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The Aorta-Gonad-Mesonephros Organ Culture
Recapitulates 5hmC Reorganization
and Replication-Dependent and Independent
Loss of DNA Methylation in the Germline

Joseph Hargan Calvopina,' Helene Cook,' John J. Vincent,! Kevin Nee,' and Amander T. Clark'™

Removal of cytosine methylation from the genome is critical for reprogramming and transdifferentiation and
plays a central role in our understanding of the fundamental principles of embryo lineage development. One of the
major models for studying cytosine demethylation is the mammalian germline during the primordial germ cell
(PGC) stage of embryo development. It is now understood that oxidation of 5-methylcytosine (5SmC) to 5-
hydroxymethylcytosine (ShmC) is required to remove cytosine methylation in a locus-specific manner in PGCs;
however, the mechanisms downstream of ShmC are controversial and hypothesized to involve either active
demethylation or replication-coupled loss. In the current study, we used the aorta-gonad-mesonephros (AGM)
organ culture model to show that this model recapitulates germline reprogramming, including ShmC reorgani-
zation and loss of cytosine methylation from Snrpn and H19 imprinting control centers (ICCs). To directly address
the hypothesis that cell proliferation is required for cytosine demethylation, we blocked PI3-kinase-dependent
PGC proliferation and show that this leads to a G1 and G2/M cell cycle arrest in PGCs, together with retained
levels of cytosine methylation at the Snrpn ICC, but not at the H/9 ICC. Taken together, the AGM organ culture
model is an important tool to evaluate mechanisms of locus-specific demethylation and the role of PI3-kinase-

dependent PGC proliferation in the locus-specific removal of cytosine methylation from the genome.

Introduction

T HE MAMMALIAN GERMLINE is specified from the proximal
epiblast at the time of implantation and is responsible for
passing genetic information from parent to child. In recent
years, we have come to appreciate the exquisite dynamics of
epigenetic remodeling in the germline not only in the late
gestational period and after birth when transposons are re-
pressed in males and females, respectively, but also imme-
diately after specification in the early stages of embryo
development. In fact, new lines of research suggest that
epigenetic reprogramming, and in particular removal of 5-
methylcytosine (SmC) from the newly specified germline,
serves as a protective measure to guard against transmission
of epialleles from parent to child [1-4]. This mysterious pe-
riod of germline development called the primordial germ cell
(PGC) period extends from embryonic (E) day E7.5 to E13.5
of development in the mouse embryo.

Epigenetic reprogramming in PGCs is a two-step process.
The first step involves removal of almost all SmC genome

wide, together with depletion of Histone H3 Lysine 9 di-
methylation (H3K9me2) and enrichment of H3K27me3 in
chromatin [5]. This large-scale epigenetic remodeling oc-
curs within 24-48h of specification and is called phase I
PGC reprogramming. By analyzing PGCs at the conclusion
of phase I reprogramming (E9.5-E10.5), it is clear that a
small number of interesting loci escape demethylation.
These include gonadal-stage germline genes, such as mouse
vasa homologue (mvh), also called dead box polypeptide 4
(ddx4), deleted in Azoospermia-like (Dazl), synaptonemal
complex protein 3 (Scp3), various imprinting control centers
(ICCs), and sequences of the intracisternal A particle (IAP)
repetitive element [6-8]. As PGCs settle in the gonad from
E10.5 to E13.5, many of the loci that escaped cytosine de-
methylation in phase I PGC reprogramming will complete
cytosine demethylation in a locus and time-specific manner
[9,10]. The second period of PGC reprogramming ending
at E13.5 is called phase II PGC reprogramming. Not all
epigenetic marks are removed during phase II PGC repro-
gramming, for example, bivalent domains at developmental
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regulatory genes and H3K27me3 at retrotransposons persist
until E13.5 and cytosine methylation is retained at some IAP
sequences [9—13].

The mechanisms that regulate phase II PGC reprogram-
ming of SmC are under intense investigation. Recent research
has implicated Tet methylcytosine dioxygenase 1 (Tetl) and
Tet2 in converting SmC to 5-hydroxymethylcytosine (5ShmC)
in the PGC genome between E10.5 and E13.5 [14-17]. The
Tet enzymes, and in particular Tetl, are proposed to function
by targeting removal of cytosine methylation from gonadal-
stage meiotic genes of female PGCs as well as imprinted
genes and ICCs [18]. Other investigators have proposed that
loss of cytosine methylation is due to rapid proliferation
coupled with repression of the maintenance methyltransferase
1 (Dnmtl) cofactor, Uhrfl [19]. These models are not mutu-
ally exclusive as oxidation of SmC to ShmC could conceiv-
ably facilitate replication-coupled demethylation given that
Dnmtl has low affinity for ShmC [20]. Others have sug-
gested that base excision repair mediated by thymine DNA
glycosylase (TDG) is required for demethylation of the in-
sulin growth factor 2 (Igf2) ICC [21]. Still, other groups
have reported that poly(ADP-ribose) polymerase (PARP)
functions in phase II reprogramming to demethylate the ICC
of H19/Igf2, Peg3, and the CpG islands of Scp3 and mvh
[22,23]. The function of PARP is thought to involve repli-
cation-independent active DNA demethylation involving
activation of the base excision repair pathway as well as
transcriptional regulation of Tetl [22,23].

Taken together, understanding the precise mechanisms that
regulate DNA demethylation during phase II PGC repro-
gramming has critical implications in understanding how
disease epialleles may arise during PGC reprogramming.
Progress in this field has accelerated in the last 2 years; how-
ever, the field will benefit from well-characterized in vitro
models that accurately recapitulate phase Il reprogramming as
it occurs in the embryo. Differentiation of PGCs in vitro from
ESCs is an important model for phase I PGC reprogramming
[24-26]. However, PGCs in this model are arrested in G2 of
the cell cycle before initiating phase Il reprogramming [24,25].
An alternate possibility to study phase II PGC reprogramming
involves the aorta-gonad-mesonephros (AGM) model, which
was recently used to examine the role of PARP and base ex-
cision repair in phase II PGC reprogramming [23]. However,
critical details on the dynamics of ShmC organization and
proliferation-coupled loss of methylation at ICCs in the AGM
model remain to be elucidated and must be clarified before
widespread use of this model is adopted to study phase I PGC
reprogramming.

Materials and Methods
AGM culture

AGMs were isolated from E10.5 embryos. All animal ex-
periments were approved by The UCLA Institutional Animal
Care and Use Committee, also known as the Chancellor’s
Animal Research Committee (ARC). Embryos were obtained
from crosses between Oct4-IRES-Gfp (OG) transgenic males
and females [27]. CD-1 females were also used where indi-
cated. Embryos were staged by the detection of a vaginal plug
(0.5 dpc) and upon dissection of morphological features, such
as paddle-shaped forelimb buds, protruding hindlimb buds, as
well as 35-40 pairs of somites. AGMs were transferred to a
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polyethylene tissue culture membrane (BD 353095) in a 24-
well plate and grown for 3 days. The media used for the AGM
culture contained 20% FBS (Lot: AWG18462; Hyclone),
GMEM (Gibco), Penn/Strep, and 1 X glutamine (Life Tech-
nologies). Media were changed every day by adding 500 pL to
the bottom of the tissue culture insert and 20 pL to the top. The
PI3-kinase inhibitor, .Y294002, (Sigma-Aldrich) was added
to the organ culture media at a concentration of 10 uM, and
media containing the inhibitor were changed every day using
the same volumes as indicated above. LY294002 for this ex-
periment was resuspended using DMSO upon receipt and
stored at —20 C. A fresh aliquot was used every time the media
were made due to the inhibitor’s sensitivity to freeze—thaw
cycles. DMSO controls were used to control for the effect of
the diluent.

Immunofluorescence

Paraffin-embedded sections were obtained after fixing the
AGMs in 4% PFA overnight. Staining was performed using
conventional methods with some exceptions in the case of
S5hmC [26]. Permeabilization was performed using 0.5%
TX-100 in PBS, and washes were performed using 0.2%
Tween in PBS. The following antibodies were used: rabbit
anti-human Mvh 1:100 (Abcam), mouse anti-human Amh
IgG 1:100 (Abd Serotec), mouse anti-mouse SmC 1:100
(Aviva Biosciences), rabbit anti-mouse ShmC 1:100 (Active
Motif), goat anti-mouse Oct4 1:100, mouse anti-mouse
stage-specific embryonic antigen-1 (SSEA-1) 1:100, and
goat anti-human Mvh 1:100. Visualization was performed
by using isotype-specific secondary antibodies conjugated to
fluorophores. Images were captured using a Zeiss LSM 780
confocal microscope. All immunofluorescence and histol-
ogy experiments were performed on at least n=3 indepen-
dent biological replicates of gonads or AGMs.

Sorting

AGMs were harvested at day 3 of culture. Media were
aspirated from the bottom of the well using a vacuum, and
media on top of the membrane were slowly removed through
the use of a pipette. The AGM was washed once in calcium
and magnesium-free DPBS (Gibco) before addition of 0.05%
trypsin (Gibco). Once trypsin was added, the AGM was
separated from the membrane by carefully pipetting several
times. The AGM as well as the trypsin was then transferred to
a 15-mL conical tube containing 3 mL of 0.05% trypsin. This
was placed at 37°C for 5 min, followed by gentle flicking and
placing it back at 37°C for 5 more min. Trypsin was neu-
tralized with 3 mL of mouse embryonic fibroblast media, and
the AGM was further dissociated by pipetting several times.
This solution was then centrifuged for 5 min at 1.2 K rpm and
resuspended in 1% BSA before sorting. 7AAD (BD) was
added at 1:50, and only 7AAD-negative and GFP-positive
cells were used for further analysis.

Flow analysis for cell cycle

AGMs were cultured in 10 uM EdU (Life Technologies)
for 2h. The AGMs were then harvested according to the
sorting protocol above. Staining of the harvested AGMs was
performed according to previous published studies with in-
tracellular staining for Mvh detected with Alexa Flour 488
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used to discriminate germline cells from nongerm cells [28].
Samples were analyzed using the LSRII (BD) flow cytom-
etry machine. To identify the germ cell population, a scatter
plot for Alexa Flour 488 nm (log scale) versus side scatter
(log scale) was set up. A gate was established around the
488 nm-positive cells (germ cells) as well as the 488 nm-
negative cells (somatic cells). Cellular proliferation was
then assessed by using these gates and establishing a scatter
plot for APC 647 nm (EdU) (log scale) versus PI (Linear
scale). A gate was set up around the 647 nm-positive cells,
which were the cells passing through the S phase during the
period the AGM cultures were exposed to EAU. Gates were
then set up around the 647 nm-negative cells at 50 K on the
PI linear scale and 100K to identify cells in G1 and G2,
respectively. Further analysis and quantification were per-
formed using FlowJo (version 9.3.13). For detailed infor-
mation of how to set up the gates for cell cycle analysis,
refer to Wakeling et al. [28].

Sexing

To sex the AGMs, the head of the embryo was removed and
placed in a separate PCR tube. Twenty microliters of DEPC
water was added. This was followed by the mechanical
breakdown of the head by pipetting several times. The PCR
tubes containing the embryo heads were placed in a PCR
machine and incubated for 5 min at 95°C. After heat incuba-
tion, the debris as well as the supernatant was transferred to an
empty 1.5-mL microcentrifuge tube. This was followed by
centrifugation at 13.2 K rpm for 5 min. The supernatant con-
taining the DNA was transferred to a clean 1.5-mL micro-
centrifuge tube, and 1 pL. was used for the PCR reaction. PCR
products were run on a 2% gel at 90 V for 1 h. The result is two
bands around 300 bp in males, whereas females exhibit only
one band equivalent in size to the smaller fragment in males.
SMCX-1: CCGCTGCCAAATTCTTTGG. SMCY-1: TGAA
GCTTTTGGCTTTGAG.

Bisulfite PCR

DNA was extracted from GFP-positive PGCs at day 3 of
culture using the Zymo Quick-gDNA miniprep kit (Zymo).
The DNA was subsequently subjected to bisulfite treatment
using the EZ DNA methylation kit (Zymo). Gene-specific
PCR amplifications were performed by using primers
against the Snrpn DMRI as described in El-Maarri et al.
[29], the HI9 DMR as described in Kagiwada et al. [19],
and IAP as described in Hajkova et al. [6]. PCR products
were run on a 1.2% gel and purified using the QIAquick
gel extraction kit (Qiagen) and ligated to a pCR-Topo2.1
cloning vector (TOPO cloning kit; Invitrogen). At least 10
clones were picked for analysis and submitted for se-
quencing.

Snrpn primer sequences:

Snrpn F1: AAA TTT GTG TGA TGT TTG TAA TTA
TTT GGG

Snrpn R1: AAA ATC CAC AAA CCC AAC TAA CCT
TCC

Snrpn F2: AAT TAT ATT TAT TAT TTT AGA TTG
ATA GTG AT

Snrpn R2: TTT ACA AAT CAC TCC TCA AAACCA A
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H19 primer sequences:

HI19 F1: AAT GGT TGA ATT TTA GTT TTT GTT TTT
ATG GTT

HI19 R1: ACC AAT ACA ATC CCA CAT ACT TTA
TCA TAA AA

IAP primer sequences:

IAP F1: TTG TGT TTT AAG TGG TAA ATA AAT
AAT TTG

IAP R1: CAA AAA AAA CAC ACA AAC CAA AAT

Statistics

Statistical analysis between two groups was performed
using a nonparametric f-test. Statistical analysis involving
more than two groups was performed using a one-way
analysis of variance, followed by Tukey’s multiple com-
parison test with 95% confidence intervals. Correlation of
the PGC number with loss of methylation from Snrpn and
HI9 was performed using linear regression analysis with
95% confidence intervals. In all cases, P<0.05 was con-
sidered significant. Data were obtained from at least n=3
independent biological replicates of gonads or AGMs.

Results

PGCs in the AGM organ culture maintain global
hypomethylation of 5mC

To determine whether the AGM organ culture model
recapitulates phase II cytosine demethylation, we first iso-
lated the AGM from CD1 or CD1 Oc#4-IRES-Gfp (OG)
mice and cultured each AGM individually on transwell in-
serts for 3-5 days (Fig. 1A). At the time of isolation from
the embryo (E10.5), the genital ridge appears as a small
medial thickening adjacent to the mesonephros by phase-
contrast microscopy (Fig. 1A) and hematoxylin and eosin
staining (Fig. 1B). PGCs were identified in the genital ridge
and mesonephros (m) by immunofluorescence with SSEA-1
(Fig. 1C, white arrow). By the third day of culture, the
genital ridge becomes large and well defined (Fig. 1D).
Unlike in vivo gonad development where embryonic testes
and ovaries can be distinguished morphologically at E13.5
[30,31], male and female gonads in the organ culture model
are indistinguishable from each other, consistent with tes-
ticular cords not developing in males when the AGM culture
is established at E10.5 before sex determination [32].

To determine whether male and female gonads can be
distinguished molecularly by the presence or absence of the
antimullerian hormone (Amh), which is expressed exclu-
sively in sertoli cells of the male gonad (not Mvh-positive
germ cells), we evaluated AGMs at days 1, 2, 3, and 5 of
organ culture (shown is day 5, Fig. 1E). We found that
AGMs derived from XX embryos never expressed Amh at
any time point (Fig. 1E). In contrast, AGMs derived from
XY embryos acquire Amh-positive cells between days 1 and
2 of organ culture exclusively in the developing genital
ridge, consistent with previous reports in the embryo,
demonstrating that AMH first becomes expressed at E12.5
[33]. We also discovered that the majority of PGCs that
were identified using Mvh staining in XY gonads were
closely associated with the Amh-positive sertoli cells.

Next, we sought to determine whether Mvh-positive PGCs
in the genital ridge remain globally hypomethylated within
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E10.5

FIG. 1. Primordial germ cells (PGCs) enter the gonad hypomethylated and remain hypomethylated over the next 3 days
in vivo and ex vivo. (A) Phase-contrast image of an E10.5 aorta-gonad-mesonephros (AGM). Black arrows point to the genital
ridge, (m) refers to mesonephros. (B) Histology of an E10.5 AGM. Dotted line separates the genital ridge (black arrow) from
the mesonephros (m). (C) Immunofluorescence of E10.5 AGM for stage-specific embryonic antigen-1 (SSEA-1)-positive
PGCs (green), nuclei are detected using DAPI (blue), white star refers to PGCs outside of the genital ridge. Dotted line
separates the genital ridge from the mesonephros. (D) Phase-contrast image of an AGM cultured for 3 days. Black arrows
point to the genital ridge, m refers to the mesonephros. (E) Histology (leff) and immunofluorescence (right) of a female (XX)
AGM cultured for 5 days (fop) and male (XY) genital ridge (bottom). Bottom panel includes high-power images (63 X ) of the
respective male section. Mvh-positive PGCs (red), Amh-positive sertoli cells (green), and DAPI nuclei (blue). (F) Im-
munofluorescence of E10.5 AGMs for Mvh-positive PGCs (red) and 5-methyl cytosine (SmC) (green). (G) Days 1-3 AGM
organ culture for Mvh-positive PGCs (red) and SmC (green). (H) E11.5-E13.5 genital ridges. All images were obtained using
at least n=3 independent biological replicates of gonads or AGMs.

the ex vivo organ culture. We first used immunofluorescence
to stain genital ridges at E10.5 and, as expected, the Mvh-
positive PGCs have low global levels of 5mC in the nucleus
(Fig. 1F). This is in contrast to the surrounding somatic cells
of the genital ridge, which exhibit discrete foci of SmC that
correlate with DAPI-positive foci (Fig. 1F). Next, we stained
E10.5 cultured AGMs on days 1-3 of organ culture (Fig.
1G). Our results show that 5SmC remains globally depleted
in the Mvh-positive PGCs over the 3 days of culture (Fig.
1G). Furthermore, analysis of Mvh and SmC by immu-
nofluorescence in gonads from the embryo at E11.5-E13.5
reveals staining patterns that are indistinguishable from

the results obtained in the organ culture (Fig. 1H). Taken
together, the E10.5 AGM organ culture model over the
first 3 days of culture exhibits the same hypomethylated
characteristics of Mvh-positive PGCs found in the embryo
from E11.5 to E13.5, despite the absence of cord forma-
tion in males.

PGCs in the AGM organ culture develop 5hmC foci
within 24 h of culture

Although the PGC genome exhibits low levels of SmC from
E10.5 to E13.5, previous studies have revealed that ShmC
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becomes enriched in genomic territories at E10.5, resolving to
discrete ShmC foci in the majority of PGCs by E11.5 [17]. To
test this in the organ culture model, we first evaluated ShmC at
E10.5 and show that SSEA-1-positive PGCs exhibit both ter-
ritories (white arrow) and foci (yellow arrow) of ShmC (Fig.
2A). However, after just 1 day of AGM organ culture, we find
that almost all Oct4-positive PGCs exhibit discrete foci of
5hmC and these foci are maintained at days 2 and 3 of organ
culture (yellow arrows, Fig. 2B). Analysis of the surrounding
somatic cells shows that ShmC is uniformly enriched in the
somatic cell nuclei from days 1-3 of organ culture without
obvious enrichment at DAPI foci (Fig. 2B).

To prove that the localization of ShmC in the organ
culture model recapitulates results in the embryo, we stained
embryonic gonads at E11.5, E12.5, and E13.5 for 5ShmC,
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together with the PGC markers, Oct4 and Mvh, and show
that similar to the AGM model, most PGCs contain ShmC
foci starting at E11.5 and these foci are identified in all PGC
nuclei through to E13.5 (yellow arrows, Fig. 2C). Similarly,
the somatic cells of the gonad in vivo from E11.5 to E13.5
have ShmC present throughout the nucleus in uniform lev-
els, without specific enrichment in DAPI-positive foci. Next,
we quantified the numbers of ShmC foci (Fig. 2D) and DAPI
foci (Fig. 2E) per PGC nucleus from E11.5 to E13.5 and
show that PGCs in the embryo have an average 8 ShmC foci
and 6-7 DAPI foci per nucleus. In the organ culture model,
the average number of 5ShmC foci per PGC nucleus was
slightly lower at 5-6 (Fig. 2G). However, the average
number of DAPI foci was similar to PGCs in the embryo at
6-7 foci per nucleus (Fig. 2H).
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FIG. 2. PGCs during the 3 days of in vitro AGM organ culture recapitulate the nuclear rearrangement of 5-hydro-
xymethylcytosine (ShmC) identified in PGCs in the embryo. (A) Immunofluorescence of E10.5 AGMs for Oct4-positive PGCs
(red), ShmC (green), and DAPI (blue). (B) AGMs cultured for 3 days to identify Oct4-positive PGCs (red), ShmC (green), and DAPI
(blue). (C) E11.5-E13.5 genital ridges stained for Mvh or Oct4-positive PGCs (red), as indicated, and ShmC (green) and DAPI
(blue). All images were obtained by using at least n =3 independent biological replicates of gonads or AGMs. (D) Quantification of
5hmC foci in individual PGC nuclei between E11.5 and E13.5. (E) Quantification of DAPI foci in individual PGC nuclei between
El1.5and E13.5. (F) Quantification of ShmC foci that are negative for DAPI in individual PGC nuclei between E11.5 and E13.5. (G)
Quantification of ShmC foci in individual PGC nuclei during AGM organ culture on days 1-3. (H) Quantification of DAPI foci in
organ culture PGCs between days 1-3. (I) Quantification of ShmC foci that are negative for DAPI in individual PGC nuclei during
organ culture on days 1-3. Statistical data were obtained by using at least n =3 independent biological replicates of gonads or AGMs.
*Refers to statistical significance P <0.05. (A-C) Yellow arrow indicates ShmC foci, white arrows indicate ShmC territories.
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Given that the numbers of ShmC and DAPI foci are rel-
atively stable from E11.5 to E13.5, we quantified the per-
centage of ShmC-positive foci that do not correspond to
DAPI foci and show that 21% of ShmC foci at E11.5 do not
correspond to DAPI foci, whereas, at E12.5, this increases to
around 35%. By E13.5, the percentage of 5ShmC foci that are
DAPI negative is restored to the levels seen at E11.5 (Fig.
2F). Similarly. in the organ culture model, this trend is also
observed (Fig. 2I). Taken together, our data indicate that the
organization of ShmC in PGC nuclei in the organ culture
model recapitulates the nuclear rearrangement that occurs
in vivo from E11.5 to E13.5 with ShmC foci uncoupling
from DAPI-dense chromocenters in PGCs.

PGC number in the AGM organ culture increases
by 10-fold over the first 3 days of culture

Given that phase II reprogramming is associated with
proliferation [19], we next evaluated the PGC number in vivo
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and in the AGM organ culture model. First, we evaluated
the total number of GFP-positive PGCs sorted from male
and female OG embryos starting at E9.5 through to E13.5
(Fig. 3A, B). Our data show that the PGC number increases
with each embryonic day of development in both males
(Fig. 3A) and females (Fig. 3B). However, our data show
that the largest increase in PGC number occurs between
E11.5 and E13.5 in both sexes. Assuming a constant rate of
apoptosis over the 3-day window, we estimate that the av-
erage doubling time of PGCs from E11.5 to E13.5 in the OG
mouse strain is 11.8 h.

To determine whether Mvh-positive PGCs in the organ
culture are proliferative, we first stained for Ki67, a marker
of cells that are in cycle (Fig. 3C). We show that all Mvh-
positive PGCs are in cycle and Ki67 positive from days 1-3.
To count the total number of PGCs, we used the OG mouse
from Fig. 3A and B and counted the total number of
OCT4+ PGCs in the genital ridges at days 1-3 of organ
culture. Given that we did not find a statistically significant
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FIG. 3. PGCs in the in vitro cul-
tured AGMs are Ki67 positive and
increase in number during 3 days of
culture. (A) Number of OG-positive
PGCs in male and (B) female em-
bryos at the indicated time points.
(C) Immunofluorescence of in vitro
cultured AGM from days 1-3 for
Mvh-positive PGCs (red), Ki67
(green), and DAPI (blue). (D)
Average number of OG-positive
PGCs in cultured AGMs at days 1-3
of culture. All images were obtained
by using at least n=3 independent
biological replicates of gonads or
AGMs.
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difference in the number of male and female PGCs in vivo,
we pooled cultured AGMs at each time point and performed
FACS to count the PGC number (Fig. 3D). Consistent with
the Ki67 staining, indicating that PGCs are in cycle, our data
reveal that after 1 day of organ culture, the average number
of PGCs more than doubled from 207 to 470 PGCs per
AGM. Then, from days 1 to 2, the PGC number doubles
again to an average of 905 PGCs per AGM. Finally, at day
3, we recovered an average of 2,146 PGCs per AGM. Taken
together, using the E10.5 AGM organ culture model, we
discovered that the total number of PGCs increases sub-
stantially in the first 3 days of culture, but not to the extent
of PGCs in the embryo during the same time period. This
suggests that proliferation occurs in PGCs in the E10.5
AGM organ culture, but expansion of the germline ex vivo
in the AGM model is not as robust. Given that we did not
detect an increase in 7AAD-positive (dead) PGCs in the
AGM culture at any time point, we hypothesize that the
reduced number of PGCs found in the organ culture at day 3
relative to the E13.5 embryo is not due to an increase in
apoptosis, but rather due to fewer cell divisions taking place
over the span of 3 days.

Loss of methylation from the Snrpn ICC and H19
ICC occurs within the first 3 days of organ culture

Given that the number of PGCs at day 3 in the organ
culture is lower than what is expected when comparing the
number of PGCs after 3 days of development in the embryo,
we next sought to evaluate the demethylation dynamics of
the Snrpn ICC and HI9 ICC in the AGM organ culture
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given the hypothesis that demethylation may be linked to
cell division. Using the OG mouse, we first sorted GFP-
positive PGCs at E10.5 and confirmed previous reports [6]
that cytosines in a CpG sequence context at the Snrpn and
HI19 ICCs are methylated at E10.5 similar to GFP-negative
somatic cells (Fig. 4A). In contrast, at E13.5 cytosine,
methylation at the Snrpn and H19 ICCs in the GFP-positive
PGCs is erased (Fig. 4B), whereas the GFP-negative somatic
cells still exhibit methylated and unmethylated alleles at
these ICCs (Fig. 4B). As a positive control, we show that
IAP is methylated in GFP-positive PGCs at E10.5 (Fig. 4A)
and does not fully demethylate in PGCs at E13.5, consistent
with previous reports [7].

Next, we turned to the E10.5 AGM organ culture model
and monitored the Snrpn ICC, HI9 ICC, and IAP de-
methylation in GFP-positive-sorted PGCs at day 3 of organ
culture (Fig. 4C). Our data reveal that by day 3, methylation
at the Snrpn ICC and H19 ICC is erased in the GFP-positive
PGCs, whereas GFP-negative somatic cells still exhibit
methylated and unmethylated alleles (Fig. 4C). In contrast,
similar to PGCs in the embryo, IAP does not completely
demethylate in the germline (Fig. 4C).

To evaluate the timing of CpG erasure in the organ cul-
ture model, we evaluated methylation at the Snrpn ICC and
HI9 ICC at days 1-3 of culture (Fig. 4D, E, respectively).
We discovered that the average percent CpG methylation at
the Snrpn ICC is around ~20% at days 1 and 2 of AGM
culture. However, by day 3, the percentage of methylated
cytosines in the CpG sequence context of the Snrpn ICC is
significantly reduced to around 10% (Fig. 4D). Similarly,
the paternally methylated H/9 ICC also undergoes a
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significant decrease in cytosine methylation within the first 3
days of organ culture (Fig. 4E). However, compared with
the Snrpn ICC, where a significant decrease in DNA
methylation was observed between days 2 and 3 of AGM
culture, a significant decrease in cytosine methylation at the
HI19 ICC was observed between days 1 and 3.

Loss of cytosine methylation from the Snrpn ICC
in PGCs in the AGM culture strongly correlates
with increasing cell number

To determine whether loss of cytosine methylation from the
Spnrn or HI19 1CC correlates with proliferation, we cultured
E10.5 AGMs in the presence of either DMSO or the PI3-kinase
inhibitor, LY294004 (Fig. SA, B). PI3-kinase regulates PGC
proliferation through the cKIT receptor downstream of kit li-
gand signaling [34]. Addition of 10 uM LY294004, a potent
inhibitor of PI3-kinase, effectively blocks PGC proliferation in
vitro [34]. Therefore, we hypothesized that the culture of E10.5
genital ridges in the presence of 10uM LY294004 would
cause PGCs to arrest in the cell cycle and provide a novel
approach for examining the role of PI3-kinase-dependent PGC
proliferation in ICC erasure. To test this, we first performed a
cell cycle assay in the presence and absence of LY294004 (Fig.
5A, B). In this assay, the cell cycle dynamics of PGCs were
distinguished from somatic cells in the same sample using
intracellular staining for Mvh [28]. Similar to previous reports
[19], our data show that the somatic cells of the organ culture
are mostly in the G1 phase of the cell cycle (73%-75%). In
contrast, the majority of Mvh-positive PGCs are in the S phase
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during days 1 and 2 of organ culture (Fig. 5SA). In LY294004-
treated cultures, the majority of PGCs are not in the S phase
and instead are in G1 and G2/M of the cell cycle by day 2
of organ culture (Fig. 5B). To evaluate whether LY294004
causes toxicity, we determined cell viability by calculating the
percentage of cells that are negative for 7aad; this re-
sult showed no significant difference between DMSO and
LY294004-treated cultures, with viability being on average
>90% (Fig. 5C).

To determine whether addition of 10uM LY294004
blocks demethylation, we added either DMSO or LY294004
to the AGM organ culture at the time of plating and used
linear regression analysis, where CpG methylation in indi-
vidual samples treated with either DMSO or LY294004 was
plotted relative to the PGC number (Fig. 5D-G). Our results
demonstrate that CpG methylation at the Snrpn ICC in
control (DMSO-treated) conditions is correlated (r2=0.29)
with increasing PGC number (Fig. 5D). In contrast, culture
of AGMs with 10 uM LY294004 abolished this correlation
(r*=0.03), with retention of CpG methylation at the Snrpn
ICC in the presence of LY294004 (Fig. 5E). Therefore,
blocking PI3K in the AGM organ culture model blocks
replication-coupled demethylation of the Snrpn ICC. Simi-
larly, analysis of the HI9 ICC under control (DMSO-
treated) conditions also revealed a correlation (r2=0.29)
between cell number and the loss of CpG methylation (Fig.
5F). However, unlike the results at the Snrpn ICC, culture of
AGMs with 10 uM of LY294004 had a modest effect, but
did not prevent demethylation at the H/9 ICC (r2=0.10).
Taken together, this suggests that PI3-kinase-dependent
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Imprint erasure dynamics at the Snrpn and H19 ICCs in PGCs after treatment with PI3-kinase inhibitor. (A) Cell

cycle analysis of Mvh-positive PGCs and Mvh-negative somatic cells using Edu incorporation of in vitro cultured AGMs
from days 1-3 of culture with DMSO or (B) 10 uM LY294004. Somatic cells (red), Mvh-positive PGCs (blue), Edu
incorportation (APC), DNA content (PE-Cy5). (C) Percentage of viable cells between DMSO (vehicle) and L.Y294004-
treated samples. (D) Percent cytosine methylation at the Snrpn ICC plotted as a function of the cell number during days 1-3
of AGM cell culture in the presence of DMSO or (E) LY294004. (F) Percent cytosine methylation at the H/9 ICC plotted as
a function of the cell number during days 1-3 of AGM cell culture in the presence of DMSO or (G) LY294004.
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proliferation does not play a major role in loss of CpG
methylation at the H/9 ICC (Fig. 5G).

Discussion

In the present study, our results reveal that PI3-kinase-
dependent PGC proliferation plays an important role in the
process of imprint erasure at the Snrpn ICC in PGCs, but not
a major role at the H19 ICC, indicating that different ge-
nomic loci undergo demethylation through different mech-
anisms. We have also shown that a 3-day ex vivo AGM
organ culture recapitulates the classic epigenetic repro-
gramming events in murine PGCs during embryo develop-
ment from E11.5 to E13.5, including the formation of ShmC
foci; the loss of cytosine methylation from the Snrpn and
HI9 ICCs with retention of some methylation at TAP.
Therefore, our results show that the AGM organ culture
constitutes a faithful ex vivo model to study different modes
of PGC methylation reprogramming.

Loss of imprinting at the Snrpn locus in humans is as-
sociated with the Prader-willi or Angelman Syndrome [29].
Conversely, altered imprinting at the H79 locus is associated
with the Beckwith—Wiedemann Syndrome [35]. The ma-
jority of cases are due to genetic mutations or rearrange-
ments that result in permanent changes to the mechanism of
allele-specific gene expression. However, given that allele-
specific gene expression is regulated primarily by DNA
methylation, the role of aberrant epigenetic mechanisms
(epimutations) in causing imprinting syndromes in children
is a concern. There are currently two mechanistic models for
ICC erasure in mammalian PGCs. These include, replication-
independent active demethylation involving base excision re-
pair and a second mechanism that involves replication-coupled
demethylation [19,21-23].

In previous studies, evidence for replication-coupled de-
methylation of ICCs was proposed due to an undeniable
correlation of the PGC cell number with the kinetics of CpG
demethylation [19]. In the current study, our data support a
major role for PI3-kinase-dependent replication-coupled loss
of CpG methylation at the Snrpn ICC, but a minor to negli-
gible role in demethylation of the H/9 ICC. Evidence for
active demethylation was hypothesized to occur downstream
of poly(ADP-ribosyl)ation by experiments that involved in-
hibiting PARP in the E10.5 AGM organ culture model [23] as
well as injection of PARP inhibitors into pregnant mice [22].
In both cases of experimental contexts, it was proposed that
demethylation of the H19/IGF2 ICC was sensitive to PARP
inhibition. In the current study, our data provide independent
support that demethylation of the H19 ICC is active because,
unlike the Snrpn ICC, this locus continues to demethylate
even when cell proliferation is blocked. Taken together, our
data support the theory that multiple independent mecha-
nisms act to promote demethylation of ICCs in the germline.

The first step in demethylation at the majority of ICCs
involves conversion of SmC to ShmC by Tetl [14,16]. In the
current study, we show that the E10.5 AGM organ culture model
recapitulates the unique rearrangement of ShmC in PGCs [17],
with the conversion of ShmC territories into ShmC-enriched
foci. Therefore, use of the AGM organ culture model to evaluate
oxidation of SmC and potential roles as an independent epige-
netic mark is warranted. It is clear in both the embryo and AGM
organ culture model that ShmC does not disappear completely
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from the germline genome and instead remains as discrete foci.
The purpose of residual ShmC staining in the germline at the
conclusion of the PGC period is currently unknown.

In conclusion, our data support the idea that mechanisms
of demethylation in PGCs are locus specific such that a PI3-
kinase-dependent replication-coupled mechanism supports
the removal of CpG methylation from the Snrpn ICC,
whereas removal of CpG methylation from the H/9 ICC is
largely independent of PI3-kinase. PI3-kinase-dependent
PGC proliferation is hypothesized to occur downstream of
estrogen signaling on the somatic cells of the gonad [34].
This finding is critical given that maternal exposure of bi-
sphenol A (an endocrine disruptor) causes epigenetic changes at
ICCs in exposed embryos [36]. Our study demonstrates that the
E10.5 AGM organ culture model provides a new opportunity to
evaluate modifiers of locus-specific cytosine demethylation
during a highly reproducible nuclear reprogramming event in
mammalian cells.
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