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Discrete somatic niches coordinate proliferation and
migration of primordial germ cells via Wnt signaling

Andrea V. Cantd, Svetlana Altshuler-Keylin, and Diana J. Laird

Department of Obstetrics, Gynecology and Reproductive Sciences, Center for Reproductive Sciences, Eli and Edythe Broad Center of Regeneration Medicine and Stem
Cell Research, University of California, San Francisco, San Francisco, CA 94043

Inheritance depends on the expansion of a small number of primordial germ cells (PGCs) in the early embryo. Prolifer-
ation of mammalian PGCs is concurrent with their movement through changing microenvironments; however, mecha-
nisms coordinating these conflicting processes remain unclear. Here, we find that PGC proliferation varies by location
rather than embryonic age. Ror2 and Whnt5a mutants with mislocalized PGCs corroborate the microenvironmental
regulation of the cell cycle, except in the hindgut, where Wht5a is highly expressed. Molecular and genetic evidence
suggests that Wnt5a acts via Ror2 to suppress f-catenin-dependent Wht signaling in PGCs and limit their proliferation
in specific locations, which we validate by overactivating p-catenin in PGCs. Our results suggest that the balance be-
tween expansion and movement of migratory PGCs is fine-tuned in different niches by the opposing p-catenin-
dependent and Ror2-mediated pathways through Wnt5a. This could serve as a selective mechanism to favor early and

efficient migrators with clonal dominance in the ensuing germ cell pool while penalizing stragglers.

Introduction

A central question in development is the extent to which cellu-
lar decisions are controlled by intrinsic or extrinsic cues. Pri-
mordial germ cells (PGCs), the precursors of eggs and sperm,
are among the first embryonic lineages established (Laird et
al., 2008). The subsequent migration of this small population
through the early embryo to the nascent gonads is highly con-
served among organisms (Nieuwkoop and Satasurya, 1979,
1981). Drosophila melanogaster and zebrafish have provided
powerful models for identifying genes and pathways involved
in PGC migration (Kunwar et al., 2006), although much less is
known in mammals. After specification, mouse PGCs at embry-
onic day 7.5 (E7.5) migrate from the base of the allantois into
the hindgut endoderm. They travel within the expanding hindgut
epithelium and into the dorsal mesentery before colonizing the
gonadal ridges by E11.5, after which sex-specific differentiation
proceeds (Chiquoine, 1954; McLaren, 2003). This migration is
asynchronous; those first to exit the hindgut are speculated to
be “pioneer” germ cells that arrive first in the gonads and guide
additional PGCs to their location (Gomperts et al., 1994).
Distinct from other models, mammalian PGC migration is
concurrent with proliferation (Richardson and Lehmann, 2010),
raising the question of how cells divide while moving. In mice,
the number of PGCs expands from ~45 at E7.5 to ~200 at E9.5
(McLaren, 2003; Seki et al., 2007) and ~2,500 at E11.5 (Laird
et al., 2011) and peaks to ~25,000 at E13.5 (Tam and Snow,
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1981). Precise control of the cell cycle is suggested by differ-
ential rates of PGC proliferation during their migration (Seki
et al., 2007); however, the underlying mechanisms remain un-
clear. Understanding this dynamic management of proliferation
in PGCs could yield insights into the origin of germ cell tumors
as well as evolutionary mechanisms that shape the gamete pool.

Several Wnt ligands have been implicated in PGC de-
velopment: Wnt3 and Wnt3a in specification (Ohinata et al.,
2009; Bialecka et al., 2012; Aramaki et al., 2013; Tanaka et
al., 2013); Wnt5a and its receptor, Ror2, in migration (Laird
et al., 2011; Chawengsaksophak et al., 2012); and Wnt4 in fe-
male sex differentiation (Vainio et al., 1999; Chassot et al.,
2012). Both establishment and sex differentiation of PGCs
use the f-catenin—dependent, canonical arm of the Wnt path-
way (Chassot et al., 2008, 2011; Aramaki et al., 2013), but
its function in migratory PGCs is unknown. This well-studied
pathway regulates cell fate decisions and proliferation, and re-
cent work suggests that the context of receptors and ligands
determines the predominant downstream signaling pathway
in an individual cell (van Amerongen and Nusse, 2009; van
Amerongen et al., 2012). In this way, Wnts can be broadly
used throughout development to simultaneously regulate
many cell types and processes.

Here, we find that proliferation of PGCs during develop-
ment varies according to successive embryonic location rather
than by cell-intrinsic mechanisms. We show that distinct niches
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along the migratory route modulate the cell cycle in PGCs
and perturbation of the noncanonical Wnt5a—Ror2 pathway
disrupts germ cell proliferation specifically in the hindgut.
We identify Wnt5a as a key regulator of PGC proliferation
through its ability to dampen canonical, f-catenin—medi-
ated Wnt activity and observe that the in vivo Wnt response
in PGCs correlates with their rate of division. Thus, we find
a novel mechanism of niche-specific regulation of the cell
cycle via the balance of antagonistic Wnt signaling pathways
during germ cell development.

Examination of PGCs through development previously iden-
tified a progressive increase in total number spanning the pe-
riod from specification through sex differentiation (Tam and
Snow, 1981; Seki et al., 2007). Subsequent analysis found
that the rate of proliferation varied by embryonic age, with
a slowing of the cell cycle around E9.0 (Seki et al., 2007).
Using EdU incorporation to quantify cell proliferation (Fig.
S1 A), we observed a similar relationship between the PGC
cell cycle and embryonic age on a mixed genetic back-
ground (Fig. 1 A). However, because germ cell migration
is largely individual and asynchronous, we noted that PGC

% EdU in WT by location, E9.5-E11.5
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Figure 1. Proliferation increases as PGCs move along
i their migratory route. (A) The frequency of EdU incorpo-
ration in WT PGCs increases by age during the period of
migration. n = 708-1,966 cells from 18 embryos; ***,
P < 0.0001 by %2 and Fisher's exact test, 2 = 103.03,
correlation coefficient = 0.998. (B) Distribution of PGCs
by progressive location along the migratory route from
the hindgut to three locations within the mesentery (mes.)
to the gonad in combined ages E9.25 to E11.5. (C) The
frequency of EdU incorporation in WT PGCs increases
by location during migration. Anatomical cartoons show
migratory PGCs as black dots. n = 197-1,817 cells from
18 embryos; T, P = 0.06 by Fisher's exact test; ***, P
< 0.001 by x2 and Fisher's exact test; y2 = 116.19, cor-
relation coefficient = 0.991. NS, not significant.(D) The
frequency of EdU incorporation in WT PGCs cultured ex
vivo is unaffected by age. n = 537-1,305 cells from four
to eight experimental replicates; *, P = 0.04; t, P = 0.05
by Student’s t test. (E) Survival of WT PGCs decreases by
age when cultured ex vivo. n = 1189-2986 cells from
6 to 13 experimental replicates; ***, P < 0.001 by Stu-
dent's t test; error bars in A, C, D, and E indicate stan-
dard error of the mean.
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locations were heterogeneous within a given embryonic age
(Fig. 1 B). When indexed by location rather than age, the
frequency of EdU* PGCs increased in each successive mi-
gratory compartment, from hindgut epithelium to gonadal
ridge mesenchyme (P < 0.001 by y?, correlation coefficient
=0.991; Fig. 1 C). Importantly, this escalating rate of prolif-
eration was observed within individual embryonic ages, par-
ticularly E9.5 and E10.5, where germ cell location is most
diverse (Fig. S1, B-D). Additionally, the rate of proliferation
remained largely constant in each location, irrespective of
age. This trend held in C57BL6/CD1 embryos despite differ-
ing absolute levels of PGC proliferation (Fig. S1 E).

To assess the cell cycle of PGCs under controlled con-
ditions, we turned to our previously established ex vivo cul-
ture, in which PGCs can be maintained free of feeder cells
or serum for ~24 h using defined medium and synthetic sub-
strates (Laird et al., 2011). PGCs isolated at E9.5, E10.5, and
E11.5 using the Oct4-APE-GFP reporter (Anderson et al.,
1999) were cultured in identical conditions. EAU analysis of
these ex vivo cultures confirmed that PGC proliferation did
not depend on age (Fig. 1 D). PGCs at E9.5 and E10.5 had
identical rates of EdU incorporation, whereas the slight de-
crease in E11.5 PGCs is likely caused by the reduced cell sur-
vival in our culture conditions (Fig. 1 E). Thus, a correlation
between the cell cycle rate and embryonic compartment in
vivo suggests that location rather than intrinsic timing deter-
mines PGC proliferation.
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Figure 2. Removal of Wnt5a or Ror2 disrupts
PGC proliferation in distinct locations. (A) The
frequency of EdU incorporation is elevated in
Ror2Y324C PGCs in the hindgut compared with
WT or Ror2Y324¢/+ controls. EdU was given
4 h before dissection. n = 97-1,056 cells
from nine WT/het embryos and ten mutant
embryos; *, P = 0.04 by Fisher's exact test.
(B) Mean number of PGCs counted in histo-
logical sections at different ages. P values by
Student's ttest for section counts. Estimates for
total numbers of WT/het and Ror2Y324¢ PGCs
per embryo were calculated using the multi-
plier of 100x for E9.5, 125x for E10.5, and
150x for E11.5 based on reported cell counts
(Tam and Snow, 1981; Laird et al., 2011).
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Our hypothesis that proliferation of PGCs is environmentally
regulated predicts that disrupting their localization should affect
proliferation by age, but not location. Genetic mutants of the
noncanonical Wnt receptor Ror2 exhibit decreased efficiency of
PGC colonization of the gonads (Laird et al., 2011). Although
stragglers die in Ror2¥32#C/V324C (Ror2¥324C) embryos, the resto-
ration of normal germ cell number on a Bax~~ background in-
dicates that migration is the primary defect (Laird et al., 2011).
Ror2 is broadly expressed in tissues critical for germ cell devel-
opment, including somatic cells of the hindgut epithelium and
surrounding dorsal mesentery (Yamada et al., 2010), as well as
on migratory and postmigratory PGCs (Laird et al., 2011; Arora
etal., 2014). As predicted, despite mislocalization of many Ro-
r2¥324C germ cells from E9.5-11.5 (Fig. S2 A), the frequency
of EdU incorporation was similar between wild-type (WT) and
Ror2¥324¢ PGCs in the mesenchyme near the hindgut and subse-
quent mesentery and gonadal locations (Fig. 2 A). However, in
the Ror2324C hindgut, PGCs did not cycle according to their lo-
cation but instead showed an aberrant increase in EAU incorpo-
ration; concurrently, elevated numbers of PGCs per histological

section at E9.5 (Fig. 2 B) were indicative of an expansion in the
overall number of PGCs at this age. EdU incorporation showed
an increase in the hindgut of Ror2"?#¢ mutants compared with
WT at E9.5 (Fig. 2 C), but not at other locations or ages (Fig.
S2, B and C), and the distribution of EdU-labeled PGCs at E9.5
was skewed toward the hindgut in Ror2¥324C rather than the mes-
entery as in WT (Fig. 2 D). These data suggest that Ror2 signal-
ing restricts PGC proliferation exclusively within the hindgut.
Wnt5a is the primary ligand for Ror2 (Hikasa et al., 2002;
Oishi et al., 2003), and its expression along the PGC migratory
route in the hindgut (Fig. S2 E), mesentery, and gonadal ridges
(Laird et al., 2011; Fig. S3 E) coincides with expression of the
Ror2 receptor by PGCs (Laird et al., 2011). Wnt5a~~ embryos
exhibit defects in the organization of the hindgut epithelium and
reduced axial elongation (Yamaguchi et al., 1999; Cervantes et
al., 2009). PGCs in these mutants migrate inefficiently (Fig. S2
D) and are diminished after E10.5 through an uptick in apop-
tosis (Laird et al., 2011; Chawengsaksophak et al., 2012). Our
analysis of Wnt5a~~ embryos found a similar, but less severe,
phenotype than in Ror2¥324C; altered distribution of PGCs was
associated with increased proliferation in the hindgut at E9.5
(Fig. 2 E,G), whereas no differences at other locations or

Wnt signaling in PGC proliferation and migration
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Figure 3. Ror2'324¢ downstream targets overlap with cell cycle-associated genes. (A) Schematic of experimental design. Single embryos were collected at
E9.5, and Oct4-APE-GFP+ PGCs were isolated by FACS. RNA was extracted from WT (Ror2+/#) and Ror2¥324¢ PGCs, converted to cDNA, amplified, and
hybridized to the GeneChip Mouse Gene 1.0 ST Array (Affymetrix). Age and number of PGCs collected per embryo are shown in the table. (B) Micro-
array data from Ror2¥324¢ PGCs compared with WT shown as log fold change versus log p-values for all annotated microarray probes (dChip). Each dot
represents a single probe. Purple dots show genes with a P < 0.05 and a fold change >1.2 (not log scale). Green dots show significant genes that overlap
with g-catenin ChIP in mouse intestinal crypts (Schuijers et al., 2015). (C) Functional analysis of >1.2-fold microarray hits by Ingenuity Pathway Analysis
find cell cycle-associated genes to be significantly misregulated. Number of genes associated with each Gene Ontology category is shown on the right.
Exemplary genes of interest for cell cycle and cell growth and proliferation categories are listed. (D) GSEA comparison of the Ror2¥324¢ microarray data
with a curated list of cell cycle genes from the QIAGEN Cell Cycle PCR Array suggests an enrichment for Ror2Y324C.associated genes. P-value, enrichment
score (ES), and normalized enrichment score (NES) are specified. Heatmap shows normalized microarray intensity values for the 15 most and 15 least
enriched cell cycle-associated genes in Ror27324C PGCs as identified by the GSEA. For each gene, dark blue color indicates the lowest probe intensity value
(zeroth percentile), dark red indicates the highest probe intensity value (100th percentile), and white indicates the middle 50th percentile of intensity values.

embryonic ages were found (Fig. S2, F and G). This observed

uptick in proliferation in the E9.5 hindgut most likely leads

to an increased number of PGCs per histological section in

Wnt5a~~ mutants at E9.5-10.5 (Fig. 2 F), corresponding to an To identify the molecular mechanism connecting Wnt5a—Ror2
overall increase in the PGC population at these ages. Strikingly, signaling to the cell cycle in this lineage, we interrogated tran-
by E11.5, the number of PGCs per section was significantly de- scriptional changes in Ror2¥32#¢ PGCs from embryos at E9.5,
creased in both Wnt5a and Ror2 mutants, consistent with the when half or more are retained in the hindgut or nearby mes-
previously described loss through mismigration and subsequent entery (Fig. 3 A). Microarray analysis of PGCs from single
apoptosis. Although our observations of Wnt5a=~ confirmed embryos showed significant misregulation of genes associated
the migratory phenotype of PGCs and ultimate reduction in with the cell cycle and proliferation in the mutants (Fig. 3, B
their overall numbers (Laird et al., 2011; Chawengsaksophak and C; Ingenuity Pathway Analysis). Gene set enrichment anal-
et al., 2012), the altered distribution of proliferating Wnt5a~~ ysis (GSEA; Mootha et al., 2003; Subramanian et al., 2005) of
PGCs in the hindgut and ectopic locations (Fig. 2 H) suggests this expression dataset with a curated list of cell cycle genes
that WNT5a levels calibrate early PGC mitosis. Thus, we con- (Cell Cycle PCR Array; QIAGEN) confirmed that regulators
clude that Wnt5a in the hindgut signals through Ror2 to limit of the cell cycle were overrepresented in genes associated with
PGC proliferation during migration. Ror2¥324¢ PGCs (Fig. 3 D).
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Examining specific changes in gene expression revealed
no difference in levels of Ror2 between the WT and mutant
groups, corroborating previous findings that the Ror2'3?4¢ mu-
tation is expressed but nonfunctional (Laird et al., 2011). Im-
portantly, Ror family member Ror! was found to have very low
(1/10th levels of Ror2) and unchanging expression in PGCs
across groups, eliminating the possibility of compensation
for loss of Ror2 reported in other systems (Ho et al., 2012).
Among >1.2-fold up-regulated transcripts in Ror2¥3?#C PGCs
was Axin2, an established target of the canonical Wnt path-
way (Niehrs, 2012). Ror2 has been linked to the suppression
of canonical Wnt signaling using reporters of T-cell factor/
lymphoid enhancer factor transcriptional activity (Mikels and
Nusse, 2006; Mikels et al., 2009). To test this relationship, we
generated compound mutants between Ror2¥3?#¢ and a null al-
lele of p-catenin (Brault et al., 2001). Although homozygous
p-catenin deletion causes lethality at gastrulation (Haegel et
al., 1995; Huelsken et al., 2000), PGCs from Ror2¥324¢/¥324C;
f-catenin*/~ embryos exhibited normal BrdU incorporation in
ex vivo culture; this suggests that reduced dosage of f-catenin
rescues the proliferation increase in Ror2¥3?#C PGCs (Fig. S3
A). Together, these expression and genetic studies suggest that
that Ror2 opposes the f3-catenin—dependent pathway in the reg-
ulation of PGC proliferation.

To explore the hypothesis that -catenin acts downstream
of Ror2 signaling to regulate the cell cycle in migratory PGCs, we
compared our microarray data from Ror2¥32#C PGCs to published
data from f-catenin and TCFI chromatin immunoprecipitation
(ChIP) sequencing. Because of a dearth of ChIP-sequencing data
in PGCs, the most relevant and comprehensive dataset available
was from the mouse intestinal crypt (Schuijers et al., 2015). De-
spite known discrepancies between cell lineages, we found that
13% of 1.2-fold changed genes from our microarray analysis
(dChip; Li and Wong, 2001; or Ingenuity Pathway Analysis;
QIAGEN) were also bound by f3-catenin (Fig. S3 B). GSEA com-
parison of -catenin ChIP peaks from mouse intestine showed a
significant enrichment in genes associated with the Ror2¥32#C dis-
ruption in PGCs, including the targets Axin2 and Bmp7, among
others (Fig. S3 C). These data suggest links among Wnt5a—Ror?2,
the canonical Wnt pathway, and the PGC cell cycle.

The observed changes in proliferation highlight the influence
of the somatic cell microenvironment on PGCs, whereas the
Ror2¥324¢ mutants implicate the canonical Wnt pathway in reg-
ulating their compartment-specific behaviors. To measure ca-
nonical Wnt responses in PGCs under controlled conditions,
we returned to our ex vivo culture system using PGCs isolated
from E9.5, when they reside largely in the hindgut and adjacent
mesentery (Fig. 1 B). In the off state of signaling, cytoplasmic
p-catenin is degraded by the Axin—-GSK3—-APC-CK1e complex
(Logan and Nusse, 2004). However, engagement of Frizzled re-
ceptors by Wnt ligands causes dissociation of this complex and
permits the accumulation and translocation of f-catenin to the
nucleus, where it binds transcription factors in the T-cell factor/
lymphoid enhancer factor family and induces gene expression
(Niehrs, 2012). Therefore, levels of -catenin protein in the nu-
cleus reflect canonical Wnt pathway activation irrespective of
ligands, receptors, or target genes (Behrens et al., 1996).

To model the embryonic hindgut and mesentery micro-
environment, we compared levels of nuclear -catenin (n-pcat)

in E9.5 PGCs cultured with E9.5 tail somatic cells or in iso-
lation (ISO; Fig. 4 A). After 20 h, we observed significantly
diminished n-fBcat in PGCs cocultured with soma (Fig. 4 B).
Further, we saw that protein levels of Axin2 (Yan et al., 2001;
Jho et al., 2002; Lustig et al., 2002) and E-cadherin, another
Wht target gene (Jamora et al., 2003), were also decreased in
PGCs cultured with somatic cells (Fig. 4, C and D). Whereas
ISO PGCs exhibited relatively uniform levels of n-fcat, cocul-
ture with somatic cells produced a greater distribution in Wnt
activity, suggesting a diversity of localized signaling environ-
ments within the culture dish (Fig. 4 E). The low density of cells
in our culture suggested that secreted factors rather than cell
contact dampens Wnt response in PGCs; accordingly, we found
that conditioned media from E9.5 tail soma decreased n-fcat
in ex vivo—cultured PGCs (Fig. 4 F). These results support the
hypothesis that the hindgut and mesentery microenvironments
suppress Wnt responses in PGCs.

To identify candidate ligands in relevant niches, we col-
lected E-cad*; Oct4-APE-GFP- hindgut cells and double neg-
ative mesentery cells from E9.5 tails (Bendel-Stenzel et al.,
2000) as well as Oct4-APE-GFP- soma from isolated gonadal
ridges (Fig. S3 D). Somatic cells in the hindgut (E9.5 Ecad*) ex-
pressed Wnt antagonists Wnt5a and Dkkl, whereas the gonadal
ridge soma expressed Wnt5a and high levels of Sfrpl (Fig. S3
E). Abundance of Dkk1 and Sfip! in the E9.5 Ecad~ population
was intermediate, suggesting that the mesenchyme surrounding
the hindgut is a transitional zone during PGC migration.

Based on the genetic evidence that Wnt5a suppresses pro-
liferation within the hindgut and molecular association between
Ror2 and f-catenin targets, we pursued Wnt5a as a candidate
secreted regulator of canonical Wnt signaling in PGCs. Ex-
ogenous WNT5a reduced levels of n-fcat in WT, E9.5 PGCs
similarly to our tail somatic cells (Fig. 5 A), but the relatively
uniform response suggested increased consistency throughout
the culture environment. In contrast to WT, Ror2¥32#¢ PGCs cul-
tured with exogenous WNT5a did not dampen the Wnt response
and instead activated the canonical pathway (Fig. S3 F). This
suggests that Wnt5a acts primarily through the Ror2 receptor to
inhibit f-catenin—dependent signaling, but when Ror2 is non-
functional, Wnt5a signals through other receptors on PGCs.

To verify that altered levels of n-Pcat correspond to tran-
scriptional changes in our system, we interrogated expression of
putative canonical Wnt target genes in ex vivo—cultured PGCs.
After PGC culture in the presence of WNT5a, qRT-PCR revealed
a decrease of several Wnt target transcripts established in other
cell types including Axin2, Cdhl, Fnl, and LefI (Fig. 5 B); im-
portantly, levels of the germ cell gene Dppa3 (Stella) remained
unaffected. Accordingly, we found that E-cadherin (Cdhl) pro-
tein was reduced in PGCs treated with WNT5a (Fig. 5 C). These
results confirm that changes in Wnt target gene transcription
accompany changes in n-pcat observed in PGCs.

Although the aforementioned experiments show that
WNTS5a suppresses canonical Wnt activity in PGCs, they do
not validate its relevance as a mediator of this suppression by
somatic cell populations. Because of the expression of Wnt in-
hibitor Dkk!I in the hindgut and tail mesentery, we performed
loss-of-function studies with mouse embryonic fibroblasts
(MEFs) that express WntSa (Fig. S3 E) and produce a similar
reduction in n-fcat of PGCs (Fig. 5 D) but have undetectable
levels of DkkI. Coculture of E9.5 PGCs with Wnt5a~~ MEFs
alleviated the suppression of n-fcat observed with WT MEFs
and led to increased Wnt response over that of isolated PGCs

Wnt signaling in PGC proliferation and migration
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Figure 4. Somatic cells suppress Wnt/p-catenin
activity in PGCs. (A) Nuclear p-catenin (n-Bcat, red),
Axin2 (blue), and Eadherin (magenta) immunofluo-
rescence in E9.5 PGCs (green) cultured for 20 h in
isolation (ISO) or with E9.5 tail somatic cells (+Soma)
from tail somatic cells. Images are representative of
mean values. Bar, 10 pm. (B) Quantification of n-pcat
in cultured PGCs from A. n-Bcat intensity for each
PGC is normalized to the mean value of PGCs cul-
tured in isolation in the same experiment. Each dot
represents a single PGC; bars indicate the mean and
boxes denote the middle 50% of data points. n = 3
experiments, 186-203 cells per condition; ***, P <

DAPI
Oct4-APE-GFP

— 0.001 by Student's t test. (C) Quantification of Axin2

in cultured PGCs from A. AXINZ2 intensity for each
PGC is normalized to the mean value of PGCs cul-
tured in isolation in the same experiment. n = 4 exper-
iments, 293-309 cells per condition; ***, P < 0.001
by Student's t test. (D) Quantification of E-cadherin
in cultured PGCs from A. E-CADHERIN intensity for
each PGC is normalized to the mean value of PGCs
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(Fig. 5 D). Moreover, the addition of exogenous WNT5a to the
Wnt5a~~ MEF cocultures restored this suppression and reduced
n-fcat in the PGCs. Thus, we conclude that Wnt5a secreted
from somatic cells in the hindgut and surrounding mesenchyme
serves to suppress canonical Wnt activity in migratory PGCs.

To assess canonical Wnt response at a single-cell level in vivo,
we developed a protocol to quantitatively image and measure
n-Pcat in histological sections. After enzymatic treatment to ren-
der the nucleus accessible (Fig. S4 A), we measured the mean
n-Pcat immunofluorescence signal intensity within PGCs as
compared with the mean intensity across all nuclei in an image
(Fig. 6 A). This normalization enabled comparison of n-fcat
intensity between histological sections and between slides.

On applying this method to sections from Ror2¥3?4C em-
bryos at E9.5, we found that overall levels of n-fcat in PGCs
were higher than in WT (Fig. 6 B). This was also true when the
data were separated by location (Fig. 6 C), consistent with ele-
vated Wnt target genes in Ror2¥3?#C microarray data. By E10.5,
this increase in overall accumulation of n-Bcat in Ror2'3?#¢ PGCs
returned to WT levels (unpublished data), suggesting that over-
active Wnt signaling is not sustained throughout the migratory

Sos cultured in isolation. n = 2 experiments, 102-114
: cells per condition; ***, P < 0.001 by Student's t

| test. (E) Percentile rank of individual cell n-pcat from B.

: EI (F) n-Becat (red) immunofluorescence in E9.5 PGCs

(green) cultured for 20 h in isolation (ISO) or with con-
ditioned media (+CM) from E9.5 tail somatic cells.
Bar, 10 pm. Graph shows quantification of n-fcat in
PGCs in these conditions. n = 4 experiments, 84-112
cells per condition; ***, P < 0.001 by Student's ttest.

—
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period and supporting the decrease in overall proliferation
at this age (Fig. S2 B).

To assess Wnt signaling in PGCs across embryonic ages,
we studied WT embryos, in which we observed a wide range
in levels of n-Pcat, the highest being at E11.5 (Fig. S4 B).
Mean n-fcat in PGCs in the E12.5 testis was comparatively
low, reflecting the established repression during male sex
differentiation (Chassot et al., 2011). Despite fluctuation of
n-Pcat in PGCs by age, the higher population mean in post-mi-
gratory PGCs at E11.5 compared with E9.5 (Fig. S4 B) again
prompted our examination by location. From E9.5 to E11.5,
we observed a progressive increase in n-fcat at each succes-
sive migratory location from the hindgut to the gonadal ridge
(R? = 0.97 and P = 0.002 by regression analysis; Fig. 6 D).
This pattern was retained at single ages, with lower levels of
n-Pcat in PGCs in the hindgut and adjacent mesenchyme com-
pared with PGCs in mesentery or gonadal tissues (Fig. S4, C
and D). PGC n-fcat did not vary with rostral-caudal position
in the embryo (unpublished data), suggesting that a consis-
tent environment within each compartment regulates the Wnt
response in PGCs. In a striking parallel to our initial prolif-
eration studies, this result corroborates the idea that the local
environment, rather than intrinsic timing, determines canoni-
cal Wnt responses in PGCs.
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The parallel trajectories of proliferation and n-fBcat together
with the Wnt5a and Ror2 mutant defects suggest that suppres-
sion of canonical Wnt signaling slows proliferation during early
PGC migration. To test this hypothesis, we bypassed the antag-
onistic effects of the hindgut and mesentery by over-activating
p-catenin in migratory PGCs. We crossed mice carrying a gain-
of-function (GOF) allele (Harada et al., 1999), p-catenino<t/
fioxE3 1o mice with a drug-inducible Cre recombinase inserted
into the Oct4 locus (Greder et al., 2012), Pou5f1¢7¢-E®+, Tamoxi-
fen administration at E7.75 or E8.25 of pregnancy induced exci-
sion of f-catenin exon 3, preventing degradation of the protein
in PGCs (Fig. 7 A). Because of widespread expression of Oct4
through E7.5 (Downs, 2008), we tested this tamoxifen schedule
in Rosa™™C reporter mice (Muzumdar et al., 2007) crossed to
PouSf1¢=ER* and observed overall specificity for excision in
PGCs compared with their surrounding somatic tissues (Fig.
S5 A). After activation of the PouSfI¢ER allele, the resulting
-catenin®” embryos exhibited an increase in the number of

PGCs per section at E9.5 when compared with Cre-negative
littermates (Fig. 7, B and C). No difference was observed in
the frequency of apoptotic PGCs in mutants (unpublished data).

Examination of proliferation by EdU incorporation in
vivo did not reveal differences in labeled PGCs in f-catenin®0f
mutants (Fig. S5 C). Curiously, EAU labeling was aberrantly
high in the control PGCs relative to PGCs in mice of mixed ge-
netic background (Fig. 1 C), suggesting that cell cycle is altered
by exposure to tamoxifen or differs in the C57BL6 background
as compared with mixed background controls. To circumvent
this issue and improve temporal control over the timing of
excision, we cultured E9.5 PGCs from single Pou5flCeEr*;
Oct4-APE-GFP'¥*; [-cateninoF3+ embryos with their cor-
responding WT tail soma to simulate the Wnt-suppressive in
vivo environment. After adding 4OH-tamoxifen (Fig. 7 A), we
observed a similar frequency of EdU incorporation after 10 h
in culture. However, by 17 h, PGCs from Cre* (GOF) embryos
exhibited an increased proliferation rate over PGCs from con-
trols (Fig. 7 D), suggesting that intrinsic overactivation of the
canonical Wnt pathway allows PGCs to bypass the suppression

Wnt signaling in PGC proliferation and migration
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by neighboring somatic cells. This result corroborates the up-
tick in overall numbers of PGCs counted at E9.5-10.5 in vivo
(Fig. 7 B). Thus, ectopic activation of the canonical Wnt path-
way in migratory PGCs is sufficient to alter their proliferation
in environments associated with early stages of migration. In-
terestingly, our cumulative data show a mislocalization of PGCs
along the migratory route of GOF mutants, indicative of a mi-
gration defect (Fig. S5 B); this concomitant perturbation of mi-
gration and proliferation is consistent with PGC phenotypes in
Wnt5a and Ror2 mutants and the antagonism between f3-catenin
and Wnt5a—Ror2 pathways.

To further interrogate this relationship, we conducted
genome-wide transcriptional analysis on E9.5 pf-catenin®F
PGCs from single embryos. Similar to our microarray results
in Ror2¥324¢ PGCs, misregulated genes in f-catenin®” PGCs
comprised Axin2 as well as gene sets associated with several cell
cycle-related functions, including DNA replication and repair,
proliferation, cell growth, and cell death and survival (Fig. 7,
E and F). This parallel between datasets was strengthened by
the identification of 35% overlap in the specific genes that are

Figure 6. Increased nuclear -catenin levels in PGCs
during their migratory progression and perturbation
in Ror2Y324¢ pGCs. (A) Nuclear p-catenin (n-Bcat, red)
immunofluorescence in transverse histological sections
of an E9.75 WT embryo treated with Ficin enzyme to
disrupt E-cadherin/p-catenin membrane staining. The
hindgut (hg), neural tube (nf), and mesonephric duct
(mes) are indicated. Bar, 30 pm. (i) PGCs are identi-
fied by expression of Oct4-APE-GFP (green; white ar-
rows in A). Bar, 30 pm. (i) Pseudocoloring (rainbow)
indicates individually selected Oct4-APE-GFP+ PGCs
for quantitative measurement of n-Becat. (iii) Pseudo-
coloring (rainbow) indicates DAPI-selected nuclei of
all cells in the field (>600 counted) used to obtain
the mean intensity of n-fcat. (iv) Inset from box in A
and i to exemplify differences in n-pcat levels in PGCs
(dashed white lines) relative to the mean n-cat levels
in all nuclei in the field. Fold differences in staining
intensity are indicated. Bar, 10 pm. (B) Quantification
of n-fcat in all E9.5 Ror2Y324¢ PGCs relative to WT/
het littermates shows an increase in accumulation of
n-cat. Each dot represents a single PGC; bars indi-
cate the mean and boxes denote the middle 50% of
data points. n = 100-134 cells from two embryos per
group; **, P < 0.01 by Student's t test. (C) Quanti-
fication of n-cat in E9.5 PGCs from B by location.

* WT/het fi
« Ror2vi2ic , P =0.045; t, P = 0.074 by Student's t test. (D)
Quantification of n-Bcat in migratory PGCs at various
anatomical locations in E9.5-11.5 embryos. n-fcat
in PGCs is normalized to mean n-Bcat in surrounding
nuclei as described in A and shown relative to the
hindgut. Each dot represents a single PGC, and bars
indicate the mean + standard deviation. The dotted
line indicates a trend of increasing n-Bcat with migra-
tory location. n = 25-203 cells per location from ten
mixed CD1 embryos. R2 = 0.97; P = 0.002 by re-
gression analysis; P = 0.009 by analysis of variance;
. Eos ** P =0.009 by Student's t fest.
E9.75
E10.25
° E1075
° ENS5
R? =097
p=0.002

misregulated by each mutation (Fig. 7 G). Further, GSEA com-
parison of f-catenin®" gene targets in PGCs with our Ror2¥324¢
expression dataset revealed an enrichment of genes associated
with both mutations (Fig. 7 H). Together with in vivo pheno-
typic similarities, these bioinformatic correlations identify an-
tagonistic functions for Ror2 and f-catenin—mediated signaling
in the regulation of PGC proliferation and migration.

Here, we examined the proliferation of PGCs during migra-
tion and showed that their expansion is regulated by the so-
matic compartments through which they move. We identified
canonical Wnt signaling as a mechanism that controls this
proliferation and the Wnt5a—Ror2 axis as a key suppressor of
Wht activity during transit through the hindgut and surrounding
mesenchyme (Fig. 8). We observed a steady rise in the PGC
Whnt response along the migratory route, concomitant with in-
creased cycling, and demonstrated that excessive proliferation
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Figure 7. Overactivation of -catenin in PGCs leads to an increase in proliferation and misregulation of genes in common with Ror2324¢, (A) Schematic
of breeding and tamoxifen exposure to generate control (Cnt, g-catenin/+; Pou5f1+/+) and fcat®oF (s-catenin®OF/+; Pou5f1<r=ER/+) embryos in vivo and
cells ex vivo. (B) Mean number of PGCs counted in histological sections of Cnt and cat®f embryos at different ages. n = 13 Cnt embryos and 15 fcatcof
embryos. P-values by Student's ttest for section counts. Estimates for total numbers of Cnt and gcat®©f PGCs per embryo were calculated using the multiplier
of 100x for E9.5, 125x for E10.5, and 150x for E11.5 based on cell counts reported in the literature. (C) Oct4-APE-GFP+ PGCs (gray) in E9.5 littermates.
Bar, 100 pm. (D) Rate of in vitro EdU incorporation in Cnt and fcat®f PGCs cultured for 10-22 h with 4-OHT. n = 4 litters; 794-818 cells; *, P < 0.05
by Student's ttest; error bars indicate standard deviation. (E) Microarray data from fcat®©f PGCs compared with WT shown as log fold change versus log
p-values for all annotated microarray probes (Gladstone Bioinformatics Core [GBC]). Each dot represents a single probe. Blue dots show genes with P <
0.05 and a fold-change >1.2 (not log scale). Orange dots show significant genes that overlap with Ror2¥324¢ misregulated genes. (F) Functional analysis
of >1.2-fold microarray hits by Ingenuity Pathway Analysis find cell cycle-associated genes to be significantly misregulated. Number of genes associated
with each Gene Ontology category is shown on the right. Example genes of interest for cell cycle and cell growth and proliferation categories are listed.
(G) Number of genes that overlap between Ror2Y324¢ microarray hits (dChip) and pcat®©f microarray hits (GBC). (H) GSEA comparison of the Ror2¥324C
microarray dataset with fcat®Of misregulated genes suggests an enrichment for genes associated with both mutations. P-value, enrichment score (ES), and
normalized enrichment score (NES) are specified. Heatmap shows normalized microarray intensity values for the 20 most and 20 least enriched genes
in Ror2Y324¢ PGCs that are misregulated in the p-catenin®F microarray dataset. For each gene, dark blue color indicates the lowest probe intensity value
(zero percentile), dark red indicates the highest probe intensity value (100th percentile), and white indicates the middle 50th percentile of intensity values.
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Figure 8. Model of results.

during early PGC migration can be induced by autonomously
over-activating f-catenin. Together, these results identify a
yin and yang of Wnts in proliferation and migration: canon-
ical Wnt signaling drives the expansion of migratory PGCs,
counterbalanced in specific niches by Wnt5a—Ror2, which
promotes their movement.

Previous examination of the Wnr5a~~ and Ror2"?#¢ mu-
tants identified defects in the migration and survival of PGCs
(Laird et al., 2011; Chawengsaksophak et al., 2012). Our cur-
rent studies have uncovered an additional role for these genes
in regulating PGC proliferation during the early and most ac-
tive stages of their migration. Historically, Wnt5a is consid-
ered a noncanonical Wnt ligand (Moon et al., 1993; Wong et
al., 1994); however, recent work in vivo has demonstrated its
capacity to activate or antagonize the canonical Wnt pathway
in a tissue-specific context (van Amerongen et al., 2012). Pro-
posed mechanisms for Wnt5a-induced attenuation of the ca-
nonical Wnt pathway include competition for binding Frizzled
receptors, simultaneous engagement of different receptors, and
blocking transcription downstream of p-catenin (Mikels and
Nusse, 2006; Yamamoto et al., 2008; Sato et al., 2010). This
final mechanism is ruled out in PGCs by our observation that
decreased n-Pcat levels accompany diminished Wnt target tran-
scripts after WNTS5a treatment.

Our studies confirm that Ror2 is the relevant receptor for
mediating Wnt5a-induced attenuation of f-catenin—dependent
signaling in migratory PGCs, consistent with previous bio-
chemical studies (Mikels and Nusse, 2006). The permissive role
of Wnt5a in PGC migration (Laird et al., 2011), together with
its repression of proliferation, leads to the model that Wnt5a
acts through Ror?2 to balance the promotion of PGC movement
while limiting mitosis. This balance may be particularly im-
portant for known periods of active migration, such as egress
from the hindgut, which is when we observe the strongest ef-
fect. Considering the potential conflicts posed to migration
by cell division (loss of adhesion and orientation, as well as
spatial constraints in tightly packed tissue), negotiation of both
by Wnt5a—Ror2 offers a single solution. The identification of
Wnt5a and Ror2 as prognostic biomarkers for tumor invasive-
ness (Weeraratna et al., 2002; Edris et al., 2012; Lu et al., 2012)
raises the possibility that cancer cells exploit the same mecha-
nism to regulate metastasis and growth.

Our study identifies the Wnt pathway as a mechanism for
extrinsic regulation of proliferation in migratory PGCs. Previ-
ous work demonstrated a mitogenic role for KitL—cKit in PGCs,
and dynamic expression of KifL in somatic compartments of
the migratory route provides temporal specificity of signaling

Gonad Niche
E11.5
B-catenin
Germ
cells

Proliferation

in each niche (Runyan et al., 2006; Gu et al., 2009). Prior stud-
ies also identified the chemokine SDF1 as a potential mitogen
for PGCs primarily in the gonad (Ara et al., 2003; Molyneaux
et al., 2003). Both pathways may function redundantly with
Wht signaling to regulate PGC proliferation during migration.
Redundancy in the control of PGC division may have arisen
as an advantage in the face of consequences for reproduction:
sterility from insufficient PGCs or germ cell tumors from
their unchecked proliferation. “Agreement” between multiple
mechanisms of cell cycle control in PGCs may have evolved to
prevent tumor formation and safeguard against overrepresenta-
tion of germline variants with elevated proliferation (Burt and
Trivers, 2006). However, our data suggest that in a WT con-
text, the balance between migration and proliferation could
serve as a selective mechanism to reward early and efficient
migrators—"“pioneer” germ cells (Gomperts et al., 1994)—with
clonal dominance in the ensuing germ cell pool, while penaliz-
ing stragglers with reduced time for expansion.

PGCs interact with a diversity of tissues as they move
from the developing endoderm to the gonadal ridges yet are
able to retain their germ cell characteristics. Migration through
these microenvironments supports their survival, regulates their
proliferation, and maintains their unique pluripotency program.
Wylie et al. proposed that PGCs thus migrate along a “traveling
niche,” which provides a spatiotemporal environment analo-
gous to a stem cell niche that maintains germ cell properties de-
spite spanning diverse regions of the embryo (Gu et al., 2009).
The departure from this niche by mismigration leads to either
cellular demise or loss of PGC identity through transformation
to pluripotent embryonic carcinoma cells (Matsui et al., 1992;
Resnick et al., 1992). Our data suggest that WNT5a is a com-
ponent of this dynamic niche, maintaining the migratory capa-
bility of PGCs while balancing their proliferation; however, it is
likely that additional factors modulate the f-catenin—dependent
response in PGCs. The expression of multiple and varied Wnt
regulators by the somatic environment is suggested by the ele-
vated Wnt response in WT gonadal PGCs (Fig. 6 D), increased
n-Pecat in PGCs cocultured with Wnt5a~~ MEFs (Fig. 5 D),
and differences in cell cycle response by location despite sim-
ilar overactivation of Wnt signaling in E9.5 Ror2¥?4¢ PGCs
(Fig. 6 C). Other Wnt ligands with known expression in the
embryonic posterior or in tissues of the PGC migratory route
include Wnt3a (Takada et al., 1994), Wnt4 (Vainio et al., 1999),
and Wntl1 (Kispert et al., 1996). Interactions between alterna-
tive Wnt modulatory factors may also be important. For exam-
ple, WNT5a in the gonad could be neutralized by high levels
of SFRP1 (Fig. S3 E) to enable robust canonical Wnt activity
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in PGCs. We speculate that the expansion of migratory PGCs
is achieved by calibration of their canonical Wnt activity in
each somatic compartment by a distinct composition of acti-
vators and inhibitors. Our investigation into the dynamic mi-
croenvironment of migratory PGCs using ex vivo, coculture
approaches paves the way for further characterization of each
embryonic compartment and the cellular interactions between
PGCs different somatic cell populations.

The balancing regulation of motility and proliferation by
the microenvironment through noncanonical and canonical Wnt
pathways may function similarly in other itinerant cell lineages
in development, such as hematopoietic stem cells and neural
crest. Further exploration of these microenvironments at both
the cellular and mechanistic levels will enhance understanding
of the interplay between migration of precursor populations and
other simultaneous cell processes critical to their development.

Animals

WT embryos were generated by mating CDI1 females with
homozygous Oct4-APE-GFP males (MGI:3057158, multiple-copy
transgene insertion; Anderson et al., 1999). Other mouse strains were
maintained on a mixed or C57BL6 background, including: Ror2'3%#¢
(MGI:5305088, ENU-induced point mutation; Laird et al., 2011),
WntS5a (MGI:1857617, targeted deletion; Yamaguchi et al., 1999),
PouSf1¢ER+ (MGI:5049897, targeted knockin; Greder et al., 2012),
Rosam™™G (MGI:3716464, targeted knockin; Muzumdar et al., 2007),
and fS-catenin/**=3 (MGI:1858008, targeted floxed allele; Harada et al.,
1999). p-catenin*~ mice were created by crossing f-catenin/o*£2-6 mice
(MGI:2148567, targeted floxed allele; a gift from K. Hadjatonakis
(Memorial Sloan Kettering Cancer Center, New York, NY); Brault et
al., 2001) to Zp3<<+ (MGI:2176187, transgene insertion; de Vries et al.,
2000) for germline deletion.

Embryos were dissected from timed matings and staged by the
following anatomical landmarks: 20-25 somite pairs was designated
E9.5, 26-28 as E9.75, 30-33 as E10.25, 34-37 as E10.5, 38-41 as
E10.75, and 45-48 somite pairs and defined limb morphology as E11.5
(Kaufman, 1992). Genotypes were determined by PCR. All mouse
work was performed under the University of California, San Fran-
cisco, Institutional Animal Care and Use Committee guidelines in an
approved facility of the Association for Assessment and Accreditation
of Laboratory Animal Care International.

Tamoxifen and EdU injections

To generate fS-catenin GOF PGCs, f-catenino<E3o<E3 females were
mated with PouSfI1¢<E%+;  Oct4-APE-GFP'¥¢ males. Tamoxifen
(#T5648; Sigma-Aldrich) was suspended at 20 mg/ml in sunflower seed
oil (#S5007; Sigma-Aldrich) and administered via intraperitoneal in-
jection on day E7.75 at 5 mg/30g mouse weight. 4-Hydroxytamoxifen
(#H7904; Sigma-Aldrich) was added at 1 uM to cells in culture
at 0-3 h after seeding.

EdU (#C10338, Click-It Imaging kit; Thermo Fisher Scientific)
was suspended at 2.5 mg/ml in PBS and administered at 25 ug/g mouse
weigh via i.p. injection 3—4 h before embryo dissection. In ex vivo cul-
ture, EAU was added to cells at 10 uM 0-3 h after seeding.

Flow cytometry and qRT-PCR

Embryos were dissected at E9.5-11.5 in cold PBS and the posterior
fragment or gonads dissociated in 0.25% trypsin/EDTA for 3 min at
37°C followed by 1 mg/ml Dnase I to dissolve any lingering clumps of

tissue. Dead cells were excluded on the basis of Sytox Blue (Invitrogen)
signal. PGCs were delineated as Oct4-APE-GFP*. Hindgut cells were
live-stained for E-cadherin (1:200; #13-1900; Invitrogen) and sorted
away from E-cad®;GFP* PGCs. Gonadal soma was microdissected
away from the mesonephros and depleted of GFP* PGCs. Each
cell type was sorted directly into lysis buffer and extracted with the
appropriate RNeasy kit (QIAGEN), DNase I treated, and reverse-
transcribed with qScript (Quanta Biosciences) or Superscript 1T
(Invitrogen). PCR primers were designed with Primer Express software
(Applied Biosystems) or Primer-BLAST (NCBI). Amplification was
performed with 50 or 100 cell equivalents of cDNA on a Mastercycler
EP (Eppendorf) using the following primer sets for established Wnt
target genes from the Wnt Homepage (http://web.stanford.edu/group
/nusselab/cgi-bin/wnt):  Wnt5a:  5'-CCAGTTCCGGCATCGGAG
ATGGA-3', 5'-CACCGCGTACGTGAAGGCCG-3'; Wnt3a: 5'-GCA
CCACCGTCAGCAACAGCC-3', 5'-AGCGGAGGCGATGGCATG
GACA-3'; DkkI: 5'-GCTTGCCGAAAGCGCAGGAAGC-3', 5'-AGG
AAAATGGCTGTGGTCAGAGGGC-3";  Sfrpl: 5-ATGTGACAA
GTTCCCCGAGGGCG-3', 5'-TTGTCGCATGGAGGACACACGGT-
3"; Axin2: 5'-TCGGGCCACCGCGAGTGTGA-3’, 5'-TGGCTGGTG
CAAAGACATAGCCGGA-3'; Ccndl: 5'-CTGAACCTGGGCAGC
CCCAACA-3', 5'-TTCCTGGCAGGCACGGAGGCA-3"; Cdhl: 5'-
CCCTCATGAGCGTGCCCCAGT-3',  5-GGGTCGCTGTCGGCT
GCCTT-3'; Fnl: 5'-CCCGCCACTGATTGGCCAGCAA-3', 5'-GCG
CACAGAGACGGCAGGGG-3'; Lefl: 5'-TCCGGGATCCCACCC
GTCACAC-3’, 5'-TCCAACGCCGCCCGGAGACA-3"; Dppa3: 5'-
AAAAAGGCTCGAAGGAAATGA-3', 5-AATTCTTCCCGATTT
TCGCA-3'; Gapdh: 5'-GACTTCAACAGCAACTCCCAC-3',5-AGG
AAGGCTGGAAAAGAGCC-3"; L7: 5'-AGCGGATTGCCTTGACAG
AT-3", 5'-AACTTGAAGGGCCACAGGAA-3'.

PGC ex vivo culture

Oct4-APE-GFP* PGCs sorted from E9.5 embryos were seeded in cham-
bered slides (Lab-Tek II) coated with 1 mg/ml Matrigel (#354234; BD)
then incubated at 37°C in 5% CO, with DMEM/15% Knockout Serum
Replacement (Invitrogen), 1,000 U/ml LIF (EMD Millipore), 5 uM
Forskolin (#F3917; Sigma-Aldrich), and 50 ng/ml SCF (#PMC2115;
Invitrogen). WNTS5a was added to media at 250 ng/ml (#645-WN/
CF; R&D Systems). PGC numbers were counted at 3 h in culture and
before time of fixation (18-24 h). After culture, cells were fixed for
10—15 min in 4% PFA and immunostained.

Somatic cells from E9.5 WT tails were digested using 0.25%
trypsin/EDTA and cultured directly with endogenous PGCs. MEFs
were generated from the posterior region of E13.5 WT and Wnt5a~/~
embryos. Embryonic tissue was trypsinized for 30—45 min at 37° and
triturated in DMEM/10% fetal calf serum. Cells were grown to conflu-
ency for 34 d, passaged to expand the population, and frozen in liquid
nitrogen until use (Hogan et al., 1994). Conditioned media from E9.5
tail somatic cells was collected 16-20 h after dissociated posteriors
were seeded in culture.

For BrdU experiments, hindguts and dorsal mesentery from
E9.5 to 10.5 embryos were dissociated in 0.25% trypsin with 1 mg/ml
DNase I at 37°C for 5 min. Digestion was stopped with FCS, and sus-
pensions were seeded onto mitomycin C—treated STO fibroblast mono-
layers in chambered slides (Lab-Tek II), then incubated for 24 h at 37°C
in 5% CO, with DMEM/10% FCS. After a 1-h treatment with 10 ng/ml
BrdU, cells were fixed for 10 min in 4% PFA and immunostained.

Immunostaining

Embryos fixed in 4% PFA were embedded in OCT and cryosectioned
at a thickness of 10 um. Slides were blocked 1 h in 10% calf serum +
0.1% Triton X-100 in PBS and stained overnight at 4°C in the blocking
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buffer followed by three 15-min washes in PBS. Primary antibodies used
included p-catenin (rabbit, 1:25; #9582s; Cell Signaling Technology),
Axin2 (goat, Conductin M-20, 1:100; #sc-8570; Santa Cruz Biotechnol-
ogy, Inc.), GFP (chicken, Aves GFP-1020, 1:200), SSEA1 (mouse IgM,
1:200; MC-480; Developmental Studies Hybridoma Bank), Vasa (rabbit,
1:400; #ab13840-100; Abcam), cleaved PARP (rabbit, 1:50; #9544s; Cell
Signaling Technology), E-cadherin (rat, 1:200; #13-1900; Invitrogen),
Wnt5a (goat, 1:20; #AF645; R&D Systems), and Stella (rabbit, 1:100;
#ab19878; Abcam). Histological staining for ff-catenin was preceded by
10 min additional fixation in 4% PFA and 3 min treatment in undiluted
Ficin (Invitrogen) at room temperature followed by a quick PBS wash.
This treatment was not necessary for f-catenin staining on cultured cells.
EdU was labeled per kit protocol (#C10338 or C10340; Thermo Fisher
Scientific). Secondary antibodies were purchased from Invitrogen and
incubated for 1 h in blocking buffer at room temperature at 1:200. Nuclei
were labeled with DAPI or Hoechst (1:1,000; Roche or Sigma-Aldrich).
Sections were mounted in Vectashield (Vector Laboratories).

Image collection and analysis

Bright-field imaging was performed on an Olympus MVXI10 stereo-
microscope and Olympus acquisition software. Confocal imaging
was performed at room temperature with a 20x 0.7 dry objective or
40x 0.95 oil-immersion objective on an SP5 TCS microscope (Leica)
equipped with 405-, 488-, 543-, 594-, and 633-nm lasers. Use of the
20x objective typically required the addition of a 2x digital zoom for
optimal visualization of PGCs for quantification. Files of 1,024 x 1,024
pixel images with 1- to 5-um z-stacks were captured by a scanner with
maximal frame resolution and acquisition software (Leica).

In vivo, mean nuclear f-catenin intensity was measured by com-
paring the signal within individual PGC nuclei to the mean signal of all
nuclei in the image (>700). We devised a protocol in Volocity image
processing software (PerkinElmer) to accurately obtain f-catenin sig-
nal intensity in each cell. PGCs were identified in the GFP or SSEA1
channel using the following series of commands: “‘Find Objects” using
the software’s automatic threshold or manual SD intensity; “Fill Holes
in Objects”; “Separate Touching Objects” using a size guide of ~400
um?; and “Exclude Objects by Size” for objects smaller than ~150 um?.
Selected objects were visually inspected and changes were manually
made to ensure appropriate selection of PGCs per image. Cell nuclei
were identified in the DAPI/Hoechst channel using the same task com-
mands described for PGCs, but with smaller size cutoffs. PGC nuclei
were identified by overlapping PGC objects with nuclei objects via the
“Intersect” command. All intensity measurements from PGC and total
nuclei were exported to Excel (Microsoft) for calculations.

Ex vivo, mean nuclear f-catenin, Axin2, and E-Cadherin inten-
sity in cultured PGCs was measured by comparing the signal within
individual PGCs to the mean signal of all PGCs in the control well
(ISO). We used the same identification protocol for the PGCs and nu-
clei as described for in vivo measurements to collect signal intensity
in individual PGCs. Objects were visually inspected and changes were
made manually to ensure appropriate selection of PGCs and nuclei;
somatic cell nuclei were not collected. Measurements were exported to
Excel for calculations.

To account for variability in staining between sections and be-
tween slides, we normalized nuclear f-catenin in vivo as follows: in-
dividual PGC n-fcat/mean n-fcat of image. Normalization in ex vivo
cultured PGCs was calculated as follows: individual PGC n-fcat/mean
n-Pcat of control well (ISO).

Microarray analysis
Targeted gene expression of E9.5 PGCs was analyzed using a GeneChip
Mouse Gene 1.0 ST Array (Affymetrix). Oct4-APE-GFP* PGCs from

single embryos were sorted into lysis buffer, extracted with RNeasy
Micro kit (74004; QIAGEN), and sent to the University of California,
San Francisco, Gladstone Genomics Core Facility for small sample
amplification, microarray processing, and probe intensity normaliza-
tion into a logarithm base 2 value. Intensity values for select Wnt target
genes were normalized to housekeeping probe Gapdh. The raw data files
can be downloaded from the Gene Expression Omnibus (GSE60179).

Bioinformatics

Microarray data were analyzed by AVC with dChip (Li and Wong,
2001) and Ingenuity Pathway Analysis (QIAGEN) to identify
misregulated genes and associated functional categories. Additional
analysis was performed by the Bioinformatics Core at the Gladstone
Institutes, University of California, San Francisco. Microarrays were
normalized for array-specific effects using Affymetrix’s “Robust
Multi-Array” normalization. This was performed using the Affymetrix
tool ‘““apt-probeset-summarize,” which is part of the “Affymetrix
Power Tools” package, available at http://www.affymetrix.com
/estore/partners_programs/programs/developer/tools/powertools.affx.
Normalized arrays values were reported on a log2 scale. (Mean
normalized expression is typically ~7.0.) For statistical analyses, we
removed all array probesets where no experimental groups had a mean
log2 intensity >3.0. This is a standard cutoff, below which expression is
indistinguishable from background noise. Linear models were fitted for
each gene using the Bioconductor “limma” package in R (Gentleman
et al., 2004; Smyth, 2004). Moderated t-statistics, fold change, and the
associated p-values were calculated for each gene. To account for the
fact that thousands of genes were tested, we reported false discovery
rate (FDR)—adjusted values, calculated using the Benjamini-Hochberg
method (Benjamini and Hochberg, 1995). FDR values indicate the
expected fraction of falsely declared differentially expressed (DE)
genes among the total set of declared DE genes (i.e., FDR = 0.15 would
indicate that ~15% of the declared DE genes were expected to be
caused by experimental noise instead of actual differential expression).
Batch effects between the Ror2'3?4C and f-catenin®F microarray
datasets were adjusted using “removeBatchEffect” in “limma” package
in R. Comparisons were conducted on n = 4 WT and n = 4 Ror2¥3#¢
embryos for the Ror2¥3?#¢ dataset and n =5 WT and n = 2 f-catenin®°F
embryos for the f-catenin®F dataset.

GSEA of the Ror2¥3?#C microarray dataset were compared
with lists of cell cycle genes (Cell Cycle PCR Array; QIAGEN),
p-catenin ChIP peaks called from mouse intestinal crypts (Schuijers
et al., 2015), and misregulated genes identified in the p-catenin®or
microarray dataset. Analyses were conducted using GSEA software
downloaded from the Broad Institute at http://software.broadinstitute
.org/gsea/index.jsp (Mootha et al., 2003; Subramanian et al., 2005).
Files input comprised of Ror2"3?4C expression data (expression dataset,
.txt file), gene lists of interest (gene sets database, .gmx file), labels
for the expression data (phenotype labels, .cls file), and annotation
of Affymetrix MoGene 1.0 ST microarray chips provided by the
Broad Institute (Chip platform, .chip file). Details for the creation of
each file type can be found in the GSEA user guide. Each analysis
was performed as a Ror2"3#C versus WT comparison and ran 1,000
permutations where the dataset was not collapsed to gene symbols
(marked “false”), “phenotype” was selected as the permutation type,
and minimum/maximum sizes were 20/5,000.

Statistics

Statistical tests including the Student’s ¢ test, Fisher’s exact test,
x> test, correlation coefficient, regression analysis, and anal-
ysis of variance were performed in Excel (Microsoft), Prism
(GraphPad), and VassarStats.
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Online supplemental material

Fig. S1 shows examples of EdU labeling in embryo sections and
frequency of EdU incorporation by location at specific ages and in
different genetic backgrounds. Fig. S2 shows PGC distribution in
Ror2¥3#¢and Wnt5a~- embryos by age, frequency of EdU incorporation
by location at specific ages in each mutant, and localization of
WNTS5A in the hindgut. Fig. S3 shows rescue of BrdU incorporation
in Ror2¥324C mutants by p-catenin haploinsufficiency, overlap and
GSEA enrichment of Ror2¥?#¢ misregulated genes with f-catenin
ChIP in the mouse intestine, qRT-PCR of candidate Wnt modulators
in several embryonic somatic location, and nuclear f-catenin levels
in Ror2¥32%¢ PGCs treated with exogenous WNT5a. Fig. S4 shows
the effect of Ficin treatment on revealing nuclear f-catenin signal in
histological sections and quantification of nuclear f-catenin intensity
in PGCs in all migratory ages and in specific locations by age. Fig.
S5 shows PouSfleER activity with tamoxifen exposure at E8.25 and
PGC distribution and EdU incorporation across embryonic locations
in f-catenin®F mutants. Online supplemental material is available at
http://www.jcb.org/cgi/content/full/jcb.201511061/DC1.
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