genotyping GFP transgene

Transgene Forward GCC GAG GTG CGC GTC AGT AC

Transgene Reverse CTGAACATGTCCATCAGGTTCTTG

Internal Positive Control Forward CTAGGCCACAGAATTGAAAGATCT

Internal Positive Control Reverse GTAGGTGGAAATTCTAGCATCATCC
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Primer used for gqRT-PCR

GLP-forward | TCTGACCTGAGTTCTGAATCC

GLP-reverse TTTCTACTTCTCCGCCTCCT

G9a-forward CTCCATGCTGTCAACTACCA

G9a-reverse GTGTCTCCTTCTTTGTTCCGA

Transgenic mice

Oct4-GFP transgenic mice were kindly provided by H.R. Schéler (Szabo et al., 2002)
The Prdml1-Cre mouse line was purchased from the Jackson Laboratory (B6.Cg-
Tg(Prdm1l-cre)1Masu/J).

Embryos

The day of the vaginal plug was taken as E0.5, and embryos were dissected
accordingly. Embryos were staged (Seki et al., 2007) by corresponding time and
morphology as follows: before E8.0 (EHF), E8.0 (LHF), E8.25 (less than 5 somites),
E8.5 (before turning, 6 to 8 somites), E8.75 (turning embryos, 10 to 12 somites),
E9.0, (after turning, 14 to 18 somites, with only the first branchial arch obvious, and
with open otic vesicles, E9.5 (two branchial arches, closed otic vesicles, 20-24

somites).

Preparation of mouse embryonic fibroblasts (MEFs) and induction of

DNA damage

MEFs were prepared from individual, genotyped E13.5 littermate embryos, and
cultured as passage 0 (P0O) in MEF medium and frozen. Cells not older than passage
1 were seeded on 0.1% gelatin-coated chamber slides (Nunc). MEFs were treated
with cisplatin (150 pg/ml) for 1h, washed twice, and cultured in fresh medium for 19h
before analysis. NIH 3T3 fibroblasts were cultured in the same medium, and were
transfected by Lipofectamine (Invitrogen) with an expression vector for the
generation of N-terminally tagged HA-Mad2I2 based on pCMV-HA (Clontech).

Derivation and culture of mouse embryonic stem cells

Mouse ESCs were generated through the mating of OG2; Mad2I2*" couples. 89
blastocysts were individually plated on mitomycin C-inactivated MEFs cultured in
gelatin-coated 24-well culture dishes (day 0). N2B27 medium supplemented with
LIF, 2i, and 20% serum (LIF/Serum/2i) was used to feed the blastocysts (Ying et al.,
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2008). During the first three days of culture, the dishes were kept in a completely
inert position to avoid detachment of blastocysts. At day 3, the first medium change
was done. At day 4, cells were trypsinized by 100 pl ES-trypsin and single-cell
suspension was made by pipetting up and down (with either 2 ml pipette). The
trypsin was neutralized with 1 ml medium and then suspensions were plated
individually in the same well of 4-well culture dish. At day 6 or 7, the first colonies
emerged (passage #1, P1) and the cultures were numbered based on the order of
ESC colony appearance. At day 9, cultures were washed with PBS and were
trypsinized with 175 ul ES-trypsin, neutralized with 1 ml medium and then plated on
12-well plates pre-cultured with fresh MEFs and pre-fed with 1 ml ES medium (P2).
Once get confluent, the cultures were either frozen or spitted to fresh MEFs and fed
with fresh medium every other day. MEFs were eliminated by differential adhesion to
gelatin-coated dishes and supernatant, which consisted of pure ESCs was used for
DNA extraction and genotyping. ESCs were kept in LIF/2i/Serum regime up to the
third passage, after which they were shifted to either LIF-Serum culture condition on
MEFs or feeder-free LIF/2i condition.

Mass spectrometery

The Mad2I2 interaction analysis was performed using ESCs lysate from Mad2I2*"
and Mad2I2”" (negative control) cultures in 1 ml RIPA buffer including a proteinase
inhibitor cocktail (Roche). All the steps were performed at 4 °C. The lysates were
centrifuged for 10 min at 13000 rpm to exclude non-digested cells. The supernatant
was pre-cleared with normal mouse IgG together with protein A/G-agarose beads
according to the manufacturer. Mouse anti-Mad212 antibody was used to precipitate
Mad2l2 and the interacting proteins. Then, the beads were washed three times for
five minutes with 500 ul cold PBS buffer. Finally, the beads were incubated for 15
minutes at room temperature with 40 ul elution buffer (2.5 ul 20% SDS, 5 pl 1 M
NaHCO3 and 42.5 pl ddH;0).

The samples were suspended in NuPage loading buffer and resolved in a
commercial SDS gel (Novex NuPage Bis-Tris gel, 4-12% gradient, Invitrogen) in
department of Prof. Dr. Henning Urlaub. The individual columns were then cut into
six squares for mass spectrometric analysis. The parameters for the identification of
proteins were set to the following values: limit=95% probability of detection, limit of

unique peptides detected=1, threshold detection probability of peptides=80%.
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Results:

Mad212 deficient fibroblasts fail to arrest after DNA damage

To test the function of Mad2l2 in DNA damage response, mouse embryonic
fibroblasts (MEFs) from E13.5 Mad2I2” embryos were investigated. These MEFs
were completely devoid of Mad2l2 RNA and protein, and their proliferation was
significantly impaired as indicated by a flattened growth curve and a significant
decrease in the number of Ki-67 expressing cells (Dr. Sven Pilarski; PhD thesis,

Gottingen University and Figure 6).

Figure 6. Impaired growth of Mad2I2” MEF.

Immunofluorescent staining of MEFs with anti-Ki67 antibody shows a decreased
proliferation in Mad2I2” MEFs.

In order to trigger their G2/M checkpoint, wild type and mutant MEFs were
exposed to the DNA cross-linking agent cisplatin (Grossmann et al., 1999). The cell
cycle status was checked by flow cytometry, mitotic entry by pH3 and nuclear Cyclin
B1, the occurrence of DNA damage with an antibody against yH2AX, and the
activation of the checkpoint kinase cascade with an antibody against pChk2
(Grossmann et al., 1999; Hendzel et al.,, 1997; Nyberg et al., 2002; Pines and
Hunter, 1991; Yuan et al., 2010). The observed differences between wild type and
mutant MEFs were moderate, but became significant and obvious after DNA
damage induction. Thus, the number of Mad2I2” cells in the G2/M fraction was
significantly increased as compared to wild type cells (Figure 7A-C). More mutant
than wild type MEFs had entered mitosis, had accumulated DNA double strand
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breaks, and activated the G2/M DNA damage checkpoint (Figure 7A-D). Many of the
mutant MEFs did not survive a cisplatin exposure (Figure 7D), the majority of the
remaining cells were simultaneously positive for yH2AX and pChk2, and the
apoptotic cells were usually also positive for nuclear Cyclin B1 (Figure 7E). Thus,

mutant cells did not arrest at the G2/M checkpoint, but continued to proceed into
mitosis, and finally apoptosis.
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Figure 7. The response of Mad2I2” MEFs to cisplatin treatment.

Mutant or wild type MEFs were exposed to cisplatin for 1 hour, and cultured for further 19
hours, unexposed cells were analyzed as controls (CTRL). (A) Representative
immunostaining against Cyclin B1 and pH3. (B) Mean values of four independent
experiments and standard deviations are indicated. (C) Cell cycle distribution of MEFs as
determined by flowcytometry. (D) Quantification of cells with DNA damage (yH2AX),
activated DNA damage checkpoint (pChk2), and apoptosis (TUNEL). (E) Apoptotic cells, as
identified in the TUNEL assay, express nuclear Cyclin B1 indicating cell death in mitosis.
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Mad212-/- germ cells are lost during early embryogenesis

Low levels of Mad2l2 mRNA are widely expressed in adult and E14.5 embryonic
cells, with a particularly high level in testis. High levels of Mad2l2 protein were
detected in primary spermatocytes by immunohistochemistry (Dr. Sven Pilarski,
unpublished data), while the antibody did not lead to specific signals above
background in other tissues, including PGCs (Figures 8A, D).
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Figure 8. Mad2I2 expression and loss of germ cells from mutant ovaries and testes.

(A) Mad2l2 mRNA expression in adult murine organs and E14.5 embryos. For an actin
loading control of this northern blot see (Pitulescu et al., 2009).

(B) Mad2I2” ovaries (P80) are smaller, and do not contain follicular or germ cells.

(C) Testes (P70) are significantly smaller in Mad2I2” animals.

(D) Mad2I2 protein is expressed in differentiating, wild type spermatogonial cells.

(E-G) Mad2I2” seminiferous tubules lack spermatogonial stem cells as identified by PIzf,
spermatogonial cells as identified by Stra8, and peri-meiotic cells as identified by yH2AX.

(H) Mad2I2”" seminiferous tubules contain highly vacuolated (red arrow) and miss-localized
(arrowhead) Sertoli cells as identified by Wtl. Note hyperplasia of Leydig cells between
seminiferous tubules (black arrow). Panels A, C-D are obtained by Dr. Sven Pilarski.

Scale bars in A, D-H 100 pm, in B, 400 pm.

Heterozygous Mad2I2 mutants were viable, healthy and fertile. Homozygous
embryos and postnatal mice were significantly smaller than their littermates. They
were born in sub-Mendelian ratio, but there was no evidence for increased postnatal
lethality (Dr. Sven Pilarski; PhD thesis, Gottingen University). Homozygous males
and females were infertile, and gonads were significantly underdeveloped. Ovaries
of mutant females were small and lacked ovarian follicles or germ cells, or were not

generated at all (Figure 8B). Mutant testes were drastically smaller than control
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organs of the same age, and seminiferous tubules were devoid of germ cells (Figure

8E-G). Leydig cells appeared hyperplastic, and Sertoli cells, identified by WT1

(Dame et al., 2006; Rogatsch et al., 1996), were mislocalized and highly vacuolated

(Figure 8H). Together, these findings suggest that Mad2I2 deficiency affects early

germ cells before the separation of male and female development.

For the determination of PGC numbers, embryos were collected at different

time points during early development, staged as outlined under experimental

procedures, and PGCs were identified by the presence of alkaline phosphatase (AP)

or Oct4 (Figure 9A).
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Figure 9. Loss and apoptosis of PGCs early after specification.

(A) AP-positive Mad2I2+/+ or Mad2I2-/- PGCs were detected in EHF and LHF stages.
From E8.5 to E9.5, PGCs were detected by Oct4-immunostaining (arrowhead). At
E13.5, Mad2I2-/- ovaries were devoid of germ cells detected by AP staining. Al: allantois;
ne: neuroepithelium; he: hindgut epithelium; hg: hindgut; da: dorsal aorta; dm: dorsal
mesentery; mn: mesonephros; ov: ovary. Scale bars, 100 pm.

(B) Quantification of PGCs detected by AP-staining in different developmental stages.
(C) Apoptosis (TUNEL assay) of SSEAl-expressing PGCs (arrowhead), and of
surrounding, SSEA1l-negative cells, putatively representing apoptotic PGCs (arrow) in
E9.0 hindgut endoderm. Scale bar, 20 pm.
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At the early head fold (EHF) stage, the numbers of PGCs at the base of the
allantois were similar in wild type, heterozygous and homozygous embryos.
However, while the number of normal PGCs increased at the late head fold (LHF)
stage, the number of Mad2I2” PGCs fell behind (Figure 9A, B). It was decreased
drastically from E8.5 onward, and at E9.0 only few instead of normally ca. 120 PGCs
were found in the hindgut endoderm. At E9.5 and E10.5 Oct4-positive PGCs were no
longer detected (Figure 9A, B). At E8.25, both wild type and remaining mutant PGCs
co-expressed Oct4 together with Dppa3, indicating a normal specification of mutant
PGCs (Figure 10A). Oct4 and Sox2 were co-expressed in all wild type PGCs with no
exception. In contrast, above 40% of Oct4-positive Mad2I12” PGCs did not express
Sox2 at E9.0, and thus had either failed to reactivate, or at least to maintain its
expression (Figure 10B). Emigration to the dorsal mesentery did not occur, and as a
result, gonad primordia at E13.5 were completely devoid of germ cells (Figure 9A,
B). All E9.0 Mad2I2” PGCs had accumulated active, acetylated p53 protein (Figure
11A), reflecting an activated stress response and impending apoptosis (Sakaguchi et
al., 1998). As judged by the TUNEL assay, some SSEA1-positive PGCs undergoing
cell death were detected in E9.0 hindgut endoderm (Figure 9C). In addition, the
same territory contained accumulations of SSEAl-negative, apoptotic cells
suspiciously representing germ cells having lost already expression of their typical
marker. In summary, Mad2I2”~ PGCs were specified normally, but their numbers

decreased progressively, and no PGCs survived to E9.5.

Figure 10. Expression of PGC-specific markers.

(A) Both wild type and knock out PGCs express Dppa3 and Prdml at E8.5. Scale
bars: 20 um. (B) Sox2 expression characterizes all Mad2I2*"* PGCs at E9.0 (100%,
17/17). Many Mad2I2” PGCs of the same stage were negative for Sox2 (44%, 8/18;
arrows), or were only weakly positive (arrowheads).
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Since Mad2I2 is the subunit of a repair DNA polymerase, we asked if Mad2I2
deficient PGCs are affected by DNA damage. We applied an antibody detecting
phosphorylated ATM/ATR substrates (pATM/ATR-S) including Chkl, Chk2, and
MDM2, as well as specific antibodies against pChkl and pChk2, respectively. No
positive PGCs were detected in either wild type or knockout embryos (Figure 11B-
D). Together, these observations indicate that Mad2|2 deficient PGCs are not lost
due to DNA damage.

o
Oct4 DAPI Oct4 DAPI

Oct4 DAPI

Figure 11. No activation of DNA damage response in apoptotic Mad2I2” PGCs.

(A) Mad2I2” PGCs expressed active, acetylated p53 (arrowheads, 100%, 6/6). PGCs
were identified by Oct4 immunohistochemistry on transverse sections of E9.0 embryos
(arrowheads).

(B) No Oct4- and phospho ATM/ATR substrate-double positive PGCs were detected in
Mad2I2” embryo section at E9.0 (arrowheads). Arrow indicates a positive somatic cell
implying the proper staining.

(C, D) No Oct4- and phospho-Chkl (C) or phospho-Chk2 (D) double positive Mad2I2™”
PGCs were detected at E9.0 (arrowheads). In contrast, occasionally, some somatic cells
showed expression of these active DNA damage response markers (arrows). Scale bars:
A and C, 20 um, B and D, 10 pm.
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Loss of Mad212 deficient PGCs is caused by an intrinsic failure

Proper development of PGCs relies on their endogenous program as well as on
exogenous signals emanating from surrounding somatic cells that support their
induction, migration or survival in various organisms (Doitsidou et al., 2002; Goudarzi
et al., 2012; Gu et al., 2009; Saitou, 2009b). To address the cause of early PGC loss
in Mad2I2 deficient embryos, the Mad2I2 gene was deleted specifically in nascent
PGCs taking the advantage of a Prdm1-Cre mouse line (Ohinata et al., 2005). The
TUNEL assay demonstrated apoptosis in SSEA1l-positive PGCs of Prdm1-Cre",
Mad2I2" embryos at E8.75 (Figure 12A). Moreover, TUNEL-positive, SSEA1-
negative cells with a high nuclear to cytoplasmic ratio were observed in the hindgut,
probably representing more advanced, apoptotic PGCs (Figure 12A). Also some
TUNEL-negative, SSEAl-positive PGCs were found, which is explained by the
incomplete efficiency of Prdm1-Cre mediated deletion (Ohinata et al., 2005). In
contrast, no appreciable apoptosis was observed in Prdm1-Cre’, Mad2I2" tissue
sections of the same age (Figure 12A). Together, these findings demonstrated that
Mad2I2 deficient PGCs did not survive even in a wild-type somatic environment.

A rescue assay was performed using mouse embryonic stem (ES) cells
carrying a GFP reporter under the PGC-specific promoter of the Oct4 gene (Szabo
et al, 2002). Mad2l2"", Oct4-GFP*" ES cells manifested typical ES cell
characteristics as judged by morphology, by expression of the pluripotency markers
Nanog and Sox2, and by germline chimera formation (See ESC chapter of results).
They were injected to 8-cell-stage embryos with wild type, heterozygous, or knockout
genotypes, originating from mating of Mad2l2 heterozygous couples. Dissections of
the re-transferred embryos at E10.5 showed the presence of Oct4-GFP positive
germ cells in both heterozygous and knockout embryos. At E12.5 the numbers of
PGCs in Mad2I2-deficient gonads resembled those in the heterozygote gonads
(Figure 12B, C). These results suggest that normal ES cells can develop into germ
cells in the microenvironment provided mainly by knockout somatic cells. Thus, the
observed early loss of PGCs in Mad2I2” embryos is caused by an intrinsic failure in

PGCs, and does not result from deficits of the surrounding somatic cells.
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Figure 12. Intrinsic failure of Mad2|2 deficient PGCs.

(A) Apoptosis (TUNEL assay) of SSEAl-expressing PGCs (arrowhead) in
a conditional knock out in Prdml-expressing PGCs. Arrow points to an
apoptotic cell with a high nuclear to cytoplasmic ratio, presumably
representing a PGC which has lost the SSEAL expression. Scale bar: 20
MM,

(B) Representative heterozygous (upper panel) and homozygous (lower
panel) E10.5 embryos which received Mad2I2*", Oct4d-GFP ESCs at the
morula stage. Note that also Mad2l2-deficient hindgut endoderm is
colonized by GFP-expressing PGCs. Arrowheads point to migratory PGCs
(dashed box).

(C) Representative heterozygous (left panel) and homozygous (right panel)
gonads, from E12.5 embryos, which received Mad2I2"", Oct4-GFP ESCs at
the morula stage. Note that also Mad2|2-deficient ovaries are colonized by
GFP-expressing PGCs.
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Mad212 downregulates H3K9me2 via inhibitory binding to G9a and

GLP

The majority of mutant Oct4-positive PGCs had not downregulated H3K9me2, the
repressive histone, which should have been lost during the cell cycle arrest between
E7.75 and E9.25 (Figure 13A). Correspondingly, also G9a and GLP, two H3K9
methyltransferases, were still found in mutant, but not in wild type PGCs (Figure
13B, 14A-D). In order to explore a physical interaction between Mad2I2 and G9a or
GLP, NIH3T3 fibroblasts were transfected with a plasmid encoding HA-Mad2I2. Co-
immunoprecipitation of NIH3T3 protein extract with anti-G9a, anti-GLP or anti-HA
antibodies demonstrated that Mad2I2 interacts with both methyltransferases (Figure
13C, D, data not shown).

To investigate a role of Mad2I2 in the regulation of H3K9me2, NIH3T3 cells
were transfected with a vector encoding a GFP-fused Mad2l2 protein. The
expression of Mad2I2-GFP resulted in a down-regulation of G9a at both protein and
MRNA levels (Figure 4E, S5E). Corresponding to the decreased levels of the
methyltransferases, a decreased level of H3K9me2, but not of H3K4me2 was
observed in Mad2l2-overexpressing cells (Figure 4F, S5F). The H3K9me2 level in
the absence of Mad2I2 was studied in mutant MEFs, and turned out to be higher
than in wild-type control cells (Figure 4F). Collectively, mutant PGCs failed to
suppress H3K9me2 and the corresponding methyltransferases. The observations in
fibroblasts suggest that inhibitory interactions of Mad2I2 with G9a and GLP are

involved in the downregulation of H3K9me2.
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Figure 13. Mad2I2 deficient PGCs fail to downregulate H3K9me2.

(A) The majority of Mad2I12*"* PGCs suppressed successfully H3K9me2 (arrowheads), while
many Mad2I2” PGCs maintained this epigenetic mark at levels similar to neighboring
somatic cells (arrowhead). Data were obtained by whole mount staining at E9.0. Right panel:
guantification of H3K9me2-negative PGCs (white bars), and of PGCs expressing H3K9me2
at a similar level to their neighboring somatic cells (black bars); n represents total number of
PGCs counted at least in three embryos per genotype.

(B) G9a expression was absent from all Mad212"* PGCs at E9.0 (arrowheads, 0%, 0/18).
Most Mad2I2” PGCs were positive for G9a (arrowheads, 87%, 14/16). Right panel:
guantification of G9a-negative (white bars) and G9a-positive (black bar) PGCs.

(C) Protein extracts from HA-Mad?2I2 transfected NIH3T3 cells were co-immunoprecipitated
(IP) by antibodies against G9a, GLP, or IgG (as negative control). Immunaoblotting (IB) was
performed on 20% of gel-separated immunoprecipitates (upper blot), or 1% input (lower blot)
by using anti-HA antibody.

(D) Reciprocally, the same protein extract was co-immunoprecipitated (IP) by antibodies
against the HA-tag, or IgG (as negative control). Immunoblotting (IB) was performed on 20%
of the immunoprecipitates (upper blots), or 1% input (lower blot) by using anti-G9a or anti-
HA antibodies.

(E) Immunocytochemistry detects a downregulation of G9a in GFP-Mad2I2 over-expressing
NIH3T3 cells (arrowheads) in comparison to untransfected cells (arrows).

(F) Western blot analysis of H3K9me2 and Histone H3 levels in wild type versus knockout
MEFs (loss-of function), and in GFP-Mad2I2 over-expressing FACS-sorted NIH3T3 cells
versus non-transfected cells (gain-of-function).
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Figure 14. Mad?2I2 is associated with downregulation of H3K9me2.

(A) The merged image of Oct4 and G9a double staining on E9.0 tissue section from Figure 4B. The
arrow lines represent the path from which the signal intensity was measured.

(B) Line-scan profile of relative intensity of G9a and Oct4 fluorescent signals in (A).

(C) The majority of PGCs in Mad2I2"* embryos suppressed GLP (arrowheads, 93.7%, 15/16),
whereas Mad2I2” PGCs maintained GLP expression (arrowheads, 90.9%, 10/11).

(D) Line-scan profile of relative intensity of GLP and Oct4 fluorescent signals in (C).

(E) gRT-PCR analysis of G9a expression in FACS sorted NIH3T3 cells. GFP-Mad2I2
overexpression downregulates the G9a level to around half the value in non-transfected cells.

(F) Immunocytochemistry analysis of H3K4me2 in GFP-Mad2I2 transfected NIH3T3 cells.
Overexpression of Mad2l2 does not influence the level of H3K4me2.
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Mad212 regulates the cell cycle via inhibitory binding to Cdk1

To address the cell cycle status of Mad2I2” PGCs, the cytoplasmic localization of
Cyclin B1 was confirmed in the majority of wild type PGCs on E9.0, indicating that
they were in the G2 phase of the cell cycle (Seki et al., 2007). In Oct4-positive
Mad2I2”" PGCs, on the other hand, the Cyclin B1 protein was either localized in the
nucleus, in the cytoplasm or not present at all (Figure 15A). Thus, it appeared that
mutant PGCs did not arrest in G2 phase of their cell cycle. To test whether ectopic
expression of Mad2I2 can arrest the cell cycle, NIH3T3 cells were transfected with a
HA-Mad2I2 encoding vector. Expressing cells did not enter mitosis (Figurel5 B), as
evident by the complete absence of pH3 or Cyclin B1 from nuclei, as well as the
presence of unseparated centrosomes (Jackman et al., 2003; Lindqvist et al., 2007).
Several pathways regulating the entry into mitosis converge at the Cdkl1, which
needs to be dephosphorylated and associated with phosphorylated Cyclin B1 to be
active (Lindqvist et al., 2009; Pines and Hunter, 1991). Since the Mad2I2 protein
contains a protein-binding HORMA domain, it was hypothesized that Mad2I2 might
interact physically with Cdkl or Cyclin B1 to regulate the G2/M transition. Proteins
from HA-Mad2I2 transfected NIH3T3 cells were precipitated with antibodies against
Cdk1, pCdkl (phosphorylated Cdkl), Cyclin B1, and the HA tag. Co-precipitate
analysis revealed a physical interaction of Mad2l2 with Cdk1, but not pCdkl or
Cyclin B1 (Figure 15C-E). A regulatory effect of Mad2l2 on the kinase activity of
Cdk1/Cyclin B1 was investigated in an in vitro assay, containing recombinant GST-
Mad2I2, Cyclin B1 and Cdkl, as well as the specific substrate Cdc7 (Zhan et al.,
1999). GST-Mad2I2, but not GST alone could specifically attenuate the kinase
activity of Cdkl1l-Cyclin B1 in a concentration-dependent manner (Figure 15F).
Together, mutant PGCs failed to prolong the G2 phase of their cell cycle. The
experiments in fibroblasts suggest that Mad2I2 functions in prolongation of the cell
cycle through interaction with and inhibition of Cdk1.
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Figure 15. Mad2I2 deficiency affects the cell cycle in PGCs.

(A) Immunohistochemistry on transverse sections of E9.0 embryos (upper panel).
Cytoplasmic staining of Cyclin B1 in Mad2I2*"* PGCs (arrowheads, 90.9%) indicated that the
majority had arrested in the G2 phase of their cycle (lower panel). Mad2I2” PGCs expressed
Cyclin B1 in the nucleus (37%, arrows), in the cytoplasm (39.3%, arrowhead), or were
negative (23.66%), suggesting active cycling. Scale bars, 10 um.

(B) HA-Mad2I2 transfected NIH3T3 fibroblasts never expressed pH3 (0%, 0/70; e.g. cell
number #1, upper panel), and always displayed Cyclin B1 in the cytoplasm (100%, 40/40;
#3, middle panel). Some of the non-transfected cells entered the mitotic prophase (#2, #4) or
anaphase (#5), and displayed nuclear pH3 (#2) or nuclear Cyclin B1 (#4, #5). HA-Mad2I2
expressing cells displayed two unseparated centrosomes detectable by yTubulin (100%, 7/7;
#6, lower panel). Scale bars, 20 pm (upper and middle panels), 10 um (lower panel).

(C) HA-Mad2l2 was co-immunoprecipitated with Cdkl from HA-Mad2l2 over-expressed
protein extract.

(D) Cdk1 was co-immunoprecipitated with Mad2I2 from the same protein extract.

(E) Cdk1 antibody co-immunoprecipitated HA-Mad2I2 from transfected NIH3T3 cells, but not
antibodies against Cyclin B1, pCdk1, and rabbit IgG. In C-E, 50% of the immunoprecipitates,
or 1.5% of total cell lysate (input) were loaded.

(F) Recombinant GST-Mad2I2 attenuates the kinase activity of Cdk1-Cyclin B1 (2.5 muUnits)
in vitro, while GST alone is not effective. Mean values of three independent experiments with
duplicate measurements, and standard deviations are indicated.
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Mad212 facilitates H3K27me3 upregulation via blocking Ezh2

phosphorylation

H3K27me3 was highly elevated in the majority of wild-type PGCs at E9.0, while its
level in Mad2I2”- PGCs was mostly indistinguishable from surrounding somatic cells
(Figure 16A). Ezh2, the relevant methyltransferase, is expressed in PGCs at a
similar level to that of in neighboring somatic cells at least during their specification
(Yabuta et al., 2006). Inhibited version of Ezh2 was completely suppressed in all wild
type PGCs at E8.5, while above 30% of knockout PGCs contained such inactive
Ezh2 proteins phosphorylated on Threonin residue 487 (Figure 16B). To address
whether Mad2I2 is involved in H3K27me3 upregulation, gain-of-function experiments
with a GFP-Mad2l2 fusion protein were performed in NIH3T3 cells.
Immunocytochemistry showed a very high level of H3K27me3 in all GFP-positive
cells, while surrounding, untransfected cells had mostly low levels, with some
exceptions possibly dependent on the state of their cell cycle (Figure 16C). Given the
inhibitory function of Mad2I2 on the kinase activity of Cdk1, it was asked if it might
attenuate the inhibitory phosphorylation of Ezh2 (Figure 16D, E). The highest level of
pEzh2 was observed in mitotic cells correlating with the highest activity of
Cdk1/Cyclin B1 (Figure 16D) (Wei et al., 2011). In contrast, Mad2I2 over-expressing
cells showed the lowest level of pEzh2, even less than that in untransfected
interphase cells (Figure 16D). Consistently, western blot analysis confirmed the
drastic suppression of pEzh2 in Mad2I2 over-expressing FACS-sorted fibroblasts,
while the overall level of Ezh2 itself remained unchanged (Figure 16E). The loss-of-
function situation was analyzed in Mad2I2 deficient MEFs, which showed an
increased level of pEzh2 (Figure 16E). In summary, Mad2I2” PGCs failed to acquire
a high level of H3K27me3. The data in fibroblasts and in a cell free system
demonstrated the capacity of Mad2I2 to suppress the kinase activity of Cdk1/Cyclin
B1, and thus to support the activity of Ezh2, and in effect a transfer of methyl groups
to K27 of histone 3. In the absence of Mad2l2, on the other hand, Cdk1/Cyclin B1
can phosphorylate and thereby inactivate Ezh2. This mechanism would explain the
failure of Mad2l2 deficient PGCs to acquire an epigenetic status dominated by
H3K27me3.
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Figure 16. Mad2I2 promotes H3K27me3 in PGCs.

(A) The majority of Mad2I2"* PGCs had upregulated H3K27me3 by E9.0 (arrowheads),
whereas many Mad2I2” PGCs failed to upregulate above the basal level in somatic cells
(arrowhead). Data were obtained by whole mount staining at E9.0. Right panel: Quantification
of PGCs strongly positive for H3K27me3 (white bars). Black bars show the percentage of
PGCs that express H3K27me3 at a level similar to their neighboring somatic cells. n
represents total number of PGCs counted at least in three embryos per genotype. Scale bar,
20 pm.

(B) The majority of Mad2l2** PGCs suppress the phosphorylation of Ezh2 (pEzh2;
arrowheads), whereas above 30% of Mad2l2” PGCs failed to downregulate pEzh2 (arrow).
Data were obtained by whole mount staining at E8.5. Right panel: quantification of pEzh2-
positive PGCs (black bars). White bars show the percentage of PGCs suppressing pEzh2; n
represents total number of PGCs counted at least in three embryos per genotype. Scale bar,
20 pm.

(C) Immunocytochemistry demonstrates the upregulation of H3K27me3 in GFP-Mad2I2 over-
expressing NIH3T3 cells (arrowheads).

(D) Immunocytochemistry analysis shows suppression of phosphorylation on Ezh2 at T487
(white arrowhead) in comparison to surrounding, untransfected interphase cells. The highest
level of pEzh2 was detected in mitotic cell with high level of Cdk1 activity (arrow).

(E) Western blot analysis of pEzh2 and Ezh2 levels in GFP-Mad2I2 over-expressing, FACS-
sorted NIH3T3 cells versus non-expressing cells (gain-of-function), and wild type versus
knockout MEFs (loss-of-function).
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Spontaneous differentiation of Mad212-/- ESCs in LIF /Serum

Blastocysts harvested from heterozygous intercross were plated on inactivated MEF
feeders and fed with LIF/Serum/2i medium to derive ESCs. The wild type and
heterozygous ESCs appeared prior to knockout ones and grew faster. All together,
89 lines were established, out of which 12 were knockout. After the forth passage,
cultures were shifted to conventional LIF/Serum medium. Here, knockout lines
started to differentiate spontaneously to epithelial-like Oct4-GFP~ cells. They first
appeared at the periphery of colonies and then expanded, upon further passaging
(Figure 17A). This phenotype was not restricted to an individual line, but was
common to different extents in various knockout lines (Figure 18A). Knockout cells
express lower levels of Sox2, Oct4, E-Ras, and Nanog proteins than the control
ESCs, as determined by western blotting (Figure 17B, C and Figure 18B).
Flowcytometry analysis (Figure 17D) of cell cycle status showed that LIF/Serum
control cells manifest a typical ESC profile (~30.7%, 30.5%, 35.3% for G1, S and
G2/M fractions, respectively). However, Mad2I2” ESCs showed a differentiated
profile (Smith et al., 2010), with an increased G1 fraction observed at the expense of
S phase cells (~41.4%, 22.0%, 34.3% for G1, S and G2/M fractions, respectively).
Western blot analysis of cell cycle-related proteins Cyclin B1 and Geminin showed
no difference between knockout and control cells. Although there was a slight
increase in phosphorylation of histone H2AX (yH2AX), no elevated apoptosis rate
was observed in knockout ESCs. Moreover, no activation of checkpoint proteins,
Chkl and Chk2, was evident (Figure 18C). This rules out an implication of DNA
damage in the appearance of differentiated cells in Mad2I2” ESC cultures.

To test the pluripotency of ESCs, they were injected into 8-cell embryos,
which were culture overnight, and then transferred back to the uterus of foster
mothers. Chimera formation potential of ESCs was judged by the fur color: The host
blastocysts were of FVB background (with white fur) and the ESCs were of mixed
background (black or agouti). Each of the two control ESC lines successfully
incorporated into the inner cell mass (ICM) and embryos as indicated by chimeric
color of the pups. However, knockout ESCs cultured in LIF/Serum failed to
incorporate into ICM, stayed rather in the periphery of host blastocyst, lost their
Oct4-GFP signal, and failed to hatch from blastocysts. Finally, transferring them back

to the foster mothers did not lead to formation of any chimera (Figure 17E). These
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results indicate that LIF/Serum Mad2I2”- ESCs are spontaneously differentiated and

do not fulfill the criteria of authentic pluripotent ESCs.
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Figure 17. Mad2I2” ESCs are unstable and lose their pluripotency.

(A) Phase contrast and its corresponding Oct4-GFP expression in control (CTRL) versus
knock out (KO) ESCs. Red arrows point to Oct4-GFP-negative epithelial differentiating cells
in KO culture.

(B) Immunofluorescent staining of CTRL and KO ESCs with antibodies against Oct4 and
Nanog. Differentiating cells in the periphery of KO colony lack expression of Nanog and
Oct4. Moreover, undifferentiated cells at the center of KO colony are mostly devoid of
Nanog.

(C) Western blot analysis of pluripotency related markers in CTRL and KO cell crude lysate.
(D) Flowcytometry analysis of ES cell cycle shows differentiating profile in KO culture.

(E) KO ESCs fail to generate chimeric pups.
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Figure 18. Characterization of various knockout ESC lines.

(A) Different knockout cell lines generate differentiating cells (red arrows), which lack
expression of Oct4-GFP.

(B) Expansion of knock out cultures leads to total loss of pluripotency in ESC colonies. Dotted
lines encircle totally differentiated colonies that lack expression of Nanog, Sox2, and Oct4-GFP.
(C) A normal expression of cell cycle- and DNA damage checkpoint-related proteins in knock
out ESCs.

Mad212-/- ESCs deviate to primitive endoderm in LIF/Serum

Upon the second fate decision during embryonic development, pluripotent epiblast
cells are segregated from primitive endoderm cells (Zernicka-Goetz et al., 2009). To
address the identity of differentiated cells in Mad2I2”- ESCs cultures, first expression
of two primitive endoderm-specific markers, Gata4 and Sox17, was examined by
immunocytochemistry. Differentiating Mad2I2” cells in the periphery of colonies
uniformly expressed Gata4 and Sox17 and lacked Oct4-GFP (Figure 19A, B). In
contrast, control cells only occasionally express these markers, which is consistent
with the dynamic heterogeneity of gene expression observed in ESCs (Niakan et al.,
2010; Singh et al., 2007). Western blot analysis revealed greater levels of Gata4 and
Sox17 protein expressions in Mad2I2”- ESC cultures (Figure 19C). This observation
was also confirmed in other knockout ESCs. In contrast, no appreciable levels of

other lineage-specific markers including mesoderm (Brachyury), ectoderm (Sox1), or
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extraembryonic ectoderm (Cdx2), were detected in knockout ESCs (data not shown).
Thus, differentiating cells in the Mad2I2” ESC cultures possess the characteristics of
primitive endoderm cells.
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Figure 19. Mad2I2” ESCs deviate into primitive endoderm.

Expression of Gata4 (A) and Sox17 (B) in the differentiating cells at the periphery of KO
ESC colony.

(C) Western blot analysis of Gata4 and Sox17 expression in crude protein lysates from
CTRL and knockout cultures.

Culture in LIF/2i can block differentiation priming in Mad212-/- ESCs

Embryonic development of primitive endoderm can be blocked by treatment of ex
vivo-cultured blastocysts with two inhibitor chemicals, CHIR99021 (hereafter, CHIR)
and PD184352 (hereafter, PD) that block GSK3 and Erk pathway, respectively
(Nichols et al., 2009; Ying et al., 2008). This causes an increase in the number of
Nanog-expressing epiblast cells at the expense of Gata4-expressing primitive
endoderm cells. A potential effect of these two inhibitors (2i) on spontaneous
differentiation of knockout cells was questioned by shifting ESC cultures to LIF/2i
medium, which consists of N2B27 medium supplemented with LIF and 2i (Wray et
al., 2011; Ying et al., 2008). After 2-3 passages, no differentiated cell was observed
in Mad2I2™ cultures (Figure 20A). Consistently, expression of Gata4 and Sox17 was
undetectable by western blot analysis (Figure 20B, compare lanes #5 and 6).
However, expression of Sox2, Oct4, and Nanog did not appear back to the control’s
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levels (Figure 21B, and 21C). No differentiation was observed in knockout cultures
up to the 20™ passages (data not shown). These data suggest that upon culture in
LIF/2i condition, knockout ESCs acquire properties of the authentic pluripotent stem

cells.
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Figure 20. Growth of ESC cultures in LIF/2i eliminates differentiation.

(A) Upon shifting from LIF/Serum condition to LIF/2i, differentiating cells (red arrows in the
left panels) persist in culture (red arrow in the middle panels), but disappear after adaptation
to LIF/2i (left panel).

(B) Western blot analysis of Gata4, Sox17, and Sox2 expression in the unsorted bulk culture
(lanes #1 and 2), in FACS-sorted (lanes #3 and 4), or in LIF/2i-adapted (lanes #5 and 6),
cultures of control and knock out ESCs.

(C) Western blot analysis of pluripotency-related markers expression in LIF/2i cultures.

Finally, we asked whether Oct4-GFP-positive undifferentiated Mad212” cell in
LIF/Serum have originally been primed for differentiation toward primitive endoderm
and also if LIF/2i can block this priming. Western blot analysis of FACS-sorted GFP-
positive cells still represented expression of Gata4 and Sox17, and downregulation
of Sox2 (Figure 20B, compare lanes #3-4 to 1-2) though less prominent than
unsorted cells. This points to a less differentiated entity of GFP-positive cells than
the GFP-negative ones in Mad2I2” ESC cultures. Altogether, GFP-positive cells in
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Mad2I2” ESC cultures are primed for differentiation toward primitive endoderm and

culture in LIF/2i can block this priming.

Aberrant histone modifications in Mad212-/- ESCs

Since Mad2I2 is involved in regulation of two suppressive histone modifications
H3K9me2 and H3K27me3 in PGCs, their levels were tested in ESCs. In general
levels of all examined histone modifications were higher in LIF/Serum condition than
in LIF/2i, which is consistent with other reports (Marks et al., 2012). In both
conditions, higher levels of H3K9me2 and H3K27me3 were detected in knockout
cells (Figure 21A). This is in line with general elevation of these histone modifications
during differentiation of ES cells (Hawkins et al., 2010; Meshorer et al., 2006; Wen et
al., 2009). Besides, two activating histone modifications, H3K4me2 and H3K4me3,
were upregulated in knockout cells that can be explained by an activation of gene
expression probably at lineage-specific loci. Therefore, configuration of histone

modifications in knockout ESCs points to a differentiating feature of these cells.

FGF/Erk inhibitor is sufficient to block differentiation in Mad212-/-
ESCs

To determine which inhibitor can effectively rescue primitive endoderm
differentiation, ESCs were treated with individual or combined inhibitors. To obtain
the undifferentiated cells, ESCs were sorted by fluorescent activated cell sorting
(FACS). A more critical gating divided ESCs into three distinct populations based on
Oct4-GFP expression: highly positive cells (GFP*™), weak positive (GFP"), and
negative cells (GFP") (Figure 21B). The later population was mostly consisting of
either differentiated cells or MEF feeder cells. Mad2I2” GFP* cells failed to form
ESC colonies upon plating in either LIF/Serum or LIF/2i regime, which implies a
lineage-primed status of these cells, whereas majority of control GFP* cells form
normal ESC colonies within 3-4 days after plating (data not shown), the later can be
explained by fluctuated expression of pluripotency-related markers in metastable
ESCs. Equal numbers of the GFP™ cells, the most undifferentiated cells, from
control and knockout cultures were plated on fresh MEFs with LIF/Serum medium
overnight. The day after, the medium was replaced by LIF/Serum and supplemented

with CHIR, PD, or both. During the next 4-6 days, appearance of differentiating cells
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was monitored and western blot analysis was performed to analyze the expression
of primitive endoderm markers, Gata4 and Sox17. Differentiating, epithelial-like cells
reappeared in LIF/Serum Mad2I2” ESC cultures and, to a lesser extend, in CHIR-
treated cells but not in 2i- or PD-treated cultures (Figure 21C). Increased levels of
Gata4 and Sox17 were detected in protein extracts of Mad2I2” cultures with or
without CHIR, compared to 2i- or PD-treated cells (Figure 21D). These data prove
the primitive endoderm identity of differentiated cells in Mad2l2” ESC cultures
(Nichols et al., 2009) and also suggest that PD is sufficient to rescue this phenotype.

Analysis of Mad212 interacting proteins in ESCs

Since Mad2I2 functions via protein-protein interaction, co-immunoprecipitation (Co-
IP) followed by mass-spectrometry was performed to identify Mad2I2-interacting
partners in the context of ESC. To exclude non-specific interactions, two negative
control samples were prepared by: (i) immunoprecipitation of knockout ESCs with
anti-Madz2l2 antibody, and (ii) immunoprecipitation of control ESCs with mouse 1gG.
Subtracting the false positive proteins from the list of proteins detected in the
immunoprecipitation of control ESCs with anti-Mad2I2 antibody generated a short list
of 17 interacting partners in ESCs. These include Mad2l2 itself, 3 hypothetical
proteins, 2 unnamed proteins, and 11 remaining proteins that are listed in Table 1 as
Mad2I2 interacting partners in ESCs. Some of these interacting partners harbor the
PxxxPP motif (3 proteins) or it derivatives (3 proteins) and 5 other proteins lack it
(Table 1). None of the known interacting partners of Mad2l2 was detected in Mad2|2
co-immunoprecipitated proteins in ESCs. However, Cdkl was detected in the
immunoprecipitate of Mad2I2 from testis protein extract (data not shown). Taken
together, Mad2I2 interacting partners are unique in the ESCs and differ from that in

other tissues.

Figure 21. Inhibition of Erk pathway by PD is sufficient to block primitive endoderm
differentiation in Mad2I2” ESCs.

(A) Abnormal chromatin configuration in Mad2I2” ESCs.

(B) Schematic distribution of Oct4-GFP-expressing cells in FACS analysis.

(C) Treatment of Oct4-GFP*™" ESCs with CH, PD, or both. Note to the differentiating cells in
not-treated, or CH-treated cultures (red arrows).

(D) Western blot analysis of Gata4 and Sox17 in cells obtained from (C).
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Table 3. Mad2l2 interacting partners in ESCs

Accession Molecular PxxxpP
# | Symbol Gene name Weight P
Number motif
(kDa)
1 | Mad2I2 | MAD2 mitotic arrest deficient-like 2 126090494 24 No
2 | CETN2 | Centrin-2 10257421 20 No
3 Cep55 | Centrosomal protein 55, isoform CRA _a 148709849 55 PLQREP
4 | LMTK2 serine/threonine-protein kinase LMTK2 124487401 161 PPASPP
precursor
PQQPPP,
5 SYN2 | Synapsin-2 isoform lla 161168987 63 PERRPP,
PPQRPP
6 AAK1 | AP2 associated kinase 1 187954745 103 PGLEPP
7 | MTMR7 | myotubularin-related protein 7 103472017 76 PKEISP
8 | Dusp2l | Dual specificity phosphatase 21 58037325 22 PI\D/ISGI?_’;_\PP’
9 Asflb | ASF1 anti-silencing function 1 homolog B | 148678973 28 No
10 | Ppp3r2 | calcineurin subunit B type 2 51591899 21 No
11 | Thoc6 | THO complex 6 homolog, isoform CRA_a | 148690308 24 No
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Discussion

Mad212 as a checkpoint component protein

Checkpoints coordinate the progression of the cell cycle with extra- or intracellular
events. In principal they are known to exist in all phases of the cycle, and many
molecular players and pathways were previously identified. The Mad2l2 protein has
been discussed as a mitotic checkpoint component, and a phylogenetic analysis of
its HORMA domain indicated that it was recruited to function at checkpoints before
the divergence of eukaryotes (Aravind and Koonin, 1998). One way Mad2I2 could
exert its function is through binding and thus inhibition of Cdhl, the substrate
recognizing protein of APC/C from late anaphase through G1 phase (Chen and
Fang, 2001; Pfleger et al., 2001). Cdh1 dissociates from the core APC/C complex at
the G1-S transition, and remains inactive and phosphorylated during S and G2
phase (Bassermann et al., 2008; Bassermann and Pagano, 2010). Only in case of
genotoxic stress Cdhl becomes dephosporylated in the G2 phase, active APC-Cdhl
becomes reconstituted, and now they can inhibit mitotic entry by promoting the
degradation of the Plk1 kinase as part of the G2/M DNA damage checkpoint. The
observed phenotypes of Mad2l2 deficient and overexpressing fibroblasts, and of
Mad2I2” PGCs point to a so far not described function of Mad2I2 regulating the
entry to mitosis. Based on the data in this study, ectopic overexpression blocked the
entry almost completely, whereas Mad2I2 deficient fibroblasts after DNA damage
progressed into mitosis and became apoptotic. The incapability of Mad2I2 deficient
MEFs to survive cisplatin treatment can be explained by two mechanisms. First,
DNA repair might be impaired due to the lack of Mad2I2 as an accessory, but not
catalytic subunit of the translesion repair polymerase zeta (Gan et al., 2008). Mad2I2
(Rev7) from yeast was previously shown to increase the activity of Rev3 by a factor
of 30, but neither protein is required for survival (Nelson et al., 1996). In mice, on the
other hand, Rev3 is essential for embryonic development (Bemark et al., 2000;
Esposito et al., 2000; Wittschieben et al., 2000). Since an active repair polymerase
Rev3 is still present in the described Mad2l2 mutants, a delay of the translesion
repair process might be more likely than a complete abrogation of the cell cycle. The
compromised phenotype of somatic cells may indeed reflect such a non-essential

function during normal development. The possibility that the lack a Mad2l2 as a
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polymerase zeta subunit contributes to the observed phenotype is not excluded.
However, also under DNA damage conditions, a transient arrest of the cell cycle at
the G2/M DNA damage checkpoint would have been expected, giving time for
translesion repair at a possibly decreased rate. Instead, cisplatin exposed cells
entered mitosis, where they underwent programmed cell death (the second possible
mechanism). This indicates a defective G2/M checkpoint in the absence of Mad2I2,

rather than a lack of polymerase activity.

The timing of PGC loss in Mad2l2 mutants points to a failure of
epigenetic reprogramming

Several mutations are known to affect or terminate the development of PGCs
(Saitou, 2009b). In principal, every step proved to be sensible, particularly the
primary induction by BMP signaling, the early specification, the migration to the
developing gonad, and the pre- or postnatal oogenesis or spermiogenesis. The early
BMP response genes Prdm1 and Prdm14 are crucial for PGC specification directly
after induction. Numbers of mutant PGCs are drastically reduced already on E 8.0,
and only few mutant PGCs survive to E9.5 (Ohinata et al., 2005; Yamaji et al., 2008).
Similar kinetics for PGC loss was observed in mice lacking the transcription factor
Tcfap2c, which mostly phenocopy the Prdm1” mice (Weber et al., 2010). A slightly
later timing, shifted by about one day, was found for the Mad2I2 mutants. Although
embryos at EHF stage were relatively small, they harbored stage-adequate numbers
of PGCs expressing Prdm1 and the commitment marker Dppa3, arguing for a normal
specification in the epiblast. A reduction of PGC numbers was observed in the LHF
stage, and there was no survival beyond E9.5. At this point of development PGCs
would normally have undergone a major epigenetic reprogramming, would recover
from their cell cycle arrest, and resume transcription. This timing suggests a failure of
epigenetic reprogramming in Mad2I2” PGCs. In principle, it is conceivable that
wrongly developed PGCs might either revert to a somatic fate, or undergo apoptosis.
Thus, PGCs are lost without evidence for apoptosis in mutants of the Prdm1, the
Prdm14, and the Tcfap2c gene, whereas mutations in the Oct4, the Kit and the
Mad2l2 genes remove wrongly programmed PGCs by apoptosis (Kehler et al., 2004;
Ohinata et al., 2005; Runyan et al., 2006; Weber et al., 2010; Yamaji et al., 2008). In

contrast, somatic Mad2[2” cells, which do not rely on the specific epigenetic
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reprogramming, develop normally, and the resulting pups live until the adulthood.
This points to a highly specialized function of Mad2I2 in the unique development of

germ cells.

Mad212 is involved in downregulation of H3K9me?2

H3K9 methylation is critical for formation of heterochromatin and transcriptional
silencing. At the onset of PGC development, H3K9me2 is the dominant epigenetic
mark in the genome of embryonic cells (Seki et al., 2005; Seki et al., 2007). This
modification requires the activity of two methyltranferases G9a and GLP. G9a, the
major mammalian H3K9 methyltransferase, plays a critical role in germ cell
development, in particular gametogenesis. The specific deletion of G9a in PGCs
after E9.5 leads to germ cell loss during the meiotic prophase, and thus to sterility of
both males and females (Tachibana et al., 2007). During the S phase of the cell
cycle, G9a binds to DNA methyltransferase DNMT1 and loads on to the DNA at
replication foci, ensuring a coordination of DNA methylation and H3K9 methylation in
heterochromatin regions (Esteve et al., 2006). Nascent PGCs leave the S phase of
their cycle and enter G2 at around E8.0. At this time, the de novo methylation of the
daughter chromatin is suppressed, and both Prdm1 and Prdm14 were suggested to
be involved (Hackett et al., 2012c). In parallel, the maintained activity of histone
demethylases like Jmjdla erases further the remaining H3K9me2 (Yamane et al.,
2006). The results in this study indicate that similar to Prdm14 deficient PGCs,
Mad2I2” PGCs fail to suppress H3K9me2. Maintenance of H3K9me2 high level in
Prdm14 mutant PGCs was attributed to a failure in downregulation of GLP. Both G9a
and GLP are capable of catalyzing H3K9 methylation, although G9a possesses a
more critical enzymatic activity than GLP in vivo (Tachibana et al., 2008). The
binding of Mad2I2 to the two histone methyltransferases G9a and GLP was identified
in a systematic analysis of human protein complexes, and represented a first hint for
an involvement of Mad2I2 in the generation of epigenetic modifications (Hutchins et
al., 2010). We confirmed this evidence by co-immunoprecipitation of both G9a and
GLP with HA-Mad2I2 from transfected fibroblasts, where the level of H3K9me2 was
significantly downregulated. Noteworthy, both G9a (PXXXPP) and GLP (PXXXyP)
have the sequence motif suggested to be responsible for Mad2I2 binding (Hanafusa
et al.,, 2010). G9a and GLP can form homo- and heteromeric complexes in vitro

(Tachibana et al., 2008; Tachibana et al., 2005). The disruption of a heterodimer by
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a competing interacting protein abolishes histone methyltransferase activity of the
complex. Indeed, several proteins bind to G9a or GLP, and alter their activities (Heo
et al., 2012; Shinkai and Tachibana, 2011). Interestingly, Prdm1 binds to G9a and
recruits it to assemble silent chromatin (Gyory et al., 2004). Mad2I2, interacting with
both G9a and GLP may disrupt their heterodimer complex, and consequently
provoke downregulation of de novo H3K9 methylation. In conclusion, the presence of

Mad2I2 acts against an epigenetic status dominated by H3K9me2.

Mad212 inhibits Cdk1, the Kkey regulator of mitotic entry and
epigenetic modification

Cdk1 is a central regulatory kinase in several processes, particularly in cell cycle
control and in epigenetic reprogramming. The study in transfected fibroblasts and in
a cell-free system suggests that Mad2l2 can bind directly to dephosporylated Cdk1,
and thus inhibit its kinase activity. Possibly this interaction involves the Cdkl
sequence PXXXPy, which is related to the previously identified Mad2I2 binding motif
PXXXPP (Hanafusa et al., 2010). The entry into mitosis is mediated by a complex
network of proteins that finally activate the Cdk1-Cyclin B1 complex (Lindqvist et al.,
2009). One of the first functions of Cdkl1l-Cyclin B1 is the phosphorylation and
therefore disruption of Eg5, a protein involved in centrosome adhesion (Smith et al.,
2011). Overexpression of Mad2|2 abrogated centrosome separation, and caused a
cell cycle arrest at the G2 phase. Dephosphorylated Cdkl in association with
phosphorylated Cyclin B1 translocates to the nucleus and initiates prophase by the
phosphorylation of a variety of substrates (Lindqvist et al., 2009). Thus, via direct
binding to Cdkl1, Mad2I2 would have the capacity to inhibit Cdk1, and thus to block
the entry into mitosis. Inhibition and/or disruption of the Cdk1-Cyclin B1 complex
through direct interaction were previously observed for Gadd45 proteins, stress
factors implicated in the activation of the G2/M DNA damage checkpoint (Vairapandi
et al., 2002; Wang et al.,, 1999; Zhan et al., 1999). Gadd45a is significantly
expressed in PGCs at the time of fate specification and probably also during the G2
arrest (Kurimoto et al., 2008a; Mochizuki and Matsui, 2010). However, its genetic
inactivation in mice did not affect the PGCs, pointing to the redundancy of Gadd45 in

PGC development (Hollander et al., 1999). The function of Mad2I2, however, is non-
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redundant and absolutely required for cell cycle arrest in PGCs, probably in order to

supply extra time for epigenetic reprogramming of the chromatin.

Mad212 functions in upregulation of H3K27me3

Released from repression by genome-wide H3K9me2, PGCs repress RNA Pol-lI
dependent de novo transcription until they acquire the alternative repressive histone
mark, H3K27me3. This ensures the maintenance of separate PGC and somatic
programs, established previously via combinational functions of Prdm1, Prdm14, and
Tcfap2c (Magnusdottir et al., 2012). In the absence of Mad2l2, PGCs fail to
upregulate H3K27me3. In transfected fibroblasts, Mad2I2 can promote the activation
of Ezh2, presumably by inhibitory interaction with Cdkl. Ezh2, as the catalytic
subunit of PRC2, downregulates the expression of typical somatic developmental
genes including members of Hox, Sox, and Fox gene families. In a normal PGC
shortly after induction by BMPs, an inhibition of Cdk1l by Mad2l2 would prevent the
inhibitory phosphorylation of Ezh2, and thus allow for the trimethylation of histone 3
on residue K27. In conclusion, the presence of Mad2I2 favors an epigenetic status
dominated by H3K27me3, which would be typical for PGCs after the G2 arrest.

Mad212 coordinates epigenetic transition and cell cycle

Taken together the following model is proposed for the involvement of Mad2I2 in
epigenetic reprogramming and cell cycle control in PGCs (Figure 22). Mad2I2 halts
the cell cycle of PGCs in the G2 phase early after induction by direct interaction with
Cdk1, and thus allows the epigenetic transition from a H3K9me2 to a H3K27me3
status. Mad2I2 interferes directly with the activity and possibly also the expression of
G9a and GLP, the methyltransferases generating H3K9me?2. It allows for the activity
of Ezh2, the methyltransferase generating H3K27me3, again by the inactivation of
Cdkl. Thus, Mad2l2 is instrumental for the proceeding to a further advanced
epigenetic status of PGCs. In the absence of Mad2I2, the de-regulation of cell cycle

and epigenetic reprogramming results in a fast elimination of all PGCs.
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Figure 22. A model describing the function of Mad2I2 in PGC development.

H3K9me2 is the dominant histone mark in specified PGCs at E7.5. Mad2I2 suppresses
expression and activity of the histone methyltransferases G9a and GLP, and
consequently H3K9me?2. It binds to and inhibits Cdk1, which leads to a suppression of
the inhibitory phosphorylation of Ezh2. Thus, the PRC2 component Ezh2 becomes
active, and can catalyze the trimethylation of histone H3 on residue K27. The inhibition
of Cdk1 by Mad2I2 prohibits at the same time the entry of PGCs into mitosis, so that the
epigenetic transition can occur during an arrest of the cell cycle in the G2 phase.

Mad212-/- ESCs are unstable and deviate into primitive endoderm cells

Depletions of several genes have been reported to associate with a loss of self-
renewal and pluripotency of ESCs (see introduction). More specifically, there are
studies showing spontaneous differentiation of ESCs to primitive endoderm upon
knockout or knockdown of an individual gene (Forrai et al., 2006; Ma et al., 2011,
Tsuneyoshi et al., 2008) or members of a gene family (Smith et al., 2010). Although
these genes appeared to function differently, a common observation is the loss of
expression of pluripotency-related markers including Nanog, Oct4, and Sox2, and
upregulation of primitive endodermal markers Gata4/6 and Sox17. For example,
siRNA-mediated downregulation of Prdml14 causes primitive endoderm
differentiation in mouse (Ma et al., 2011) and human ESCs (Tsuneyoshi et al., 2008).
In contrast, overexpression of Prdm14 impairs primitive endoderm differentiation
during embryoid body differentiation. Prdm14 behaves similar to Nanog and Oct4 in
occupying the genomic loci associated with pluripotency- or primitive endoderm-
related transcription factors and induce or suppress transcription in those genomic
regions, respectively (Ma et al., 2011).

Co-deletion of c-Myc and N-Myc results in primitive endoderm differentiation
of mouse ESCs and iPSCs (Smith et al., 2010). Mechanistically, Myc proteins

sustain pluripotency by at least two means. First, they repress Gata6, the master
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regulator of primitive endoderm development. Second, they contribute to the cell
cycle through regulation of miR-17-92 miRNA cluster (Smith et al., 2010).

Suppressor of cytokine signaling-3 (SOCS-3) deficient ESCs also differentiate
spontaneously when cultured in conventional LIF/Serum medium due to a
deregulation of LIF signaling (Forrai et al., 2006). Similar to findings in this study,
primitive endoderm differentiation in SOCS-3” ESCs can be blocked by inhibition of
Erk signaling pathway using PD or U0126. SOCS-3" ESCs exhibit less proliferation
rate even if they are cultured in LIF/2i, an observation which is in line with that in
Mad2I2” ESCs. This implies that activation of Erk pathway launches primitive
endoderm differentiation (Canham et al.,, 2010). It also confirms the identity of
differentiated cells in Mad2|2 deficient ESCs as primitive endoderm.

Another consequence of lineage differentiation in ESCs is a set of changes in
chromatin configuration. Pluripotent ESCs harbor low levels of total H3K9me2 and
H3K27me3, the two major repressive histone marks associated with silent loci and
heterochromatin, respectively. Mad2I2” ESCs, in both LIF/Serum and LIF/2i
conditions, contain higher levels of these two marks. This seems to be rather a
consequence of priming for differentiation than the cause of it. Since none of the
known Madz2I2 interacting partners in fibroblasts, including Cdk1 or histone modifying
enzymes GLP and G9a, could be detected in co-immunoprecipitates of Mad2I2 in
ESCs, the misregulation of histone modifications in Mad2I2 deficient ESCs is less
likely to be a direct effect of the absence of Mad2I2.

Nanog and Gata4/6 play pivotal roles for the segregation of pluripotent
epiblast and primitive endoderm in the early blastocyst (see introduction). Recently
Gata4 was reported to block somatic cell reprogramming by direct repression of
Nanog, endorsing their mutual inhibition (Serrano et al., 2013). Therefore, fine-tuning
of Nanog and Gata4 expression is critical for the maintenance of pluripotency in

ESCs as well as for its induction, which appeared to be deficient in Mad2I2” ESCs.

Mad212 association with stem cell coactivator complex may safeguard

Nanog expression and pluripotency of ESCs

Mad2I2 interacting partners differ from one cell type to another. The observed
phenotype in Mad2l2” ESCs cannot be explained by Mad2I2 interactions with
previously known partners in this study, including Cdkl, G9a, or GLP, and other

reports, like TCF4, or EIk1l. The most related interacting partner to the phenotype of
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Mad2I2” ESCs is Centrin-2. Centrin-2 was originally identified as a protein involved
in nucleotide excision repair (NER) response to DNA damage. Recently, it has been
reported to function in regulation of Nanog expression in ESCs (Fong et al., 2011).
Centrin-2, the component of the trimeric Xeroderma pigmentosum group C (XPC)-
RAD23B-Centrin 2 (CETN2) NER complex, is involved as a cofactor in Oct4/Sox2-
dependent expression of Nanog in ESCs (Fong et al., 2011). These three proteins of
the “stem cell coactivator complex” (SCC) are highly enriched in pluripotent ESCs
and are downregulated upon differentiation. They interact physically with Oct4 and
Sox2 and thereby are targeted to their cognate promoters. Specifically, SCC is
recruited to the Nanog and Oct4 promoters and also to the other genomic regions
occupied by Oct4 and Sox2 (Fong et al., 2011). Indeed, SCC target sites overlap
those of Oct4 and Sox2 (with ~70% similarity in binding preference). Depletion of
SCC proteins by shRNA in ESCs results in downregulation of Nanog and other
pluripotency-related proteins as well as in loss of self renewal as indicated by
appearance of flattened, fibroblastic, AP-negative cells at the periphery of collapsing
ESC colonies, a phenotype which is identical to that in Mad2l2”" ESCs. During the
induction of pluripotent stem cells from MEFs, down regulation of SCC proteins
results in a significant decrease in the number of reprogrammed cells, albeit CETN2
seems to be less crucial in these processes. Altogether, SCC components are
essential to sustain and induce pluripotent ESCs, a function that is independent of
their role as nucleotide excision repair (Fong et al., 2011). Interaction of Mad2I2 with
CETN2 suggests its implication in stability/activity of SCC in ESCs. Mechanistically,
among other possibilities, a model for the role of Mad2I2 in pluripotency of mouse
ESCs is proposed (Figure 18): In wild type cells, Mad2I2 in association with other
SCC proteins supports expression of Nanog. In the absence of Mad2I2, on the other
hand, SCC complex is less effective/stable and as a result, expression of Nanog is
not activated efficiently, while the cells are probably still expressing other
pluripotency-related transcription factors like Oct4. These transient Oct4*/Nanog
cells are unstable and primed for differentiation. Hence they rapidly slip through
differentiation and first become Oct4*/Nanog/Gata4” (similar to primitive endoderm
cells at the early blastocysts) and then Oct4/Nanog/Gata4’/Sox17" cells (similar to
fully differentiated primitive endoderm cells at the late blastocysts). During
commitment to primitive endoderm lineage, Mad2I2” cells acquire a typical

differentiated cell cycle and gene expression profiles, epigenetic signature that is

62



distinct from those in undifferentiated wild type ESCs (Figure 18). Thus, Mad2I2 is

essential for self-renewal in mouse ESCs and safeguards their pluripotency.

Wild type Knockout

Gatad4/6

Maintenance of Pluripotency Defective pluripotency
Priming for Primitive Endoderm Differentiation

Figure 23. A model for function of Mad2I2 in pluripotency of mouse ESCs

Left: in wild type ESCs, Mad2I2 associates with CETN2 and functions together with other
components of SCC complex as a cofactor for Oct4 and Sox2 to activate expression of
Nanog, all of which collectively support pluripotency of ESCs. Right: in the absence of
Mad2l2, SCC complex is less stable/active to launch expression of Nanog. Therefore Nanog
is no longer available to antagonize Gata4/6 expression. This causes transient appearance
of Oct4'/Nanog/Gata4” cells, which further differentiate into Oct4/Nanog/Gata4'/Sox17"
primitive endoderm cells. These cells lack characteristics of pluripotent cells including typical
cell cycle profile, low abundance of repressive histone marks, chimera formation potential,
etc. Modified from (Etchegaray and Mostoslavsky, 2011).

Context-dependent regulation of Mad212 function

Mad2I2 is widely expressed in different tissues with no obvious sign of regulation at
the transcriptional level. Yet, Mad2l2 might be regulated by post-translational
modification, including phosphorylation, or by homo-dimerization (Murakumo et al.,
2001). Alternatively, the fact that Mad2I2 interacts with a wide variety of proteins
suggests that indeed its function, rather than its expression, is regulated simply by
the accessibility of its interacting partner(s) in a given tissue or cell type. For
instance, in fibroblasts and probably also in PGCs, Mad2I2 binds to Cdk1, G9a and
GLP, and thereby influences the cell cycle and the modification of histones. In
contrast, in ESCs, Cdkl, G9a and GLP are most probably not accessible or not
expressed at appreciable levels and instead, CETN-2 is expressed at high level and
is available for Mad2I2 interaction. As a result, Mad2I2 functions depend on its

context, and on the presence of other interactors.
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Mad2l2: a connection between DNA damage, epigenetic

reprogramming, and pluripotency

In conclusion, Mad2I2 is essential for epigenetic reprogramming of mouse early
PGCs as well as for pluripotency of mouse ESCs. These functions of Mad2I2 appear
unrelated, only in the first glance, to its well-documented role in DNA repair.
However, these functions are likely to have evolved together, and can be considered
as the two sides of a same coin: the “‘genome integrity/fidelity”. Mad2l2 is an
accessory subunit of DNA polymerase zeta, which points to its role in genome
integrity upon DNA damage introduction. It is also essential for genome fidelity of
PGCs and pluripotent cells. Both cell types are under an intensive selective pressure
to ensure no transmission of genetically or epigenetically defective cells to the next
generation or to the embryo proper, respectively. As the result, DNA damage-
susceptible Mad2I2” PGCs fail to undergo epigenetic reprogramming, and are
eliminated before having chance to contribute to the germline development. This
happens by prompt apoptosis of all Mad2I2” PGCs. In contrast, this phenotype has
a less penetrance in pluripotent cells, since only half of the early Mad2I2” embryos
are lost in vivo. In ESCs, non-authentic Mad2l2” cells are eliminated by
spontaneous differentiation and loss of pluripotency, in order to avoid a possibility for
the generation of DNA damage-susceptible individuals. Thus, Mad2I2 is a molecule
in which mechanisms underlying PGC development, pluripotency, and DNA damage
are connected to ensure development of authentic PGCs and pluripotent stem cells.
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