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SUMMARY

The germ cell lineage ensures reproduction and
heredity. The mechanism for germ cell specification
in primates, including humans, has remained un-
known. In primates, upon implantation the pluripo-
tent epiblast segregates the amnion, an extra-embry-
onic membrane eventually ensheathing an embryo,
and thereafter initiates gastrulation to generate three
germ layers. Here, we show that in cynomolgus
monkeys, the SOX17/TFAP2C/BLIMP1-positive pri-
mordial germ cells (cyPGCs) originate from the dor-
sal amnion at embryonic day 11 (E11) prior to gastru-
lation. cyPGCs appear to migrate down the amnion
and, through proliferation and recruitment from the
posterior amnion, expand in number around the pos-
terior yolk sac by E17. Remarkably, the amnion itself
expresses BMP4 and WNT3A, cytokines potentially
critical for cyPGC specification, and responds pri-
marily to them. Moreover, human PGC-like cells
in vitro exhibit a transcriptome similar to cyPGCs
just after specification. Our study identifies the origin
of PGCs and a unique function of the nascent amnion
in primates.

INTRODUCTION

During development, specification of primordial germ cells
(PGCs), the precursors both for the spermatozoa and the oo-
cytes, heralds the creation of new organisms and is essential
for the evolution and continuity of life. There exist two major
mechanisms for PGC specification among metazoans: one is
through inheritance of the preformed germ plasm, as originally
proposed by August Weismann (Weismann, 1892), and the other
is through induction by signaling molecules in pluripotent embry-
onic cells (Extavour and Akam, 2003). Although the former has

become prevalent presumably through convergent evolution,
the latter appears to be the ancestral mechanism, and it is
most likely that all mammals, including humans, generate
PGCs by the latter mode (Extavour and Akam, 2003).

The mechanism for mammalian germ cell specification has
been studied most extensively using mice as a model organism
(Saitou and Yamaji, 2012). The mouse pre-gastrulating epiblast
exhibits a cylindrical shape and bears a uniform competence
for the germ cell fate between embryonic day 5.5 (E5.5) and
E6.25. A balanced action of inductive and restrictive signals allo-
cates the germ cell fate in the most proximal posterior epiblast
at around E6.0: inductive signals include bone morphogenetic
protein 4 (BMP4) from the extra-embryonic ectoderm in direct
contact with the proximal epiblast and WNT3 from the proximal
posterior epiblast itself, and restrictive signals include CER1
and DKK1 from the anterior visceral endoderm (Lawson et al.,
1999; Ohinata et al., 2009). Consequently, mouse PGCs (mMPGCs)
of approximately 30-40 in number (Ginsburg et al., 1990; Saitou
et al., 2002) that express the key transcription factors (TFs)
BLIMP1 (also known as PRDM1), PRDM14, and TFAP2C (also
known as AP2y), are established within the extra-embryonic
mesoderm at around E7.25 (Kurimoto et al., 2008; Ohinata
et al., 2005; Vincent et al., 2005; Weber et al., 2010; Yamaiji
et al., 2008), and undergo migration toward future gonads for
spermatogenic or oogenic differentiation (McLaren, 2003).

On the other hand, mammalian early development involves
substantial divergence in the mechanism and order of cell-fate
allocations among species (Rossant, 2015), and there has
been a critical lack of information regarding the mechanism for
PGC specification in mammals other than mice. In primates,
upon implantation the epiblast segregates the amnion to form
the amniotic cavity and acquires a disc-like shape, and the hypo-
blast, while generating the visceral endoderm (VE) and parietal
endoderm (PE) to form the secondary yolk sac, gives rise to
the extra-embryonic mesenchyme, which occupies the space
between the cytotrophoblast and the amnion (Enders, 2007; En-
ders and King, 1988; Enders et al., 1986; Heuser and Streeter,
1941; Luckett, 1978; Nakamura et al., 2016). Thus, the anatom-
ical structure of primate embryos at stages relevant for PGC
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Figure 1. cyPGCs at Migration Stages
(A) Schematic of a cy embryo at E20. AM, amnion; BS, body stalk; EPI, epiblast; MES, mesoderm; PGC, primordial germ cells; VE, visceral endoderm; PE, parietal
endoderm; SYS, secondary yolk sac.
(B) Lateral view of a cy embryo at E20. Scale bar, 50 um.
(C-E) IF images of a cy embryo at E20 for DAPI and BLIMP1 (C), SOX17 (D), and TFAP2C (E). Scale bar, 50 um. Insets show the higher magnifications of the area
indicated by an arrowhead in (E). Scale bar, 10 um.
(F) A single confocal section of a cy embryo at E21 stained as whole mount for BLIMP1 (green), NANOG (red), and DAPI (white). Scale bar, 100 pm.
(G) A magnified view of the region outlined by the dotted box in (F).
(legend continued on next page)
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specification is significantly different from that of mouse em-
bryos, and the direct extrapolation of the findings in mice to
the mechanism for primate PGC specification may not neces-
sarily be straightforward. This poses a significant limitation to
studies of, for example, induction of the germ cell fate from pri-
mate pluripotent stem cells (PSCs) (Saitou and Miyauchi, 2016).

With ethical approval, we here set out to investigate germ cell
development in primates using cynomolgus monkeys (cy;
Macaca fascicularis) as a model (Nakamura et al., 2016; Sasaki
et al., 2015; Yamasaki et al., 2011), and identified the origin of
cyPGCs in the nascent amnion and the potential signaling mech-
anism for cyPGC specification.

RESULTS

cy Germ Cells in Embryonic/Fetal Gonads
We first characterized the properties of cyPGCs that colonized
embryonic/early fetal gonads from E36 to E55 (Carnegie stage
[CS] 17-23 and early fetal [O’Rahilly and Mdller, 1987], corre-
sponding roughly to E9.5-E12.5 in mice) (Figure S1A). During
this period, cyPGCs showed constant morphologic characteris-
tics: they were large in size, exhibited clear cytoplasms and large
cleft nuclei with no evident heterochromatin, and typically had
single prominent nucleoli (Figures S1B-S1F). Immunofluores-
cence (IF) analysis revealed that such cells were low for DAPI in-
tensity and were positive (*) for BLIMP1 and TFAP2C, key TFs for
PGCs (Figures S1E-S1G) (Eckert et al., 2008; Irie et al., 2015;
Ohinata et al., 2005; Pauls et al., 2005; Sasaki et al., 2015; Vin-
cent et al., 2005; Weber et al., 2010). cyPGCs during this period
were positive for pluripotency factors (OCT4 [also known as
POU5F1], NANOG, SALL4, UTF1, LIN28A), RNA-binding pro-
teins for germ cells (DDX4 [also known as VASA], DAZL), and
SOX17, a TF critical for endoderm development and human
PGC-like cell (hPGCLC) specification in vitro (Figure S1G) (Irie
et al., 2015; Seguin et al., 2008). GATA4, a key TF for endoderm
as well as gonad development (Hu et al., 2013; Soudais et al.,
1995), exhibited robust and weak expression in Sertoli/granulosa
cell precursors and cyPGCs, respectively (Figure S1G). Consis-
tent with the observation in hPGCs (de Jong et al., 2008; Perrett
et al., 2008), cyPGCs were negative (7) for SOX2 (Figure S1G).
Moreover, we identified the expression of a number of surface
markers (TRA-1-60, TRA-1-81, PDPN, KIT) in cyPGCs (Fig-
ure S1G). Collectively, these findings establish the properties
of cyPGCs in embryonic/early fetal gonads.

We were able to obtain several late-stage male embryos,
including aborted ones (E70, E100, E110, and E124). Fetal sem-
iniferous tubules with clear lumina were well established by E70

(Figure S1H), and essentially all male germ cells appeared posi-
tive for DDX4 at least until E124 (Figures S1G and S1l). At E70,
around half of the DDX4* germ cells became negative for
OCT4, NANOG, and TFAP2C, as well as for Ki-67, an antigen
for proliferating cells (Gerdes et al., 1984) (Figures S1l and
S1J). PLZF, a marker for (pro)spermatogonia in mice (Buaas
et al., 2004; Costoya et al., 2004), began to be expressed in
some germ cells as early as E50, and became positive in nearly
80% of germ cells at E70 (Figures S1l and S1J). By E124, nearly
all the germ cells expressed PLZF, repressed OCT4, NANOG,
LIN28A, BLIMP1, and TFAP2C, and were negative for Ki-67 (Fig-
ures S1l and S1J). Thus, after around E50 male cyPGCs prog-
ress gradually into mitotic arrest to differentiate into prosperma-
togonia, which is preceded by/coincident with the upregulation
of PLZF and the repression of key PGC markers. Notably, how-
ever, even at E124, ~70%-80% of prospermatogonia continued
to express SOX17 and SALL4 (Figures S1l and S1J), indicating
their retention of some PGC properties and of potential
heterogeneity.

cyPGCs during Migration
Politzer and Witschi provided histological observations on puta-
tive hPGCs as early as late week 3 within the posterior yolk sac
endoderm (Politzer, 1930, 1933; Witschi, 1948). Recent studies
have reported transcriptional and epigenetic properties of
migrating hPGCs as early as week 4 (CS ~13) (Gkountela et al.,
2015; Guo et al., 2015; Tang et al., 2015). However, there has
been no detailed characterization of PGCs earlier than the migra-
tion stages in humans or primates (approximately week 4). Based
on the validated markers (combinatorial detections among
SOX17, TFAP2C, BLIMP1, OCT4, NANOG, and PDPN), we next
characterized cyPGCs at the migration stages (E20-E28).

cy embryos isolated at E20 or E21 were in the pre-somite
stages (CS 8) and exhibited prominent primitive streaks and
developing body stalks linking the embryos with the chorionic
plates (Figures 1A and 1B). In such embryos, while BLIMP1
was expressed uniformly in the VE and PE of the secondary
yolk sac, SOX17 showed preferential expression in the VE:
the cyPGCs, which were also positive for TFAP2C, NANOG,
PDPN, or OCT4, were localized predominantly within/around
the posterior PE, particularly at the base of the incipient allantoic
diverticulum (embryos: n = 3; cyPGCs: 193/250, ~77%) (Figures
1C-1G, S2A, and S2B). A minor portion of cyPGCs were also
present within the body stalk mesenchyme/posterior embryonic
mesoderm (37/250, ~15%), or posterior VE (19/250, ~8%) (Fig-
ure S2B). An embryo isolated at E24 was in a somite stage (nine
somites identified: CS 10) and nearly all the cyPGCs were within

(H) IF images of a cy embryo at E24 for PDPN (red) and SOX17 (cyan) merged with DAPI (white). An arrowhead indicates the emerging hindgut endoderm with

colonized cyPGCs. Scale bar, 100 um.

(I) A magnified view of the region indicated by an arrowhead in (H) stained with PDPN (red) and TFAP2C (green) merged with DAPI (white). Scale bar, 100 um.
(J) IF images of the posterior part of a cy embryo at E24 (neighborhood section of H) for TFAP2C (green) or T (red) with a merge with DAPI (white). Arrowheads
indicate cyPGCs as in (H). Note that TFAP2C is also weakly positive in the ectoderm. Scale bar, 50 um.

(K) IF images of a cy embryo at E28 for PDPN (red) and TFAP2C (green) merged with DAPI (white). The inset shows a higher magnification of the area of the dorsal
mesentery with two cyPGCs. Note that PDPN is also expressed in the neural tube. Scale bars, 50 pm.

(L) IF images of a cy embryo at E28 (different from that in J) for BLIMP1 (green) and NANOG (red) merged with DAPI (white), highlighting cyPGCs within the hindgut

endoderm and surrounding mesenchyme. Scale bars, 50 pm.

(M) IF analysis for the expression of OCT4, SOX2, SOX17, DDX4, or DAZL (red) in the TFAP2C™ (green) migrating cyPGCs at E28. Merges with DAPI (white) are

shown at the top. Scale bars, 20 um.
See also Figures S1, S2, and S7.
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the emerging hindgut endoderm, which was incorporated in the
body cavity of the embryo proper upon embryo folding (Figures
1H-1J).

At E28, cy embryos (n = 2) were in a post-somite stage (CS 13),
and cyPGCs were present either in the hindgut endoderm (42/
310, ~14%) or mesenchyme (36/310, ~12%), the dorsal wall
of the mesentery (69/310, ~22%), or bilateral coelomic angles,
namely, the anlage of the gonads (159/310, ~51%) (Figures
1K, 1L, S2C, and S2D). Although previous studies have reported
that hPGCs migrate along nerve fibers (Hoyer et al., 2005; Mam-
sen et al., 2012), we did not find evidence of such migration in cy
embryos at this stage by co-staining with cyPGC markers and
BllI-tubulin (Figures S2C and S2D). At day 36, a cy embryo
(n = 2) was in a post-somite stage (CS 17) and, as described
above, a majority of cyPGCs (350/575, ~61%) colonized the
gonads (Figure S1G), while a minority of them were still present
within the dorsal mesentery (127/575, ~22%) or aorta-gonad-
mesonephros regions outside the gonads (89/575, ~15%)
(data not shown). It is noteworthy that, although cyPGCs during
migration expressed most of the markers validated in gonadal
cyPGCs, they were negative for DDX4 and DAZL: cyPGCs began
to express DDX4 from around E28 and did not show DAZL
throughout weeks 3-4 (Figure 1M). In addition, cyPGCs were
consistently negative for SOX2 (Figures 1M and S2B). Together,
these findings define the migratory pathway of cyPGCs from the
base of the allantoic diverticulum to the developing gonads.

The Origin of cyPGCs

We set out to determine the origin of cyPGCs in early post-
implantation embryos (from E11 to E17) (Figure S3; Nakamura
et al.,, 2016). Consistent with the previous literature (Enders
and King, 1988; Enders et al., 1986; Heuser and Streeter,
1941; Luckett, 1978), by dissection microscopy and histological
examination, we detected the formation of the amniotic cavity at
E11, formation of the secondary yolk sac at E11-E12, formation
of the anterior-to-posterior axis (formation of columnar anterior

VE) at E11-E13, and onset of gastrulation (marked proliferation
of cells at the posterior junction of the epiblast and the VE) at
E13-E14 (Figures 2A, 2B, and S3A-S3D; see Figures S3E-S3K
for key developmental indices and the distributions of develop-
mental stages of isolated embryos).

As potential markers for nascent cyPGCs, we used SOX17 and
TFAP2C, since they exhibited strong expression in migrating
cyPGCs (Figures 1 and S2) and showed acute and robust upregu-
lation upon induction of hPGCLCs from hPSCs in vitro (Irie et al.,
2015; Sasaki et al., 2015). Note that while both SOX17 and
BLIMP1 were also expressed in the endoderm, TFAP2C was
more specific to cyPGCs (Figures 1 and S2). In hatching blasto-
cysts cultured in vitro for 9 days (E9) (n = 3) (Nakamura et al.,
2016), we did not detect cells co-expressing SOX17 and TFAP2C
(Figure S4A). In half of the post-implantation embryos isolated at
E11 (5/10, 50%) (PreG1 and PreG2 stages [Figures 2A-2C and
S3K]), SOX17 was specifically expressed in VE and TFAP2C
was barely detectable/only weakly positive in the amnion (Fig-
ure 2C): We did not detect SOX17/TFAP2C doubly positive cells
in serial sections of these embryos. Note that the amnion began
to acquire cuboidal/squamous morphology from the PreG2 stage
onward (Figures 2B, 2C, and S3C). Strikingly, however, in the re-
maining five embryos with relatively advanced stages (G1 or G2
stage [Figures 2A, 2C, and S3K], 5/10, 50%), we identified a num-
ber of SOX17/TFAP2C doubly positive cells at the dorsal amnion
juxtaposed with the cytotrophoblast layer of the developing
placenta (Figures 2A and 2C): the SOX17/TFAP2C™ cells were
scattered around the dorsal amnion in three of the five embryos
and were located in the posterior half of the amnion in the two
more advanced embryos (Figure 2C). Notably, SOX17/TFAP2C
strongly positive cells were intermingled with SOX17 strongly
positive/TFAP2C*~ or SOX17*/~/TFAP2C strongly positive cells
(Figure 2C), and also exhibited a variable level of BLIMP1 (Fig-
ure 2D), suggesting that cyPGC specification is in progress in
these cells. We performed in situ hybridization (ISH) of SOX17
and TFAP2C mRNA followed by IF analysis of TFAP2C on

Figure 2. cyPGC Specification in the Amnion

(A) A schematic summary of cyPGC specification in the amnion. CT, cytotrophoblast; HYP, hypoblast; EXMC, extra-embryonic mesenchyme. Other abbrevi-
ations for embryonic cell types are as in Figure 1A. Embryonic stages are defined as follows: PreG1, cy embryos with a small AM cavity surrounded by less than 15
EPI/AM cells per cross-section and with no cyPGCs (SOX17/TFAP2C™); PreG2, cy embryos with a larger AM cavity surrounded by more than 15 EPI/AM cells per
cross-section and with no cyPGCs; G1, cy embryos with morphologic characteristics similar to PreG2, but with cyPGCs; G2, cy embryos with at least one cyPGC
migrated beneath EPI, but no cyPGCs within VE/PE; G3, cy embryos with cyPGCs within VE/PE.

(B) Representative sections of cy embryos at the indicated stages stained by H&E. Embryonic days and stages (left, Carnegie stage; right, cyPGC-based stage)
are indicated. Scale bars, 20 um.

(C) IF images of paraffin sections of cy embryos at the indicated stages for SOX17 (green), TFAP2C (red), and DAPI (white), with their merges. Sagittal sections
(anterior, left; posterior, right) are shown when embryos exhibited an appreciable AP axis. For some embryos, regions with cyPGCs are magnified. Scale bars,
20 um.

(D) IF images of paraffin sections of cy embryos at E11 for DAPI (white), SOX17 (green), TFAP2C (red), and BLIMP1 (cyan). Scale bar, 20 um.

(E) Images for combined in situ hybridization (co-ISH) for SOX17 (top) or TFAP2C (bottom) (red) with IF for TFAP2C (green) on paraffin sections of cy embryos at
E11 or E17. Merged images with DAPI (white) are also shown (far right). Scale bars, 20 um.

(F) Distributions of cyPGCs within the AM at the indicated stages. The AM was separated into quadrants (anterior/proximal, blue; anterior/distal, red; posterior/
distal, green; posterior/proximal, purple), and the frequencies of cyPGCs in each compartment are shown. Numbers of embryos and cyPGCs analyzed at the
indicated stages are shown on the right.

(G) Distributions of cyPGCs within the indicated regions at the indicated stages. AEJ, amnion-epiblast junction. Other abbreviations are as in (A) and Figure 1A.
BSME for E20 embryos indicates the extra-embryonic mesoderm within the BS. Numbers of embryos and cyPGCs at the indicated stages are shown above the
graph.

(H) Posterior views of three-dimensional reconstructions of the sections of representative embryos at the indicated stages. Embryos were colored as follows: AM,
yellow; EPI, red; VE/PE, white; PGCs, blue. Scale bars, 50 um.

(I) Numbers of cyPGCs counted on serial sections stained with TFAP2C and SOX17 at the indicated stages. Bars indicate mean values.

See also Figures S3-S5 and S7.
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embryos at E11, which validated the robust expression of SOX17
and TFAP2C/TFAP2C in the dorsal amnion (Figure 2E).

At E12-13, all embryos bore SOX17/TFAP2C doubly positive
cells predominantly within the amnion, with their primary location
being shifted toward the posterior quadrant (G2 and G3 stages
[Figures 2C and 2F]). Notably, some of the SOX17/TFAP2C/
BLIMP1* cells were present in the space between the posterior
amnion and underlying extra-embryonic mesenchyme or beneath
the posterior epiblast (Figures 2C, 2G, and S4B), suggesting that
the SOX17/TFAP2C/BLIMP1* cells in the amnion exhibited migra-
tion. Consistently, the basement membrane was broken down and
the SOX17/TFAP2C* cells appeared to undergo epithelial-mesen-
chymal transition (EMT) with positivity for VIMENTIN around such
locations (Figure S4C). At E15-E17, the SOX17/TFAP2C™ cells
were still present within the posterior amnion, particularly around
the junction between the amnion and epiblast, but were most
prevalent between the posterior epiblast and VE, and within VE
(G3 stage), where they exhibited a completion of the EMT
(VIMENTIN*/CDH1™) (Figures 2A, 2C, 2F, 2G, S4C, and S4D).
Note that, throughout the period examined (from E11 to E17), we
did not detect cyPGCs (SOX17/TFAP2C doubly positive cells) or
cells that appeared to be in the process for cyPGC specification
(SOX17*/TFAP2C™ or SOX17~/TFAP2C" cells) within the epiblast.

We next examined the cell-cycle state of cyPGCs. The
TFAP2C* cells in the dorsal amnion at G1 at E11 were positive
for Ki-67 (Figure S4E). At E17, a majority of the amnion was nega-
tive for Ki-67 except for the cells at the posterior amnion,
including the TFAP2C* cells (Figure S4E), indicating that cyPGCs
are in a proliferating state in the amnion.

We three-dimensionally reconstituted the sections of embryos
at E11, E13, and E16 for SOX17/TFAP2C expression, which
delineated the specification and initial migration of cyPGCs (Fig-
ure 2H): cyPGCs are specified at the dorsal amnion in a scattered
fashion (about ten in number at E11), migrate down along the
posterior midline of the amnion toward the VE or continue to
be specified at the posterior amnion, and expand substantially
in number between the posterior epiblast and VE (~90 in number
at E16-E17) (Figures 2H and 2I). Note that delamination/migra-
tion of cyPGCs within/from the amnion occurs prior to the onset
of gastrulation (see below).

cyPGC Specification and Key Pluripotency Factors

We explored the relationship between cyPGC specification and
the expression of key pluripotency factors. The two embryos at
PreG1 at E11 exhibited uniform expression of OCT4, SOX2,

and NANOG both in the epiblast and amnion (Figures S5A-
S5D), indicating that the nascent amnion bears gene expression
properties similar to those of the epiblast. The embryos at PreG2
(n = 2) continued to express OCT4 and NANOG throughout the
amnion, but downregulated SOX2, apparently first from the dor-
sal amnion and then throughout the amnion (Figures S5A-S5D).
Accordingly, the two embryos at G1 at E11 were positive for
OCT4 and NANOG, but negative for SOX2 in the amnion (Figures
S5A-S5D). The analysis of an embryo at G2 at E11 clearly
demonstrated that SOX17/TFAP2C* cells are induced in the
amnion negative for SOX2 (Figure 3A). An ISH analysis of another
embryo at the same stage revealed that SOX2, but not POU5F1,
mRNA was downregulated at the transcription level (Figure 3B).
These findings indicate that upon cyPGC specification, the
POU5F1/SOX2/NANOG* amnion downregulates SOX2 and
acquires SOX17 and TFAP2C, which is consistent with a rapid
downregulation of SOX2 upon hPGCLC specification from
hPSCs (Irie et al., 2015; Sasaki et al., 2015). Notably, cyPGCs
in the amnion at G2 at E11, as well as the epiblast, expressed
PRDM14, a key regulator for naive pluripotency and mPGC
specification (Figure S5E) (Yamaji et al., 2008, 2013).

After E12, OCT4 and NANOG were gradually downregulated
from the amnion, except for cyPGCs and the most posterior
portion of the amnion contiguous with the epiblast, where
OCT4 and NANOG persisted at least until E17, but waned by
E20 (Figures S5A-S5D). Combined with the analysis of the cell-
cycle state of cyPGCs (Figure S4E), these findings indicate that
cyPGC specification at the dorsal amnion is a transient event
and that cyPGC specification may continue at the posterior
amnion. In contrast, OCT4/SOX2/NANOG remained highly ex-
pressed in the epiblast at least until E20, with rapid downregula-
tion of SOX2 in gastrulating cells (embryos: n = 2; Figure S5C)
(Nakamura et al., 2016). Thereafter, the three factors were down-
regulated by E24 (embryos: n = 1; early somite stage, CS 10),
except in the neural tube, where SOX2 showed strong expres-
sion (Figure S5G and data not shown). PRDM14 continued to
be expressed in the epiblast at least until E17 and in cyPGCs until
E36 (Figure S5F).

cyPGC Specification and T, a Key “Mesodermal” TF

T, akey “mesodermal” TF, activates Blimp1 and Prdm14, and is
essential for mPGC specification (Aramaki et al., 2013). T is also
accompanied by hPGCLC specification (Irie et al., 2015; Sasaki
et al., 2015). We therefore examined whether T might also be
associated with cyPGC specification in the amnion.

Figure 3. cyPGC Specification Accompanies T Expression

(A) IF images of the paraffin sections of cy embryos at E11 for SOX17 (green), TFAP2C (red), and SOX2 (cyan) with a merge with DAPI (white). White arrowheads
indicate cyPGCs. The amnion, as distinguished from the underlying EPI by SOX2 negativity, is outlined by white dotted lines. Scale bar, 20 um.

(B) ISH images of paraffin sections of cy embryos at E11 for POU5F1 (left) or SOX2 (right) (red), with merges with DAPI (white). Scale bar, 20 um.

(C) IF images of paraffin sections of cy embryos at E11-E17 for SOX17 (green), TFAP2C (red), and T (cyan), with merges with DAPI (white). cyPGC-based stages
are indicated at the left. Sagittal sections (anterior, left; posterior, right) are shown when embryos exhibited an appreciable AP axis. For some embryos, regions
with cyPGCs are magnified. White arrowheads and red dotted lines indicate cyPGCs and posterior EPI with T reactivity (presumptive nascent primitive streak),

respectively. Scale bars, 20 um.

(D) Images for ISH of T on paraffin sections of cy embryos at the indicated stages. Merged images of T (red) and bright fields are shown. Scale bars, 50 um.
(E) Distributions of T*/SOX17/TFAP2C™~ or T*/SOX17*/TFAP2C ™ cells within the indicated regions at the indicated stages. Abbreviations are as in Figures 1A,
2A, and 2G. Numbers of embryos and analyzed cells at the indicated stages are shown above the graph.

(F) IF images of the paraffin sections of cy embryos at E12 and E17 for SOX17 (green), TFAP2C (red), and EOMES (cyan) with merges with DAPI (white). EPI with
EOMES reactivity and cyPGCs are outlined by red and white dotted lines, respectively. Scale bars, 20 um.

See also Figures S3-S5 and S7.
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Figure 4. Expression of Signaling Molecules in cy Embryos

(A) (Top) ISH of BMP4 (left) or dapB (negative control, far right) on paraffin sections of cy embryos at the indicated stages. Merged images of BMP4 (red) and bright
fields are shown. Scale bars, 50 um. (Bottom left) Signal intensities of BMP4 within AM. x Axis denotes distance (um) from the anterior end of AM. (Bottom right)
Relative signal intensities of BMP4 within the indicated cells at the indicated stages between E11 and E17. The average signal intensities of the posterior half of
AM were set as 1. Averages with SDs of two or five embryos are shown.

(B) ISH of BMP4, MIXL1, EOMES, and NODAL on serial sections (near midline) of sagittally oriented cy embryos at E17. Merged images with bright fields on the

posterior part of the embryos are shown. Scale bar, 20 um.
(C) (Left) ISH of BMP2 at the indicated stages. Scale bars, 50 pm. (Right) Relative signal intensities of BMP2 within the indicated cells. The average signal

intensities of VE were set as 1. Averages with SDs of three embryos (E12-E16) are shown.
(D) (Left) ISH of CERT1 at the indicated stages. Scale bars, 50 um. (Right) Relative signal intensities of CER7 within the indicated cells. The average signal intensities

of VE were set as 1. Averages with SDs of four embryos at E11 (G1, G2) are shown.
(E) ISH images for BMP4 or ID2 (red) merged with bright field (left) or co-ISH/IF images for ID2 (red) and TFAP2C (green) with a merge with DAPI (white) (right) on cy

embryos at E11. Arrowheads indicate TFAP2C* cyPGCs. Scale bars, 50 um.
(legend continued on next page)

8 Developmental Cell 39, 1-17, October 24, 2016



(2016), http://dx.doi.org/10.1016/j.devcel.2016.09.007

Please cite this article in press as: Sasaki et al., The Germ Cell Fate of Cynomolgus Monkeys Is Specified in the Nascent Amnion, Developmental Cell

We did not detect T at PreG2 at E11 (Figure 3C). Remarkably,
however, in a section of an embryo at G1, we detected T in a few
cells negative for SOX17/TFAP2C at the dorsal amnion (Fig-
ure 3C). Moreover, in a section of an embryo at G2 at E12, we
detected specific expression of T in SOX17/TFAP2C doubly pos-
itive cells in the dorsal amnion, while no cells in the epiblast
exhibited T (Figure 3C). In a section of another G2 embryo at
E12, we detected T in SOX17/TFAP2C™ cells, SOX17*/TFAP2C~
cells, and SOX17/TFAP2C™ cells within the amnion (Figure 3C).
In good agreement with these observations, an ISH analysis
demonstrated that at G1 at E11, T mRNA was strongly ex-
pressed exclusively in the amnion, particularly around the dorsal
area in close proximity to the cytotrophoblast layer of the devel-
oping placenta (Figure 3D). Thus, the dorsal amnion at E11/E12
expresses T in a widespread fashion.

In some other embryos at G2 at E12, while T* cells were
located predominantly in the amnion, we detected a few T*/
SOX177/TFAP2C™ cells in the posteriormost epiblast and be-
tween the epiblast and VE, or T*/SOX17*/TFAP2C™ cells in
between the epiblast and VE (Figure 3E). In embryos at the
E13 (G3 stage), we detected T*/SOX17/TFAP2C™ cells in the
posterior epiblast, presumably at the early primitive streak (red
dotted area in Figure 3C) and between the epiblast and VE,
or T*/SOX17*/TFAP2C~ cells predominantly between the
epiblast and VE (Figures 3C and 3E). Compared with such cells,
SOX17/TFAP2C* cyPGCs were only weakly positive for T (Fig-
ure 3C). The T* cells either positive or negative for SOX17 that
appear from late E12 or E13 beneath the epiblast would be either
cells that migrated down from the amnion or incipient gastrulat-
ing mesoderm cells from the epiblast (Nakamura et al., 2016).
Collectively, these findings indicate that at E11, cells in the
amnion, including SOX17/TFAP2C* cyPGCs, initiate T expres-
sion prior to and independently from onset of gastrulation in
the epiblast, and at around late E12, the epiblast begins gastru-
lation to generate mesoderm/endoderm.

At E15 and E17, T was expressed in the primitive streak (red
dotted area in Figure 3C), where the basement membrane
was disrupted, and more strongly in meso-/endodermal cells
beneath the epiblast: the great majority of the amnion at these
embryos lacked T expression (Figures 3C and 3E). Meanwhile,
cyPGCs were only weakly positive for T at these stages and
generally located away from the disrupted basement membrane
beneath the epiblast (Figure 3C). Unlike in the amnion, we did
not observe SOX17 and/or TFAP2C™ cells, a potential precursor
state of cyPGCs, in the posterior epiblast, although beneath the
epiblast, we found numerous SOX17*/TFAP2C /T cells, which
presumably represent precursors for the definitive endoderm
(Figures 3C and 3E). ISH revealed that T showed specific and
robust expression in the primitive streak and gastrulating meso-
derm at E17 (Figure 3D). These findings support the possibility
that cyPGCs originate solely from the amnion (initially from the
dorsal and later from the posterior amnion), but not from the
epiblast after segregation of the amnion. In further support of

this notion, we did not detect EOMES, another early meso-/
endodermal marker (Russ et al., 2000), in the SOX17/TFAP2C*
cells in a G1 embryo at E12, whereas we found strong EOMES
positivity in the primitive streak (red dotted area in Figure 3F)
and gastrulating cells, but not cyPGCs (white dotted cells in
Figure 3F), at E17. Combined with the observation that cyPGCs
appear to undergo delamination and migration from the dorsal to
the posterior amnion and then beneath the epiblast (Figures 2
and S4C), our data suggest the unique cellular dynamics
and gene expression associated with cyPGC specification in
the amnion.

Amnion as an Autocrine Signaling Center for cyPGC
Specification

We next sought a potential signaling mechanism for cyPGC
specification by examining the expression of a number of
signaling molecules, their antagonists, and their targets, which
would be potentially relevant for cyPGC specification. We first
examined the expression of BMP4, a key cytokine for mPGC
specification (Lawson et al., 1999; Ohinata et al., 2009; Saitou
et al., 2002) and m/hPGCLC induction (Hayashi et al., 2011;
Irie et al., 2015; Sasaki et al., 2015). In a PreG1 embryo at
E11, although the extra-embryonic mesenchyme exhibited
weak BMP4 expression, no other cells showed BMP4 (Fig-
ure 4A). Strikingly, however, in one PreG2 and one G1 embryo
at E11, we identified strong BMP4 expression throughout the
amnion (Figure 4A). BMP4 continued to show robust expression
in the amnion, but its expression domain shifted proximally
and to some extent posteriorly in embryos at E12 and E16 (Fig-
ures 4A and 4B). Thus, the expression of BMP4 in the amnion
precedes the emergence of SOX17/TFAP2C* cyPGCs and con-
tinues thereafter in the amnion.

An embryo at E16 also exhibited BMP4 in some gastrulating
cells (Figures 4A and 4B). Notably, analyses of serial sections re-
vealed that BMP4 exhibited a unique pattern of expression in the
proximal/posterior amnion, the junction between the amnion and
epiblast, and some delaminating/gastrulating cells, which were
distinct from the primitive streak and mesodermal cells express-
ing MIXL1, EOMES, and NODAL (Figure 4B). At E24, BMP4 was
restricted to the emerging heart tube and posterior extra-embry-
onic mesoderm, and became undetectable in the amnion (data
not shown).

We next examined the expression of BMP2. In stark contrast
to BMP4, we detected strong expression of BMP2 in the VE in
a PreG1 embryo at E11 (Figure 4C), and in the VE, PE, and ex-
tra-embryonic mesenchyme in embryos at E12 and E15, consis-
tent with the notion that the VE generates the extra-embryonic
mesenchyme (Figure 4C) (Enders and King, 1988; Luckett,
1978; Nakamura et al., 2016). We then found that CERT7, an
antagonist for BMP signaling (for review see Arnold and Robert-
son, 2009), was robustly expressed throughout the VE in a PreG2
embryo at E11 and in approximately the anterior two-thirds
of VE in G1 and G2 embryos at E11 (Figure 4D). Thus, CERT1 is

(F) Co-ISH/IF images for MSX2 (red) and TFAP2C (green) with merges with bright field (far left) or DAPI (white) (far right) on a cy embryo at E11. Arrowheads

indicate TFAP2C* cyPGCs. Scale bar, 50 um.

(G) ISH of WNT3A, WNT3, AXIN2, ACTB (positive control, second right), and dapB (negative control, far right) on serial sections of cy embryos at E11. Merged

images with bright fields are shown. Scale bars, 50 pm.

(H) ISH for DKK1 on a section of a cy embryo at E11. A merge with DAPI (white) is shown. Scale bar, 50 um.
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expressed in cells located almost diagonally to nascent cyPGCs
in embryos at this stage. Importantly, ID2 and MSX2, key imme-
diate targets of BMP signaling (Aramaki et al., 2013; Hollnagel
et al., 1999), were expressed almost exclusively in the amnion
and cyPGCs (MSX2 was also expressed weakly in VE), but not
in the epiblast (Figures 4E and 4F), suggesting that it is primarily
the amnion that responds to BMP signaling.

We next examined the expressions of WNT3 and WNT3A, the
former of which is essential for mPGC(LC) induction (Aramaki
et al., 2013; Ohinata et al., 2009). Although we could not detect
WNT3 in the embryos examined, we found robust expression
of WNT3A, a molecule highly similar to WNT3, throughout the
developing placenta, including the cytotrophoblast layer close
to the amnion as well as in the amnion itself, in an embryo at
E11 (Figure 4G). Notably, DKK1, an antagonist of WNT signaling
(for review see Arnold and Robertson, 2009), was expressed in
the anterior VE (Figure 4H), while AXIN2, one of the immediate
targets of WNT signaling (Hamada et al., 1999), was expressed
robustly in the amnion, but not in the epiblast, in an embryo at
E11 (Figure 4G). This suggests that the amnion, but not the
epiblast, primarily responds to both BMP4 and WNT signaling
in embryos at this stage. Thus, BMP4 and WNT3A may act as au-
tocrine signals for inducing cyPGCs in the amnion, and inhibitors
such as CER1 and DKK1 prohibit cyPGC specification within the
epiblast and anterior amnion.

cyPGCs Acquire a Unique Transcriptome

Having established the origin and the developmental pathway
of cyPGCs, we next determined the transcriptome of cyPGCs
during their development. As reported recently (Nakamura
et al., 2016), we prepared single-cell cDNAs from post-implanta-
tion cy embryos using the single-cell mRNA 3’-end sequencing
(SC3-seq) method (Nakamura et al., 2015). To isolate cyPGCs
that exist only in a small humber per embryo, we manually
dissected out embryonic fragments expected to contain cyPGCs
(E13, one embryo; E14, two embryos; E16, embryos; E17, two
embryos; E20, one embryo), and generated 57, 99, 138, 183,
and 77 cDNAs of appropriate quality from E13, E14, E16, E17,
and E20 embryos, respectively (Figure S6A). We screened candi-
dates for cyPGCs by the expression of SOX17, TFAP2C, PRDM1
(gene name for BLIMP1), PRDM14, and T, and by the absence of
SOX2 (cyPGC candidates: E13, 3; E14, 0; E16, 7; E17, 4; E20, 1)
(Figures S6A-S6C). We also generated six, one, and two cDNAs
from cyPGCs (POU5F1 [gene name for OCT4)/NANOG/PRDM1%)
of male embryonic gonads at E36, E47, and E55, respectively
(Figures S6A and S6D), and as reported previously (Sasaki
et al., 2015), we generated seven, five, and seven cDNAs from
cyPGCs of female embryonic gonads at E43, E50, and E51,
respectively. We analyzed the transcriptome of these cyPGC
candidates/cyPGCs in comparison with those of cells in the
cy epiblast lineages that we described recently (ICM [inner
cell mass], pre-EPI [pre-implantation epiblast], postE- or L-EPI
[post-implantation early or late epiblast], and Gast [gastrulating
cells]) (Table S1) (Nakamura et al., 2016).

Unsupervised hierarchical clustering (UHC) revealed a tight
clustering of cyPGC candidates isolated from early embryos
(E13, E16, E17, and E20), which were in turn clustered closely
with male cyPGCs at E36 and then with late male and female
cyPGCs (Figure 5A), demonstrating their identity as early
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cyPGCs. Principal component analysis (PCA) showed that the
identity of cyPGCs, including those at E13, the earliest cyPGCs
that we isolated for the RNA-sequencing (RNA-seq) analysis,
was distinct from that of other cell types in the epiblast lineage,
including the epiblast and gastrulating cells at E13 (postE-EPI
and Gast) (Figure 5B) (Nakamura et al., 2016). These findings
are in accord with our observation that cyPGC specification oc-
curs in the amnion as early as E11. We did not detect significant
gene expression differences between male and female cyPGCs
that we analyzed, in part due to the relatively small numbers of
single-cell cDNAs we generated from similar developmental
stages (data not shown).

We defined the 544 and 506 genes with significantly positive
and negative scores for PC2 loading (SD >2) as cyPGC genes
and non-cyPGC genes, respectively (Table S2). The cyPGC
genes included genes potentially vital for cyPGCs, such as
SOX17, TFAP2C, PRDM1, KIT, NANOS3, and TFAP2L1, and
genes indicative of EMTs, such as VIM, MMP2, and CDH2,
and were enriched with those bearing gene ontology (GO) func-
tional terms for a number of unique developmental/signaling/
metabolic pathways; whereas the non-cyPGC genes included
genes such as DNMT3A/3B, UHRF1, EHMT2, ZFP57, SOX2,
CDH1, and GJAT, and were enriched for GO terms character-
istic of pre- and post-EPI, such as “mitochondrion” and “neuron
development/neuron projection development,” respectively
(Figure 5B) (Nakamura et al., 2016).

Reflecting the repression of DNMT3A/3B/UHRF1 and EHMT2
in cyPGCs (Figures 5B and S6E), cyPGCs exhibited a reduction
in global levels of 5-methylcytosine (5mC) and histone H3 lysine
9 dimethylation (H3K9me2) from as early as around E20 and ap-
peared to exhibit unique epigenetic profiles (Figure S7), and all
these changes are consistent with the epigenetic reprogram-
ming in mice and humans (Gkountela et al., 2015; Guo et al.,
2015; Kurimoto et al., 2015; Seki et al., 2005; Tang et al,,
2015). Thus, cyPGCs acquire unique transcriptional properties
upon their specification and development, which would be a
basis for epigenetic reprogramming in cyPGCs.

cyPGCs Compared with hPGCLCs

hPGCLCs are induced from human PSCs, including embryonic
stem cells and induced pluripotent stem cells (iPSCs), in vitro,
and thus the identity of hPGCLCs should require further evalua-
tion (Irie et al., 2015; Sasaki et al., 2015). We therefore compared
the transcriptional properties of hPGCLCs (Sasaki et al.,
2015) with those of cyPGCs of all developmental stages. The
expression of key genes for germ cell development (SOX177,
PRDM1, TFAP2C, NANOS3, DPPA3, KIT, TCL1A, DDX4,
DAZL, KRBOX1, RNF17), pluripotency (POU5F1, NANOG,
SOX2, TFCP2L1, PRDM14, KLF4), mesoderm/endoderm devel-
opment (T, MIXL1, SP5, GATA4), EMT (CDH1, CDH2, VIM), and
surface markers (EPCAM, ITGA6, PDPN, CD38, ALPL [also
known as TNAP]) in hPGCLCs was highly consistent with that
in cyPGCs, particularly early cyPGCs (Figures 6A and 6B). That
is, hPGCLCs and early cyPGCs exhibited no/low expression
of DDX4, DAZL, DPPA3, KRBOX1, and RNF17, whereas late
cyPGCs expressed high levels of these genes, and hPGCLCs
and some early cyPGCs expressed CDH1 at relatively high
levels, whereas late cyPGCs repressed CDH17. Note that, unlike
hPGCLCs/hPGCs, cyPGCs did not show CD38 (Figure 6B) (Irie
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HPGD

negative regulation of transcription

PPARA, TFCP2L1, TAF9B, ZEB1, ELK3, TBPL2,
SOX15, NR2F2, NKRF, ARID5B, KLF10, KLF11,
ZHX1, FOXA1, SMAD3, NRIP1, HDACS, CTNNBIP1,
HHEX, ID2, NEDD4, PHF21A, PRDM1, LCOR,
TBL1X, SCMH1, SMARCA2

negative regulation of biosynthetic process
PPARA, PDGFB, TFCP2L1, TAF9B, ZEB1, ELK3,
TBPL2, SOX15, NR2F2, NKRF, PRKCA, ARID5B,
KLF10, FOXA1, KLF11, ZHX1, CD276, SMAD3,
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NEDD4, PHF21A, PRDM1, SCMH1, LCOR,
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tube development

BAGALT1, WNT5A, LIPA, EPAS1, PDPN, FOXAL,

GREM1, KDR, ATP7A, WNT2, T, HHEX, CXCR4,

GATA4, FOXC1, IFT88, NFIB

Figure 5. The Transcriptome of cyPGCs

(A) UHC with all expressed genes (logo[RPM + 1] > 4 in at least one sample among 266 cells, 18,164 genes) and a heatmap of the levels of selected marker genes.
Color bars under the dendrogram indicate cell types (top) and embryonic days (bottom), respectively. ICM, inner cell mass; pre-EPI, pre-implantation epiblast;
postE-EPI, post-implantation early EPI; postL-EPI, post-implantation late EPI; Gast, gastrulating cells; ePGC, early PGC; IPGC, late PGC. The color coding is as
indicated.

(B) PCA of all cells by all expressed genes as in (A). The cells (color coded as in A: upper, cell types; bottom, embryonic days) are plotted in a two-dimensional
space defined by PC1 and 2.

(C) Heatmap of the expression of genes defined as highly contributing to the PC2 axis (cyPGC genes [left]: PC2 < —2SD; non-cyPGC genes [right]: PC2 > 2SD).
The genes and cells were ordered by UHC. Color bars under the dendrogram indicate cell types (color coded as in A). Representative genes and key GO
enrichments for each cluster are shown.

See also Figures S6 and S7.

et al., 2015; Sasaki et al., 2015), which would reflect a species-  (Figure 4), targets of BMP4 signaling such as ID1, ID2, MSX2,
specific difference between humans and cynomolgus monkeys. and SMAD?7, whereas the late cyPGC genes (n = 76) included
We also noted that PDPN serves as a robust surface marker for  DDX4, DAZL, RNF1, DPEP2, and SPATA22, and were enriched
cyPGCs and hPGCLCs (Figures 6C and 6D). with GO terms for “gamete generation/sexual reproduction.”

We identified differentially expressed genes (DEGs) between  Both UHCs using the early and late cyPGC genes clustered
early and late cyPGCs (early PGC [the right cluster of ePGC in  hPGCLCs closely with early cyPGCs (note that one early cyPGC
the dendrogram of Figure 5A] versus late PGC [the IPGC cluster]) was intermingled with hPGCLCs in the UHC using the early
(Figure 6E and Table S3). The early cyPGC genes (n=48)included  cyPGC genes) (Figure 6F). Thus, hPGCLCs in vitro bear a prop-
genes such as T, GDF3, and, consistent with the ISH analyses erty similar to that of early cyPGCs just after their specification.
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DISCUSSION

We have provided evidence for the notion that cyPGCs originate
from the amnion (Figure 7): (1) the SOX17/TFAP2C/BLIMP1*
cells are identified in the dorsal amnion as early as E11 prior to
the onset of gastrulation (Figure 2); (2) such cells are positive
for OCT4/NANOG/T and negative for SOX2/EOMES, a property
consistent with hPGCLCs in vitro (Figures 3 and S5); (3) the
amnion itself expresses BMP4 and WNT3A (WNT3A is also ex-
pressed robustly in the cytotrophoblast), cytokines potentially
critical for PGC specification, and the amnion responds primarily
to them (Figure 4); and (4) cyPGCs as early as E13 show a tran-
scriptome highly distinct from that of the epiblast (Figure 5). The
cells consistent with the properties for cyPGCs continue to
be detected at the posterior amnion at least by E17, and the
posterior amnion continues to be a source for BMP4 as well (Fig-
ures 2, 4, and S5).

On the other hand, we cannot totally exclude the possibility
that the posterior epiblast cells are recruited toward the amnion
or between the epiblast and VE to differentiate into cyPGCs,
particularly after E12/E13. This possibility is not necessarily
mutually exclusive to the notion that cyPGCs originate primarily
from the amnion, and some cyPGCs also arise from the epiblast.
However, we did not detect SOX17* or TFAP2C™* cells, or OCT4/
NANOG/T* and SOX2/EOMES™ cells, a potential precursor state
of cyPGCs, within the posterior epiblast (Figures 2, 3, and S5).
We also did not obtain evidence for cyPGC delamination from
the epiblast (Figures 2, 3, and S5). These observations, together
with the four lines of evidence that we describe above, have led
us to consider this alternative possibility less plausible. There-
fore, although the definitive conclusion awaits lineage tracing
or real-time imaging, we propose that the amnion is the origin
of the cy germ cell lineage. Considering the similarity in
morphology/cell-fate allocations between cynomolgus monkey
and human embryos, it is most likely that hPGCs also arise in
the amnion.

Our finding is unexpected, since, based on the studies in mice,
it has generally been assumed that the germ cell fate in mammals
is specified in the epiblast along with gastrulation (Saitou and
Yamaji, 2012). In mice, after implantation the epiblast continues
to be in direct contact with the extra-embryonic ectoderm for a
relatively longer period, and Blimp1* PGC precursors emerge
in the most proximal posterior epiblast (Ohinata et al., 2005):

thereafter, the amnion is specified along with gastrulation. In
contrast, in primates the amnion is the first cell type that is segre-
gated from the epiblast upon implantation, and the amnion
directly contacts the cytotrophoblast until the extra-embryonic
mesenchyme, which presumably arises from the VE (Enders
and King, 1988; Luckett, 1978; Nakamura et al., 2016), inter-
venes between the amnion and the cytotrophoblast: SOX17/
TFAP2C/BLIMP1* cyPGCs are first specified in the dorsal
amnion, which is in direct contact with/in close proximity to the
cytotrophoblast. Thus, the difference in the origin of PGCs
between primates and mice (Figure 7) would be a reflection of
the different strategies for cell-fate allocations and embryonic
patterning between these species.

With regard to the mechanism of PGC specification, it is
essential to take into consideration the inductive signals, their
sources, and the competence of the cells responding to the sig-
nals (Saitou and Yamaji, 2012). Regarding the signals, in mice
BMP4 from the extra-embryonic ectoderm and WNT3 from the
proximal posterior epiblast are essential for conferring the
germ cell fate onto the most proximal posterior epiblast (Figure 7)
(Lawson et al., 1999; Ohinata et al., 2009). In cynomolgus mon-
keys, the present study, as well as studies on in vitro models in
humans (Irie et al., 2015; Sasaki et al., 2015), suggests that
BMP4 from the amnion and WNT3A both from the cytotropho-
blast and the amnion would be critical for PGC specification.
BMP4/2 from the extra-embryonic mesenchyme might also
play a role. Thus, the key signals are likely to be very similar/ho-
mologous, but their sources and possibly their orders of action
have diverged between mice and primates due to their structural
divergence. The mechanism that specifically activates BMP4 in
the amnion warrants further investigation.

With regard to germ cell competence, in mice essentially all
pre-gastrulating epiblast cells from E5.5 to E6.25 continue to
bear such competence when provided with key signals (Ohinata
etal., 2009). In cynomolgus monkeys, all the epiblast and amnion
cells at PreG1 at E11, which are still morphologically relatively
homogeneous and express OCT4/NANOG/SOX2 (Figures S3
and S5), most likely bear the competence for the germ cell
fate, with the source of the inductive signals dictating the origin
of PGCs: the dorsal amnion at E11 and the posterior amnion at
least until E17. Accordingly, as part of the impact of inductive
signals, the amnion represses SOX2 and acquires a distinct
morphology prior to—and upregulates T coincident with—the

Figure 6. Early cyPGCs Are Similar to hPGCLCs

(A and B) Scatterplot comparison of the expressions of SOX17 and PRDM1 (A) or the indicated key genes (B) with that of TFAP2C in key cell types in cy embryos
(left) and cells during hPGCLC induction (Sasaki et al., 2015) (right). iPSCs, induced pluripotent stem cells; iMeLC, incipient mesoderm-like cells; d, day; PGCLCs,
PGC-like cells. The color coding is as indicated.

(C) IF images of the paraffin sections of cy embryos at E16 for TFAP2C (green), SOX17 (cyan), and PDPN (red) with a merge with DAPI (white). The magnified
images are shown at the bottom. Scale bars, 20 um.

(D) (Left) PDPN expression of day-4 aggregates induced from BLIMP1-2A-tdTomato and TFAP2C-2A-EGFP (BTAG) hiPSCs through iMeLCs (Sasaki et al., 2015),
as assessed by FACS. (Right) BTAG expression in the three populations on the left gated according to the PDPN expression.

(E) Scatterplot comparison of the averaged gene expression levels between ePGCs (14 cells: the cells in the ePGC cluster of the dendrogram in Figure 5A without
the IPGCm_d36 cluster) and IPGCs (22 cells: the cells in the IPGC cluster of the dendrogram in Figure 5A). Yellow, genes higher in ePGC; pink, genes higher in
IPGC (more than 4-fold difference [flanking diagonal lines], mean logo,[RPM + 1] > 4, FDR < 0.01). Key genes are annotated and the numbers of DEGs are
indicated.

(F) Heatmap of the expression of DEGs defined in (E) in cyPGCs and hPGCLCs. The genes in common between humans and cynomolgus monkeys were used
(high in ePGC: 44/48 genes [left]; high in IPGC: 70/76 genes [right]). The genes and samples were ordered by UHC. Color bars under the dendrogram indicate cell

types.
See also Figures S6 and S7.
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Figure 7. A Model for cyPGC Specification

(A) Schematic representation of a model for cyPGC specification at E11
(middle) and from E12 to E17 (right) in comparison with a model for mPGC
specification at E6.25 (left). (Left) At E6.25, the proximal EPI receives BMP4
secreted from EXE and WNT3 from VE and EPI itself, which, together with
inhibitory signals CER1 and DKK1 secreted from the anterior VE (AVE),
specifies the PGCs at the most proximal posterior EPI. (Middle) AtE11/G1, AM
receives BMP4 secreted either from the AM itself or EXMC (also BMP2 from
EXMC) and WNT3A secreted either from the trophectoderm or AM itself to be
specified as cyPGCs (yellow). CER1 (BMP4 inhibitor) and DKK1 (WNT inhibitor)
secreted from VE inhibit EPI to be specified as cyPGCs. (Right) From
E12 to E17/G3, the posterior AM continues to receive BMP4 expressed by
AM itself to be specified as cyPGCs. EXE, extra-embryonic ectoderm; AVE,
anterior visceral endoderm; CT, cytotrophoblast; AM, amnion; EPI, epiblast;
VE, visceral endoderm; PE, parietal endoderm; EXMC, extra-embryonic
mesenchyme.

(B) TF expression during cyPGC specification.

upregulation of SOX17/TFAP2C/BLIMP1 (Figure 3). The upregu-
lation of T, a key “mesodermal” factor, most likely in response to
WNT3A signaling (Aramaki et al., 2013), prior to the onset of
gastrulation suggests a unique morphogenetic event associated
with the amnion development and cyPGC specification. Whether
the epiblast cells bear the germ cell competence until a relatively
late stage, e.g., E17, when provided with key signals is a critical
question that warrants investigation.

We have recently shown that cy and hPSCs bear gene expres-
sion properties similar to those of post-implantation late epiblast
(postL-EPI: E16, E17) and, to a lesser extent, post-implantation
early epiblast (postE-EPI: E13, E14) cells (Nakamura et al.,
2016). While we have shown here that cyPGCs are specified in
the dorsal amnion as early as E11, cyPGC specification ap-
peared to continue at least until E17 at the posterior amnion (Fig-
ures 2 and S5). As discussed earlier, the early dorsal amnion at
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E11 and posterior amnion until E17 were positive for OCT4 and
NANOG (Figure S5), and as precursors for cyPGCs may continue
to exhibit similar properties, which in turn may be similar to a
state that the competent epiblast would acquire when exposed
to signals such as the BMP4 and WNT signals. This might explain
the competence of hPSCs for induction into the germ cell fate
through a state similar to that in the incipient mesoderm (Irie
et al., 2015; Sasaki et al., 2015). Additional comparisons be-
tween cyPGC and hPGC(LC) specification, including the sin-
gle-cell RNA-seq analyses of the amnion at E11 and E12,
although technically challenging, would be warranted. More pre-
cise dissection of the roles played by signaling molecules during
hPGCLC induction would also be critical. Such studies as well
as genetic studies exploring the roles of key TFs will reveal a
more precise hierarchy of events leading to PGC specification
in primates.

In conclusion, our study has clarified the origin and compre-
hensive development of PGCs in cynomolgus monkeys. Given
the diversity inherent in the early development of mammals
(Rossant, 2015), the mechanisms of PGC specification in extant
mammals may also involve divergence, and warrant further
investigation.

EXPERIMENTAL PROCEDURES

All of the animal experiments were performed under the ethical guidelines of
Kyoto University and Shiga University of Medical Science. The procedures
for staging of the embryo based on the localization of PGCs, IF analysis for
5mC on frozen sections and whole-mount IF analysis, ISH, transmission elec-
tron microscopy, FACS analysis of hPGCLCs, and determination of the sex of
embryos are available in Supplemental Experimental Procedures.

Animals and Isolation of Post-implantation cy Embryos

Procedures using cynomolgus monkeys were approved by the Animal Care
and Use Committee of the Shiga University of Medical Science. The series
of reproductive technologies using cynomolgus monkeys, including oocyte
collection, intra-cytoplasmic sperm injection, pre-implantation embryo cul-
ture, and transfer of pre-implantation embryos into foster mothers, were re-
ported previously (Nakamura et al., 2016; Sasaki et al., 2015; Yamasaki
et al., 2011). For the isolation of early post-implantation embryos, we trans-
ferred up to five embryos per foster mother.

Implanted embryos were scanned by transabdominal ultrasound monitoring
and recovered either by cesarean section (later than E36 [embryos: n =8]) or hys-
terectomy (E11-E28 [embryos: n = 50]), both under full anesthesia. The foster
mothers were maintained after surgery. Genital ridges from embryos later
than E36 were recovered as described previously (Sasaki et al., 2015). Embryos
between E11 and E28 were recovered from the uterus according to the methods
described previously (Nakamura et al., 2016; Yamasaki et al., 2011). In brief, the
endometrium was exposed by dissection of the serosa and myometrium at
the left lateral side of the explanted uterus, followed by careful dissection of
the exposed endometrium along a cervix-to-fundus direction to approach the
endometrial surfaces. Implantation sites, where trophoblastic reactions with
ring-like congestion surrounding the central lucent region were typically present,
were searched under dissection microscopy and photographed. The portion of
the endometrium containing the embryo was blocked out and, whenever
possible, chorionic membranes were removed for the correct orientation of
the embryos for further analyses. We included the samples obtained by previous
studies (Nakamura et al., 2016; Sasaki et al., 2015) for analysis.

Immunofluorescence Analysis on Paraffin Sections

For the IF analyses of embryos or embryonic gonads, the samples were fixed
in 10% neutral formalin (Nakalai Tesque) overnight at room temperature. The
samples were then embedded in paraffin, while maintaining the anterior-pos-
terior (AP) orientation whenever possible. The samples were serially sectioned
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at a thickness of 4 um on a microtome and mounted on glass slides (Platinum
Pro, Matsunami). The AP orientation was difficult to establish on many of the
embryos at E11 and E12 under a dissection microscope due to their small
size and/or the absence of an AP axis.

The paraffin sections were then de-paraffinized by xylene followed by rehy-
dration. Slides were pretreated with HistVT One (Nakalai Tesque) for 35 min at
90°C, then for 15 min at room temperature for antigen retrieval. After washing
three times with PBS, the slides were treated with blocking solution (5%
normal donkey or goat serum, 0.2% Tween 20, 1x PBS) for 1 hr at room tem-
perature before incubating with primary antibodies in blocking solution over-
night at 4°C. The slides were then washed six times with PBS followed by
incubation with secondary antibodies in blocking solution and 1 pg/mL DAPI
for 50 min. Finally, the slides were washed six times with PBS before being
mounted in Vectashield mounting medium (Vector Laboratories) for confocal
laser scanning microscope analysis (Olympus FV1000 or Zeiss LSM 780).

The antibodies used in this study are listed in Supplemental Experimental
Procedures.

Single-Cell cDNA Preparation and Transcriptome Analysis by
Single-Cell mRNA 3'-End Sequencing
Single-cell cDNAs were prepared from early post-implantation cy embryos
essentially as described previously (Kurimoto et al., 2006; Nakamura et al.,
2015, 2016). For isolation of a relatively small population of cyPGCs, whole em-
bryonic fragments containing epiblast (EPI), amnion, or secondary yolk sac
(E13, one embryo; E14, two embryos; E16, one embryo; E17, one embryo),
the posterior one-third (E16, one embryo), or fragments around the body stalk
(E17, one embryo; E20, one embryo) were dissected out, and the tissue
clumps were dissociated into single cells by incubating with 0.25% trypsin/
PBS (T4799; Sigma-Aldrich) for around 10 min at 37°C followed by repeated
pipetting. For the isolation of gonadal cyPGCs, genital ridges of E36, E47,
E50, and E55 male embryos and E43, E50, and E51 female embryos (Sasaki
etal., 2015) were dissected out and were dissociated into single cells by incu-
bation with 0.25% trypsin/PBS for around 10 min at 37°C followed by repeated
pipetting. The resulting single cells were dispersed in 0.1 mg/mL polyvinyl
alcohol/PBS (P8136; Sigma-Aldrich) and were processed for the SC3-seq
analysis.

The primers used in this study are listed in Supplemental Experimental
Procedures.

Mapping Reads of SC3-Seq and Data Analysis

The genome sequence (GRCh37/hg19 for humans and MacFas5.0 for cyno-
molgus monkeys [M. fascicularis]) and the transcript annotation (ref_GRCh37
for humans and ref_MacFas5.0 for cynomolgus monkeys) were obtained
from the NCBI ftp site at ftp://ftp-trace.ncbi.nim.nih.gov/genomes/Macaca_
fascicularis. The SC3-seq reads only the very 3’ end of transcripts, so that
the expression levels were calculated as genes (Entrez genes) but not mRNAs.
Read trimming, mapping, and estimation of expression levels were performed
as described previously (Nakamura et al., 2016; Sasaki et al., 2015).

Data analysis was performed using R software version 3.1.1 with the gplots
(ver. 2.16.0), gvalue (ver. 1.40.0), and genefilter (ver. 1.48.1) packages, and
EXCEL (Microsoft), as described previously (Nakamura et al., 2016). All ana-
lyses of expression data were performed using log>(RPM + 1) values, where
RPM is reads per million. We defined “all expressed genes” as genes whose
log>(RPM + 1) values were >4 (>approximately 20 copies/cell) in at least one
sample. UHC was performed using the hclust function with Euclidian distances
and Ward distance functions (ward.D2). PCA was performed using the prcomp
function without scaling. For identification of DEGs among multi-groups, the
kruskal.test function for the Kruskal-Wallis test and the qvalue function were
used to calculate the p value and false discovery rate (FDR), respectively.
The DEGs were defined as the genes exhibiting more than 4-fold changes be-
tween the samples (FDR < 0.01), and the mean of the expression level of the
group was >logo(RPM + 1) = 4. For the GO analysis using the DAVID web
tool (Huang da et al., 2009), since the annotation of M. fascicularis genes
was relatively incomplete, human annotation corresponding to that of
cynomolgus monkeys was used. For this purpose, a one-to-one correspon-
dence table of genes was made by genomic coordinate comparison using
the LiftOver tool, as described previously (Nakamura et al., 2016; Sasaki
et al.,, 2015).

ACCESSION NUMBERS

Accession numbers for the data generated in this study and for the published
data used in this study are as follows: SC3-seq data (GEO: GSE76267), data
for cells in the cyEPI lineage (GEO: GSE74767) (Nakamura et al., 2016), and
the RNA-seq data of hPGCLCs (GEO: GSE67259) (Sasaki et al., 2015).
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seven figures, and three tables and can be found with this article online at
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