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Lgr5 marks stem/progenitor cells in ovary and
tubal epithelia
Annie Ng1, Shawna Tan1, Gurmit Singh1, Pamela Rizk1, Yada Swathi1, Tuan Zea Tan2, Ruby Yun-Ju Huang2,3,
Marc Leushacke1 and Nick Barker1,4,5,6

The ovary surface epithelium (OSE) undergoes ovulatory tear and remodelling throughout life. Resident stem cells drive such
tissue homeostasis in many adult epithelia, but their existence in the ovary has not been definitively proven. Lgr5 marks stem
cells in multiple epithelia. Here we use reporter mice and single-molecule fluorescent in situ hybridization to document candidate
Lgr5+ stem cells in the mouse ovary and associated structures. Lgr5 is broadly expressed during ovary organogenesis, but
becomes limited to the OSE in neonate life. In adults, Lgr5 expression is predominantly restricted to proliferative regions of the
OSE and mesovarian–fimbria junctional epithelia. Using in vivo lineage tracing, we identify embryonic and neonate Lgr5+

populations as stem/progenitor cells contributing to the development of the OSE cell lineage, as well as epithelia of the
mesovarian ligament and oviduct/fimbria. Adult Lgr5+ populations maintain OSE homeostasis and ovulatory regenerative repair
in vivo. Thus, Lgr5 marks stem/progenitor cells of the ovary and tubal epithelia.

Little is known about the underlying mechanisms governing epithelial
homeostasis in the ovary and oviduct1. In many adult epithelia,
resident stem cells are critical effectors of tissue renewal2–5 and
cancer initiation following genetic mutation2,6. In the ovary and
oviduct, efforts to establish the existence of stem cells have long
been frustrated by the lack of available stem cell markers. Several
studies have identified a subset of epithelia, juxtaposed at the edges
of ovulatory follicles and fimbrial fringes that exhibit surrogate
features of stemness7–10. The stem cell marker lymphocyte antigen
6 complex locus A Ly6a (Sca-1) also highlights a side-population-
enriched OSE subpopulation9. However, a formal demonstration of
stem cell function for these epithelial subpopulations is lacking. More
recently, a pool of aldehyde dehydrogenase 1 (Aldh1)-expressing OSE
cells restricted to the adult ovary hilum, enriched for stem cell markers
includingLgr5, was shown to be capable of replenishing ovary epithelia
in vivo11, providing the most compelling evidence of a stem cell niche
in the ovary hilum.

We have previously identified the Wnt target gene Lgr5 as a
marker of stem cells in various epithelia including the small intestine,
colon, stomach, hair follicle and kidney2–5. Here, we employ reporter
mice and sensitive single-molecule fluorescent in situ hybridization
(FISH) analyses to document the existence of Lgr5-expressing cells

in the ovary and associated structures, and evaluate their endogenous
stem/progenitor cell identity using in vivo lineage tracing.

RESULTS
Lgr5 expression in developing ovary and oviduct/fimbria
Quantitative PCR (qPCR) identified Lgr5 transcripts in the adult ovary
(Fig. 1a). Using Lgr5–EGFP–ires–CreERT2 (Lgr5-KI ) reporter mice,
Lgr5+ cells were first observed at embryonic day 13.5 (E13.5), scat-
tered throughout the ovary surface and subsurface (Fig. 1b). At postna-
tal day 1 (P1), Lgr5+ surface cells were readily detectable, whereas the
number of Lgr5+ subsurface cells was diminished (Fig. 1b). By P7,Lgr5
expression was restricted to the ovary surface (Fig. 1b). Independent
FISH analyses12 confirmed the presence of Lgr5 transcripts in surface
and subsurface cells at P1, and in surface cells at P7 (Fig. 1c).

Co-immunofluorescence of EGFP and cytokeratin 8 (K8) revealed
the epithelial identity of Lgr5+ surface cells in P1 ovaries (Fig. 1d).
Lgr5+ subsurface cells did not express K8, but co-labelled with the
granulosa marker Foxl2 (arrowheads, Fig. 1d). Most of the Foxl2+

granulosa precursors situated within the ovary interior were, however,
Lgr5− (Fig. 1d). Oocytes, marked by Ddx4, were also Lgr5− (Fig. 1d).
qPCR analysis of Lgr5 expression in fluorescence-activated cell sorted
(FACS) EGFPhi cells confirmed their identity as the ovary-resident
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Figure 1 Lgr5 expression in the developing ovary and ovary-associated
structures. (a) qPCR detects Lgr5 transcripts in wild-type adult ovary and
oviduct/fimbria, with intestine serving as a known Lgr5-expressing tissue
set as 1. Error bars indicate s.e.m. Gapdh was used as an endogenous
reference. n=3 animals per tissue; triplicates per tissue. (b) Confocal z-stack
images of near-native Lgr5-KI ovary slices at embryonic day 13.5 (E13.5) and
postnatal days 1 and 7 (P1 and P7). Endogenous Lgr5–EGFP+ surface cells
are denoted above the yellow dashed line. Arrowheads point to endogenous
Lgr5–EGFP+ subsurface cells. (c) Lgr5 FISH of wild-type P1 and P7 ovary
sections confirming Lgr5 transcripts (bright white dots) in surface and
subsurface cells at P1, and surface cells at P7. Insets show magnified FISH-
positive cells. Yellow arrowheads point to Lgr5+ surface cells. Red arrowheads
point to Lgr5+ subsurface cells. RNase-A-treated control sections revealed
specificity of Lgr5 transcripts. (d) EGFP, K8, Foxl2 and Ddx4 immunos-
tainings of P1 Lgr5-KI ovary sections. Small panels denote: Lgr5–EGFP+

surface cells express K8 (left); Lgr5–EGFP+ subsurface cells express Foxl2
(middle, arrowheads); Lgr5–EGFP+ cells do not express Ddx4 (right).

(e) Representative FACS plot of dissociated Lgr5-KI ovary cells depicting
EGFPhi (High) and EGFPneg (Neg) populations, and subsequent qPCR analyses
for Lgr5, K8 and Foxl2. Histograms represent fold-change relative to EGFPneg

cells set as 1. Error bars indicate s.e.m. Gapdh was used as an endogenous
reference. P1: n=5; P7: n=6. ∗P<0.05; ∗∗∗P<0.001. (f) EGFP/Ki67 co-
immunostaining of a P1 Lgr5-KI ovary section, revealing that Lgr5–EGFP+

OSE cells (arrows) proliferate whereas Lgr5–EGFP+ subsurface cells (arrow-
head) do not. (g) Confocal z-stack image of a whole-mount E13.5 Lgr5-KI
anterior Müllerian duct (highlighted by the yellow dashed line). The anterior–
posterior axis is shown. Top inset shows magnified endogenous Lgr5–EGFP+

cells of outlined region. Bottom inset shows EGFP–HRP immunostaining of an
E13.5 Lgr5-KI anterior Müllerian duct section revealing Lgr5+ cells (arrow)
within mesoepithelial lining. Red line denotes section plane. MD, Müllerian
duct, WD, Wolffian duct (regressing). (h) EGFP/K8 co-immunostaining of P1
Lgr5-KI oviduct and fimbria sections, revealing Lgr5+K8+ epithelial (arrows)
and Lgr5+K8− stromal (arrowheads) cells. DNA dyed by DAPI counter-stain.
Scale bars, 100 µm (whole-mount, g) and 10 µm (b–d,f–h).
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Lgr5+ population (Fig. 1e). The Lgr5–EGFPhi cells were highly
enriched for K8 (Fig. 1e). Foxl2 was detected in the P1, but not P7,
Lgr5–EGFPhi population, confirming a transient expression of Lgr5
during granulosa cell maturation (Fig. 1e). Co-labelling with Ki67
revealed a fraction of the Lgr5+ surface epithelia to be actively cycling
(arrows, Fig. 1f). In contrast, the subsurface Lgr5+ cells were almost
invariably Ki67− (arrowhead, Fig. 1f).

Lgr5–EGFP+ cells were also evident in the mesoepithelia lining the
E13.5 anteriorMüllerian duct (arrows, Fig. 1g). The anteriorMüllerian
duct gives rise to the oviduct after birth. Accordingly, Lgr5 expression
was observed in the K8+ epithelia of the oviduct, including its distal
fimbria, in P1 pups (arrows, Fig. 1h). A subset of K8− stromal cells
also expressed Lgr5 (arrowheads, Fig. 1h).

A comparable spatiotemporal expression pattern was observed in
the Lgr5–LacZ reporter mouse (Supplementary Fig. 1).

Lgr5 expression is typically associated with active canonical Wnt
signalling2,4,6. Co-expression analyses of Lgr5 and the universal Wnt
reporter Axin2 (ref. 13) in compound Lgr5-KI/Axin2–LacZ ovaries
revealed robust Axin2 expression in most Lgr5–EGFP+ OSE cells
in the P7 ovary (Supplementary Fig. 2). Thus, early Lgr5+ OSE
populations are probably responding to activeWnt signals.

Restricted Lgr5 expression in adult OSE
In the adult ovary, Lgr5 expression was restricted to the OSE
monolayer (Fig. 2a and also Supplementary Fig. 1). EGFP analyses
of naturally cycling adult ovaries revealed robust Lgr5 expression
at the hilum, as previously reported11 (open arrows, Fig. 2a).
However, we also observed Lgr5+ cells interspersed throughout the
OSE, notably at cleft regions between growing follicles or corpora
lutea representative of ruptured follicles (arrows, Fig. 2a and also
Supplementary Fig. 3). Around growing follicles, Lgr5+ OSE cells
adopted a columnar cell shape (Fig. 2b), whereas Lgr5+ OSE cells
flanking corpora lutea exhibited a flattened morphology (Fig. 2c).
The surface of corpora lutea was generally devoid of Lgr5 expression
(arrow, Fig. 2c). The exception was ovulatory follicles (that is,
prospective corpora lutea), where the overlying stigma-associatedOSE
expressed Lgr5 (arrowheads, Fig. 2d). Indeed, Lgr5 expression was
most conspicuous in ovulating regions comprising rupturing OSE
and distended OSE/tunica albuginea, as well as bordering the torn
edges of protruding ovulating follicles 24–48 h after treatment with
human chorionic gonadotropin (arrows, Fig. 2e). Independent FISH
analyses confirmed robust levels of Lgr5 transcripts in inter-follicular
and rupturing OSE (arrowheads, Fig. 2f).

To evaluate the proliferative behaviour of adult Lgr5+ cells in vivo,
BrdU was administered to naturally cycling female mice over a four-
day period encompassing one oestrus cycle. The frequency of BrdU+

OSE cells varied markedly between rupturing sites/corpora lutea
(‘ovulation regions’) and follicles/stroma (‘non-ovulating regions’;
Fig. 2e histogram). On average, 5 ± 1% of BrdU+ OSE cells covered
non-ovulating regions, whereas a significantly higher 26± 3% of
BrdU+ OSE cells covered ovulating regions (mean ± s.e.m.,
P<0.0001, Fig. 2e). Strikingly, 52 ± 6% of BrdU+ OSE cells at
ovulating regions expressed Lgr5 (histogram and left/middle insets,
Fig. 2e). A comparable proportion of Lgr5+ cells at torn epithelia
were Ki67+ (right inset, Fig. 2e). In non-ovulating regions, 21± 5%
of BrdU+ OSE cells expressed Lgr5 (Fig. 2e), indicating that a

small proportion of Lgr5+ cells are also cycling under non-damage
conditions. We conclude that actively cycling Lgr5+ cells are present
at high frequency within ovulating regions, whereas Lgr5+ cells within
non-ovulation regions are comparatively quiescent.

Lgr5 is expressed in adult fimbrial and junctional epithelia
Candidate stem cells have been identified at the epithelial fimbrial
fringes and mesovarian–fimbria junctional epithelia8,11. There was
no detectable Lgr5 expression in the fimbrial fringes (Fig. 2g).
However, a rare population of K8+ epithelia located at the base of the
fringed cup robustly expressed Lgr5 (solid arrow, Fig. 2g). Expression
was also observed in the K8+ epithelia lining the mesovarian
ligament (open arrow, Fig. 2g), extending to the mesovarian–fimbria
junctional epithelia (arrowhead, Fig. 2g and also Supplementary
Fig. 1). Proliferative Lgr5+ cells were apparent at the mesovarian–
fimbria junction by Ki67 co-expression (inset, Fig. 2g). Similar Lgr5
expression patterns were observed in the Lgr5–LacZ reporter mouse
(Supplementary Fig. 1).

LGR5 expression in human OSE and tubal epithelia
qPCR analyses confirmed that LGR5 was also expressed in the human
ovary and fimbria/distal fallopian tube (Fig. 2h). Using FISH, LGR5
transcripts were restricted to the OSE (arrows, Fig. 2i) and tubal
epithelia (arrows, Fig. 2j).

The adult Lgr5+ OSE transcriptome
Wederived an adult Lgr5+OSE transcriptome signature bymicroarray
analyses of FACS-sorted EGFPhi and EGFPlo OSE cells from naturally
cycling adult ovaries (Fig. 3a,b and also Supplementary Table 1). As
expected, Lgr5 was one of the most highly enriched genes in EGFPhi

cells (Fig. 3b and also Supplementary Table 1). Independent qPCR
analyses corroborated Lgr5 transcript enrichment in EGFPhi cells
(Fig. 3c). Importantly, both EGFPhi and EGFPlo sorted fractions were
verified as K8+Foxl2−Ddx4− OSE cells, and OSE-stripped ovaries did
not express Lgr5 or K8 (Fig. 3c).

Candidate OSE stem cells enriched for Ly6a/Sca-1 or Aldh1 have
been described previously7,9,11. In contrast to these label-retaining
cells, Lgr5–EGFPhi cells did not exhibit enrichment of Ly6a/Sca-1
and Aldh1a1, whereas there was a modest, statistically significant
enrichment of Aldh1a2 (Fig. 3c). Immunostaining with anti-Aldh1
(detecting the a1 subunit) surprisingly revealed robust expression
throughout the OSE (Supplementary Fig. 3), in contrast to an
earlier report describing a predominantly hilum-restricted expression
profile11. To confirm the Aldh1 expression profile, we performed
Lgr5 and Aldh1a1/a2 co-FISH, which revealed an abundance of
Aldh1a1/a2 transcripts within OSE cells located at the ovary
hilum and anterior regions (Supplementary Fig. 4). In particular,
Aldh1a1/a2 was expressed in both Lgr5–EGFPlo and Lgr5–EGFPhi

cells (Supplementary Figs 3,4). Gene set enrichment analysis further
verified no significant gene set enrichment of the published Aldh1+

signature11 in Lgr5–EGFPhi cells (enrichment score = −0.3847,
P=0.24; Supplementary Fig. 4). Collectively, our results suggest that
Lgr5 and Aldh1a1/a2 mark overlapping, but not identical, adult OSE
populations throughout the ovary surface.

We show that early Lgr5+ populations may respond toWnt signals
(Supplementary Fig. 2). The adult Lgr5–EGFPhi cell transcriptome
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Figure 2 Lgr5 expression in the adult mouse and human ovary and ovary-
associated structures. (a) EGFP immunostaining of an adult Lgr5-KI ovary
section, revealing Lgr5–EGFP+ cells between follicles and corpora lutea (filled
red arrows), as well as hilum (open red arrows). (b–d) Confocal z-stack images
of near-native adult Lgr5-KI ovary slices, revealing endogenous Lgr5–EGFP
expression flanking follicles (b), corpora lutea (c) and ovulatory follicles (d).
Red dashed lines highlight ovulation stigma. Arrow points to apex of corpus
luteum devoid of Lgr5 expression. Arrowheads point to stigma-associated
Lgr5–EGFP+ cells. Insets in b and c show EGFP/K8 co-immunostaining of
adult Lgr5-KI ovary sections. (e) Lgr5–EGFP expression at ovulating regions
comprising K8+ rupturing OSE (left, arrows), distended OSE/tunica albuginea
(middle, arrow) and torn OSE (right, arrows). Yellow dashed area represents
collapsed void. Bottom insets show corresponding EGFP/BrdU (arrowheads,
left and middle) or EGFP/Ki67 (arrowheads, right) co-immunostainings. His-
tograms depict mean percentage of BrdU+ OSE cells covering non-ovulating
(‘Non-ov.’: follicular sites and stroma; n=34 structures scored) and ovulating
(‘Ov.’: rupture sites and corpora lutea; n=10 structures scored) regions.

Denoted within histograms are mean percentages of BrdU+ OSE cells that are
EGFP+ (green) or EGFP− (grey). n=3 ovary pairs. Error bars indicate s.e.m.
∗∗∗P <0.0001. (f) Lgr5 FISH of wild-type adult ovary sections confirming
Lgr5 transcripts (bright white dots) in OSE cells atop a follicle (left), corpus
luteum (middle) and at a rupture site (right). Insets show magnified FISH-
positive OSE cells. RNase-A-treated control sections revealed specificity
of Lgr5 transcripts. (g) Lgr5+K8+ epithelia at base of fimbrial cup (filled
arrow), and junctional epithelia of the mesovarian ligament (open arrow)
and mesovarian–fimbria border (arrowhead). Inset shows Lgr5+Ki67+ cells
(arrowheads). F, follicle; CL, corpus luteum; Ov, ovulating follicle; R, rupture
site. (h) qPCR analyses of LGR5 expression in normal human ovary (n=3)
and distal fallopian tube (n=3). Histograms represent fold-change relative to
ov3 set as 1. GAPDH was used as an endogenous reference. dFT, distal end of
fallopian tube; ov, ovary. (i,j) LGR5 FISH confirming LGR5 transcripts (bright
white dots) in normal ovary epithelia (arrows, i) and tubal epithelia (arrows, j).
RNase-A-treated control sections revealed specificity of LGR5 transcripts.
Scale bars, 100 µm (a) and 10 µm (b–g,i,j).
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Figure 3 The adult Lgr5+ OSE transcriptome. (a) Representative FACS plot of
dissociated adult Lgr5-KI OSE cells depicting EGFPhi (hi) and EGFPlo (lo) dis-
tinct populations. (b) Gene expression profiles (n=3) showing filtered genes
with >2-fold up- and downregulation in EGFPhi cells compared with EGFPlo

cells. n=7–8 per sort. Colour key denotes log2-transformed expression values
where red is lowest and green is highest. Table shows Lgr5 and selected up- or

downregulated genes with average log2 fold-change ratio in EGFPhi versus
EGFPlo cells. (c) qPCR analyses of Lgr5 and selected target genes. Histograms
represent fold-change relative to EGFPlo cells set as 1 (RQ, relative quantifica-
tion). Error bars indicate s.e.m. Gapdh was used as an endogenous reference.
n=5 independent experiments; triplicates per gene per experiment. NS: not
significant; ∗P<0.05; ∗∗P<0.01; ∗∗∗P<0.001; ∗∗∗∗P<0.0001.

revealed a slight but not statistically significant enrichment of well-
known Wnt target genes Cd44 and Axin2 in Lgr5–EGFPhi OSE
cells (Fig. 3c). Expression analysis of compound Lgr5-KI/Axin2–LacZ
adult ovaries confirmed robust Axin2 expression in Lgr5–EGFPlo and
Lgr5–EGFPhi OSE cells alike, indicating that both populations are
responding to local Wnt signals (Supplementary Fig. 2). The Wnt
target gene Troy (Tnfrsf19) was enriched in Lgr5–EGFPhi cells (Fig. 3c
and Supplementary Fig. 5). In contrast, the Wnt antagonist gene
inhibitor of differentiation (Id) 2 was significantly downregulated
in Lgr5–EGFPhi cells compared with Lgr5–EGFPlo cells (Fig. 3b,c).
Enrichment of Wnt4 was evident in Lgr5–EGFPhi cells (Fig. 3b,c),

suggesting that the Lgr5–EGFPhi population is a local source of
Wnt ligand for the ovary epithelium. EGFP/Wnt4 or EGFP/Id2 co-
immunostainings confirmed these findings (Supplementary Fig. 6).

Lgr5 marks early stem/progenitor cells of adult OSE lineages
To investigate the physiological role of Lgr5+ cells during embryonic
andneonatal ovary development, we performed in vivo lineage tracing.
Lgr5+-cell-driven lineage tracing was initiated in E13.5-pregnant or
P1 females through a single dose-limiting intraperitoneal injection of
4-OH tamoxifen (4-OHT), and the fate of any LacZ-marked progeny
was followed over time. Induced ovaries remained functional and
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entered oestrus, as evidenced by the presence of growing follicles and
emergence of corpora lutea after puberty.

One day post-induction (p.i.), single LacZ+ cells were visible on
the ovary surface and subsurface of E13.5-induced pups, mirroring
the Lgr5–EGFP expression pattern at this developmental stage (‘1d’,
Fig. 4a). One day later, multiple discrete 2-cell clones were evident,
reflecting the onset of cell division within the marked Lgr5+ pool
(‘2d’ inset, Fig. 4a). During the ensuing 4-week chase, almost all
of the LacZ+ clones (99%) had expanded (‘4w’, Fig. 4a). Clone-size
quantification, estimated bymeasuring the longest length of physically
disparate LacZ+ cell clusters, revealed a considerable expansion of the
LacZ+ clones, from 15 ± 5 µm (2 cells) 2 days p.i. to 35 ± 18 µm
4 weeks p.i. (mean ± s.d., Fig. 4b). Clonal expansion during the pre-
puberty period was relatively uniform, with most (74%) LacZ+ clones
falling within the 15–40 µm size range (Fig. 4b).

Induction of P1 Lgr5-KI /Rosa26–LacZ pups revealed an equally
robust contribution of neonate Lgr5+ cells to the adult OSE
lineage (Fig. 4c and also Supplementary Fig. 7). To define the
overall contribution of neonate Lgr5+ cells to OSE specification,
we administered a slightly higher dose of 4-OHT into P1 Lgr5-KI
pups crossed to the highly efficient Rosa26–tdTomato Cre reporter
(Fig. 4d and also Supplementary Fig. 7). At 2 days p.i., 41.0 ± 3.2%
(mean± s.e.m.) of Lgr5+ populations had activated the tdTomato
reporter (‘2d’, Fig. 4d). Rapid expansion of the tdTomato+ progeny
ensued, from an initial OSE coverage (that is, number of tdTomato+

progeny amongst total OSE cells) of 29.8% at 2 days p.i. to 50.4%
at 4 weeks p.i., and 75.2% at 8 weeks p.i. to encompass almost
the entire ovary surface (‘4w’ and ‘8w’, Fig. 4d). We therefore
conclude that embryonic and neonate Lgr5+ populations serve as a
major stem/progenitor reservoir for the establishment and postnatal
maintenance of OSE lineages in vivo.

We occasionally observed a small population of LacZ+ subsurface
cells (arrows in ‘1d’ and ‘2w’, Fig. 4a) and LacZ+ granulosa/lutein
cells (blue cells within corpora lutea, Fig. 4g) post E13.5-induction,
consistent with a minor contribution of embryonic Lgr5+ cells to
granulosa lineages.

Adult Lgr5+ populations contribute to OSE homeostasis and
regenerative repair
To assess the contribution of OSE-resident Lgr5+ cells during adult
homeostasis, we performed longer-term tracing analyses of our cohort
of E13.5- or P1-induced females by applying a chase period of 10
weeks to 16 months (Fig. 4c,e and also Supplementary Fig. 7). In
contrast to the uniform clonal expansion observed before puberty,
LacZ+ clones within post-puberty OSE exhibited a highly variable rate
of cell expansion, as exemplified by the broad clone size distribution
at 10 weeks and 8 months p.i. (note narrow and broad s.d. ranges
pre- and post-puberty respectively, Fig. 4b). These data revealed
that at the 10-week chase, 55% of the LacZ+ clones had undergone
modest expansion (<100 µm) in contrast to the remaining 45% that
had continued to expand at a rapid rate (100 µm to >300 µm; ‘10w’,
Fig. 4b).

To determine whether this variable clonal expansion reflected
region-specific differences in Lgr5+ cell activity, we correlated clone
size distribution to the different anatomical regions of the ovary. The
largest LacZ+ clones were consistently located at the periphery of

rupturing follicles (yellow arrowheads, Fig. 4e,f), easily recognized by
their distinctive protrusion from the ovary surface (insets, Fig. 4f);
or covering the apical dome of corpora lutea representing repaired
epithelia (red arrowheads, Fig. 4c,e,g and also Supplementary Fig. 7).
In contrast, the smaller LacZ+ clones (<100 µm) were distributed
throughout the rest of the ovary surface (Fig. 4c,e), particularly around
non-ovulating follicles as verified by histology (white arrowhead,
Fig. 4c). The observed heterogeneous clone size distributions after
ovulation suggests that the activity of Lgr5+ cells is tailored to
meet the specific growth requirement of the local epithelia. Indeed,
preferential expansion of Lgr5+-cell-driven clones around (post-)
ovulatory follicles correlates well with our earlier findings of higher
proliferative activity of Lgr5+ cells at ovulating regions (Fig. 2e).

To document the clonal output of Lgr5+ cells, lineage tracing
was activated in E13.5-pregnant Lgr5-KI/Rosa26–4colour dams, and
the ovaries of pups analysed at different times post-induction. In
agreement with our Rosa26–LacZ tracing results, single-colour OSE
clones grew steadily over time, from 1.3 ± 0.5 cells 3 days p.i. to
2.4± 1.3 cells 1 week p.i., reaching 9.4± 8.6 cells 4 months p.i. (mean
± s.d.; Fig. 5a). A marked heterogeneity in Lgr5+-cell-driven clone
expansion ratewas again evident post-puberty (note narrow andbroad
s.d. ranges pre- and post-puberty respectively, Fig. 5a). Accordingly,
at 4 months p.i., nearly all OSE clones (98%) had expanded, but at
varying rates. Single-colour OSE clones typically ranged from 2 to 20
cells at follicular regions, but were consistently larger (>20 cells) in
the vicinity of (post-) ovulation regions (compare representative clone
atop follicle versus corpus luteum, Fig. 5b).We often observedmultiple
large clones flanking the edges of an ovulation stigma (Fig. 5c),
indicating that epithelial regeneration is effected by the concerted
actions of several Lgr5+ OSE cells bordering the wound site.

Stem cell populations are defined by their ability to self-renew
and generate differentiating progeny throughout life. The frequency
of Lgr5+-cell-driven lineage tracing events within the OSE did
not significantly diminish over 16 months (‘16m’, Fig. 4e and
also Supplementary Fig. 7). Most tracing clones harboured Lgr5–
EGFPhi cells (Fig. 5b–d), a subset of which were proliferating
(arrowheads, Fig. 5e). These observations collectively highlight the
long-term OSE contribution and intrinsic self-renewal capacity of
Lgr5+ stem/progenitor cells. Although the existence of distinct
cell lineages within the OSE has yet to be proven, precluding
a formal demonstration of Lgr5+ cell multipotency, individual
tracing clones contained at least 3 phenotypically distinct lineages:
EGFPhi, EGFPlo and EGFPneg (Fig. 5b–d). At 4 months p.i.,
the EGFPhi/EGFPlo/EGFPneg progeny composition within individual
single-colour tracing clones averaged 17.8%:44.4%:37.8% (n = 27
clones scored). Moreover, a subset of Lgr5+-cell-derived progeny
expressed Id2 (Fig. 5f). We earlier showed that Id2 expression is
negatively correlated with Lgr5 expression in OSE cells (Fig. 3c and
also Supplementary Fig. 6). The observation that Lgr5+Id2− cells
gave rise to Lgr5−Id2+ descendents therefore lends support to the
model where Lgr5+ cells generate phenotypically distinct progeny.
We conclude that a significant subset of the OSE-resident Lgr5+ cells
are long-lived stem/progenitor cells responsible for lifelong epithelial
maintenance and ovulatory regenerative repair in vivo.

To directly address the stem/progenitor status of adult
Lgr5+ OSE populations, we initiated lineage tracing in adult
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Figure 4 Embryonic and neonate Lgr5+ populations are early stem/progenitor
cells of adult OSE lineages in vivo. (a) Whole-mount and histological analyses
of LacZ activity in ovary 1 day (1d), 2 days (2d, inset), 2 weeks (2w)
and 4 weeks (4w) post E13.5-induction, revealing expansion of isolated
LacZ+ cells into LacZ+ OSE clones (arrowheads). A small population of
LacZ+ subsurface cells was also observed (arrows). (b) LacZ+ OSE clone
size quantification post E13.5-induction. Each dot represents a disparate
LacZ+ OSE clone. n=5 ovaries per time point; total of 480 clones counted.
Clone size was derived by measuring the longest ‘length’ of each discrete
LacZ+ OSE clone (Methods). Red bars indicate s.d. ranges. Note similar-
sized clones pre-puberty (narrow s.d. range) versus variable-sized clones post-
puberty (broad s.d. range). Green circles denote mean clone size, which
increased steadily over time (green line). (c) Whole-mount and histological
analyses of LacZ activity in ovary 2 days (2d), 4 weeks (4w) and 3
months (3m) post P1-induction, revealing similar-sized clones pre-puberty

and variable-sized clones post-puberty. 3m: compare small (white arrowhead)
and large (red arrowhead) LacZ+ clones. (d) Confocal z-stack images of
near-native Lgr5-KI/tdTomato ovary slices 2 days (2d), 4 weeks (4w) and 8
weeks (8w) post P1-induction. Two days p.i., 41.0 ± 3.2% (mean ± s.e.m.)
of Lgr5–EGFPhi cells have activated the tdTomato reporter (n=5 ovaries;
total of 2,923 Lgr5–GFPhi cells counted). Mean percentages of tdTomato+

progeny among total OSE population (that is, OSE coverage) are denoted
(n=5 ovaries per time point; total of 11,905 OSE cells counted). See also
Supplementary Fig. 7. (e–g) Whole-mount and histological analyses of LacZ
activity in ovary 10 weeks (10w), 8 months (8m), 12 months (12m) and
16 months (16m) post E13.5-induction, revealing large LacZ+ OSE clones
bordering (yellow arrowheads, e,f) or covering (red arrowheads, e,g) protruding
corpora lutea (marked with yellow dashed lines). LacZ+ lutein cells in g were
occasionally observed. F, follicle; CL, corpus luteum. Scale bars, 100 µm
(whole-mount images) and 10 µm (sections).
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Figure 5 Clonal output and characterization of embryonic Lgr5+ cell progeny
in vivo. (a) Single-colour OSE clone size quantification post E13.5-
induction. Each dot represents a disparate single-colour OSE clone. Red
bars indicate s.d. ranges. Note similar-sized clones pre-puberty (narrow
s.d. range) versus variable-sized clones post-puberty (broad s.d. range).
Green circles denote mean clone size, which increased steadily over
time (green line). n=2–5 ovaries per time point; total of 106 clones
counted. Statistical source data can be found in Supplementary Table 2.
(b) Confocal z-stack images of near-native ovary slices 4 months (4m)
post E13.5-induction, revealing a larger-sized single-colour clone above
a corpus luteum compared with a follicle. Insets show magnified clones

(yellow dashed lines) made up of EGFPhi (white dashed lines), EGFPlo

and EGFPneg progeny. (c) Consecutive ovary slices depicting an ovulatory
stigma site flanked by two single-colour OSE clones comprising >30 cell
progeny each. Insets show magnified clones (yellow dashed lines) made up
of EGFPhi (white dashed lines), EGFPlo and EGFPneg progeny. (d) EGFP–HRP
immunostaining of a LacZ-stained OSE clone, revealing EGFPhi, EGFPlo and
EGFPneg progeny. (e) EGFP/Ki67 co-immunostaining of a LacZ-stained OSE
clone, revealing Lgr5–EGFPhiKi67+LacZ+ progeny (arrowheads). (f) EGFP/Id2
co-immunostaining of a LacZ-stained clone, revealing Lgr5–EGFPneg/loId2+

(arrowheads) and Lgr5–EGFPhiId2− (arrows) LacZ+ progeny. CL, corpus
luteum. Scale bars, 100 µm (whole-mount images) and 10 µm (sections).

Lgr5-KI/Rosa26–LacZ females. Activation of the LacZ reporter
gene was achieved throughout the adult OSE, albeit at a lower
frequency than in young animals. The rate of clonal expansion
was markedly lower than that observed in the embryonic/neonatal

tracing experiments, with clones being typically limited to <50 µm 4
months p.i. (arrows, Fig. 6a). This probably reflects the lower rate of
epithelial turnover during homeostatic maintenance of the adult OSE
compared with the developmental growth phase. In agreement with
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Figure 6 Adult Lgr5+ OSE populations are capable of epithelial regenerative
repair. (a) Whole-mount and histological analyses of LacZ activity in ovary 4
months (4m) post adult-induction. Arrows point to small LacZ+ OSE clones.
Red arrowheads point to a large LacZ+ OSE clone tandem to a protruding
corpus luteum (marked with yellow dashed line). (b) Scheme of 4-OHT
labelling and superovulation treatment. (c) YFP+ OSE clone size quantifi-
cation. Each dot represents a disparate YFP+ OSE clone. Red bars indicate
s.d. ranges. Green circles denote mean clone size, which increased steadily
over time (green line). Bar chart shows percentage of YFP+ clones containing
1, 2, 3–4, 5–9 and >10 OSE cells. n=2–5 ovaries per time point; total of

718 clones counted. Statistical source data can be found in Supplementary
Table 2. (d) Bright-field images of representative ovary slices obtained from
the anterior (left) or middle (right) regions, illustrating underlying follicular
structures. (e) Confocal z-stack images of near-native ovary slices 2 days (2d),
4 days (4d), 7 days (7d), 10 weeks (10w) and 6 months (6m) post adult-
induction. Arrowheads point to YFP+ cells/clones. Insets show representative
large YFP+ clones atop corpora lutea. Magenta dashed lines demarcate
the borders of a follicle or corpus luteum, as determined by bright-field
visualization of ovary slices in d. F, follicle; CL, corpus luteum. Scale bars,
100 µm (whole-mount images) and 10 µm (sections).

the notion that demands for rapid OSE replenishment are mostly
confined to damage regions, we observed a minority of LacZ+ clones

(<10%) at corpora lutea that had grown significantly beyond 200 µm
(arrowhead, Fig. 6a).
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Figure 7 Embryonic and neonate Lgr5+ populations are early stem/progenitor
cells of the epithelial cell lineage of the oviduct/fimbria and mesovarian
ligament in vivo. (a) Whole-mount and histological analyses of LacZ activity
in oviduct 10 weeks (10w) and 16 months (16m) post induction. Inset shows
LacZ+ oviductal progeny (arrowhead) immunostained with K8 demonstrating
epithelial identity. (b) Whole-mount and histological analyses of LacZ activity

in fimbria and mesovarian ligament at different times post E13.5- or P1-
induction demonstrating LacZ+ epithelial cell progeny at the mesovarian
ligament (arrow), base of fimbrial fringed cup (filled arrowheads) and fimbrial
tips (open arrowheads). Insets show magnified LacZ+ progeny in outlined
regions. Fimbrial fringes are enclosed within red dashed lines. Scale bars,
100 µm (whole-mount images) and 10 µm (sections).

Next, we initiated lineage tracing in 4-week-old Lgr5-KI/Rosa26–
YFP females and subsequently induced superovulation (Fig. 6b).
Ovaries were analysed 2 days (pre-ovulation), 4 days (ovulation;
rupture wound stage) and 7 days (post-ovulation; wound repair
completed) p.i. (Fig. 6b,c). Immunostaining with anti-K8 revealed
a regenerated epithelium 7 days p.i., in agreement with previous
studies documenting complete wound closure within 12 h to 4 days
following ovulatory rupture14,15. We also established an accurate
spatial distribution of the YFP+ clones relative to the underlying
follicular structures, which could be easily deciphered by bright-field
imaging of the ovary slices (Fig. 6d).

Single, isolated YFP+ cells were observed 2 days post p.i. (‘2d’,
Fig. 6c; arrowhead in ‘2d’, Fig. 6e). At 4 days p.i., 28% of the marked
Lgr5+ cells had divided to generate 2-cell YFP+ clones, and 10% had
already generated YFP+ clones comprising 3–8 cells (‘4d’, Fig. 6c).
Seven days p.i., 23% of YFP+ clones now comprised 3–16 cells,
highlighting the impressive proliferative capability of a subset of
the marked Lgr5+ pool within one ovulation cycle (‘7d’, Fig. 6c).
These larger YFP+ clones were located around the wound edges
of protruding/ruptured corpora lutea (arrowheads in ‘4d’ and ‘7d’,
Fig. 6e). Half of the YFP+ clones, located predominantly at follicular
regions, did not expand over the 7-day period (‘7d’, Fig. 6c). At 10
weeks and 6months p.i., following several rounds of natural ovulation,
we noted a reduction in the frequency of single-cell clones (29% and
6% respectively, Fig. 6c) but the rate of clone expansion was typically
limited, reaching only 2–9 cells. Overall, there was a statistically
significant increase in YFP+ clone size, from 1.1± 0.3 cells 2 days p.i.
to 6.2± 7.7 cells 6 months p.i. (mean± s.d., Fig. 6c). A small subset of
clones at the 10-week and 6-month chases (2% and 11% respectively,
Fig. 6c) in the vicinity of corpora lutea did expand to encompass
in excess of >10 cells (arrowheads in ‘10w’ and ‘6m’ and insets,
Fig. 6e). We conclude that most adult Lgr5+ OSE cells are dividing
only infrequently to generate new OSE progeny, reflecting the limited,

steady-state rate of epithelial turnover during regular homeostasis.
During ovulatory damage, however, multiple local Lgr5+ cells can
rapidly adopt an activated ‘repair’ mode to effect rapid restoration
of the surface epithelia. We further speculate that the largest OSE
clones may have arisen from marked Lgr5+ cells reversibly switching
between ‘steady-state’ and ‘repair’ modes during multiple rounds of
local ovulation-induced regeneration events.

In contrast to our data, a recent study employing a similar
Lgr5-driven lineage tracing strategy incorporating the Rosa26–
tdTomato reporter concluded that hilum-restricted adult Lgr5+ cells
are instrumental in driving the long-term renewal of the entire
OSE (ref. 11). We repeated our adult tracing experiments using
the same Rosa26–tdTomato reporter allele employed in that study
(Supplementary Fig. 8). The appearance of multiple single tdTomato+

cells 2 day p.i. confirmed the efficient activation of Lgr5+-cell-
driven lineage tracing throughout the OSE and reinforced the notion
that Lgr5 expression is not restricted to the ovary hilum. When
induced ovaries were examined 2 weeks and 4 months p.i., there
was no evidence of exclusively hilum-derived tracing (Supplementary
Fig. 8). Instead, we observed the stereotypical distribution pattern
described above, where disparate Lgr5+-cell-derived tdTomato+

clones were distributed throughout the OSE, with larger clones
associated with corpora lutea. Collectively, these results indicate that
Lgr5+ cells located beyond the hilum actively participate in OSE
regeneration in vivo.

Lgr5 marks early stem/progenitor cells of oviductal/fimbrial and
mesovarian epithelia
We earlier demonstrated that Lgr5 is expressed in the developing
Müllerian duct and oviduct/fimbria. Induction of lineage tracing at
E13.5 or P1 revealed the presence of long-lived LacZ+ clones in the
K8+ epithelia of the oviduct/fimbria (arrowheads, Fig. 7a,b), extending
to the K8+ epithelia of the mesovarian ligament (arrows, Fig. 7b).
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Figure 8 Proposed model of Lgr5+ stem/progenitor cell activity during
ovary development and adult homeostasis/regenerative repair. (a) Embryonic
and neonate Lgr5+ populations establish the OSE lineages in the ovary,
as well as the epithelial cell lineage of the mesovarian ligament and
oviduct including fimbria. (b) In adulthood, OSE-resident Lgr5+ populations

located at inter-follicular clefts and at the margins of ovulatory follicles
contribute epithelial progeny to maintain ovary homeostasis associated
with follicular growth, as well as rapid epithelial regeneration to mend
the cellular void created along the ovary surface following ovulatory
rupture-induced damage.

Of note, LacZ+ progeny in the fimbria were restricted to the
base of the fringe cup (arrowheads, Fig. 7b), although rare tip
epithelia were LacZ+ (open arrowheads, Fig. 7b). These observations
reveal that embryonic and neonate Lgr5+ cells and their progeny
actively contribute to the specification of the epithelial cell lineages
of the oviduct/fimbria and mesovarian ligament. As Lgr5 is not
expressed in the adult oviduct and fimbria proper, Lgr5− stem cell
populations must be responsible for the maintenance of the mature
oviductal/fimbrial epithelia.

DISCUSSION
Here, we identify the Wnt target gene Lgr5 as a marker of
stem/progenitor populations of the ovary and tubal epithelia.
Employing independent Lgr5 reporter mice and FISH, we document
endogenous Lgr5 expression from E13.5 onwards in K8+ surface
epithelia and a subset of Foxl2+ subsurface cells in the developing
ovary. Around this developmental stage, expression is also present in
themesoepithelium lining the anteriorMüllerian ducts, the precursors
of the adult oviduct including fimbria. Lgr5 expression becomes

progressively restricted during early postnatal development, with only
the prospective ovary and fimbrial epithelia maintaining detectable
levels. In adults, Lgr5 expression is restricted to discrete areas of the
OSE, as well as epithelia of the mesovarian ligament and mesovarian–
fimbria junction.

Using in vivo lineage tracing, we formally identify Lgr5+ cells
in the Müllerian ducts as embryonic stem/progenitor populations
contributing to the development of the epithelia of the adult oviduct
including fimbria. In the ovary proper, Lgr5+ populations were
identified as precursors of the adult OSE lineage. Activation of Lgr5+-
cell-driven lineage tracing at birth revealed a similar contribution
of neonate Lgr5+ cells to the postnatal development of the OSE
and epithelia of the mesovarian ligament. Importantly, reporter gene
activity was maintained long-term in adult tissues, indicating that the
embryonic and neonate Lgr5+ cells were also the source of the adult
stem/progenitor populations responsible for maintaining epithelial
homeostasis throughout life. Althoughwe cannot formally rule out the
existence of non-Lgr5-expressing sources of adult OSE, the extensive
Lgr5+-cell-driven tracing we observed throughout the OSE using
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the sensitive tdTomato reporter strongly supports the notion that
the Lgr5+ stem/progenitor pool is the dominant contributor to the
OSE lineage.

A recent study11 employing our Lgr5–EGFP–ires–CreERT2 lineage
tracing model concluded that Lgr5 expression is enriched in hilum
OSE cells in the adult ovary, and that these cells represent the main
reservoir of stem cells for the entire OSE during post-ovulatory
repair. We confirm Lgr5 expression at the hilum but additionally
identify multiple Lgr5+ populations throughout the adult OSE, with
the highest concentrations clustered around inter-follicular clefts and
bordering ovulatory rupture wounds. We further reveal these Lgr5+

OSE populations to be adult stem/progenitor cells contributing to
the homeostatic maintenance and epithelial wound repair in vivo. Of
note, numerous Lgr5+-cell-derived clones are evident in and around
ovulating follicles, supporting the concept that multiple Lgr5+ cells
proliferate near to the epithelial wound and migrate to close the
damaged ovary surface. Widespread OSE-resident stem cells that can
be quickly recruited to seal local ovulatory wounds would seem to be
a more efficient homeostatic mechanism than a single reservoir at the
hilum. Indeed, it would probably be a major challenge for newborn
epithelia to be produced and delivered to wound sites distant from the
hilum within the short 12 h–4 day repair window14,15. We also show
that Aldh1 expression in OSE cells extends beyond the hilum to the
rest of the ovary. Indeed, Lgr5 and Aldh1a1/a2 mark overlapping OSE
populations throughout the ovary surface.

The OSE joins the growing list of epithelia maintained by Lgr5+

stem cells. It is unknown whether the ovary Lgr5+ stem/progenitor
cells reside within instructive niches that regulate their output
according to the classical hierarchical models known to exist in
other Lgr5+-stem-cell-driven epithelia such as the intestine and
stomach2,5,16. Unlike these well-defined epithelial systems, the detailed
tissue architecture and cellular composition of the OSE is poorly
understood. In the absence of validated lineage markers for the
various epithelial populations that potentially exist within the OSE,
we cannot formally characterize the resident Lgr5+ cells as being truly
multipotent. However, the presence of EGFPhi, EGFPlo and EGFPneg

‘cell-types’, together with the documented ability of Lgr5+Id2− cells to
generate Lgr5−Id2+ progeny, does highlight the ability of individual
Lgr5+ cells to generate phenotypically distinct lineages. Our work
supports a model (Fig. 8) in which early Lgr5+ populations establish
the OSE lineages in the ovary, as well as the epithelial cell lineage of
the oviduct including fimbria andmesovarian ligament. In adulthood,
OSE-resident Lgr5+ populations contribute epithelial progeny to effect
OSE homeostasis and ovulation-induced epithelial regeneration. As
Lgr5+-cell-driven tracing frequency did not significantly diminish
over the long-term, we propose that a relatively constant Lgr5+

stem/progenitor pool is maintained in the adult OSE throughout its
reproductive lifetime.

Wnt signalling components, notably Wnt4 and RSpondin 1, play a
key role in ovary organogenesis17,18. The fact that multipleWnt ligands
and Frizzled receptors are present in the adult OSE (ref. 19) indicates
that Wnt signalling constitutes an essential niche component of the
adult ovary epithelia. We show that Wnt4 is enriched in the Lgr5+

populations, implying that these cells may achieve robust intrinsic
Wnt signalling through an autocrine mechanism. Select Wnt target
genes includingTroy and Id2 are differentially expressed in Lgr5+ cells.

Troy is also expressed in other Lgr5+ stem cells, including those of the
intestine and stomach, where it functions to modulate the Wnt signal
strength to a level compatible with optimal stem cell function20,21.

Lgr5+ epithelial stem cells in the intestine and stomach have
been implicated as the origin of gastrointestinal tract cancer in
humans2,22. Two sites that we now show to harbour Lgr5+ cells
with stem/progenitor properties—the OSE and tubal epithelia—are
believed to be the source of human ovarian cancers23–26. This raises the
intriguing possibility that the resident Lgr5+ stem cells may constitute
the cell of origin of this lethal gynaecological malignancy. Indeed, we
observed a similar pattern of LGR5 expression within normal human
adult OSE and tubal epithelia. The insights andmodels described here
should prove invaluable for efforts to exploit the clinical potential
of ovary stem cells and for evaluating their contribution to human
ovarian cancers. �

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS
Mice.The Lgr5–EGFP–ires–CreERT2,Lgr5–LacZ,Rosa26–LacZ andRosa26–4colour
mice have been described previously2,3. The Rosa26–YFP and Rosa26–tdTomato
mice were obtained from Jackson Labs. All animal experiments were approved by
the Institutional Animal Care and Use Committee of Singapore. The experiments
were not randomized, and there was no blinded allocation during experiments and
outcome assessment. No statistical method was used to pre-determine sample size.

Human material. Human material was provided by NUHS Department of
Pathology and Department of Gynaecology and Obstetrics (granted under protocol
D/00/856). Informed consent was obtained from all patients.

4-hydroxytamoxifen (4-OHT), BrdU and superovulation treatments.A single
dose of 4-OHT in sunflower oil (10mgml−1) was injected intraperitoneally at
a concentration of 2mg (in 200 µl) to >3-week-old female mice, 0.05–0.15mg
(in 10 µl) to newborn neonates and 2mg (in 200 µl) to timed-pregnant females,
alongside 1mg (in 100 µl) of progesterone (Sigma) to maintain pregnancy. Mice
were injected intraperitoneally at 8-h intervals with 200 µl of 10mgml−1 BrdU/PBS
(Sigma). Superovulation was carried out by administration of 5 IU of pregnant mare
serum gonadotropin (PMSG, Calbiochem) and human chorionic gonadotropin
(hCG, Sigma) spaced 46 h apart.

β-galactosidase/LacZ staining. Staining for the presence of β-galactosidase/LacZ
activity has been described previously2,4. Stained tissues were dehydrated as
per the standard procedure and embedded in paraffin for sectioning (6 µm)
and counterstained with neutral red (Sigma). Combined LacZ/immunostaining
procedures were performed on ovaries fixed for 4 h at 4 ◦C in ice-cold formalin.

Immunohistochemistry. Immunohistochemistry was performed on paraffin-
embedded sections as described previously4. Briefly, tissues were fixed in ice-
cold formalin overnight before embedding in paraffin. Immunohistochemistry was
performed on deparaffinized and rehydrated 5–6 µm tissue sections. The primary
antibodies were chicken anti-EGFP (1:2,000; Abcam), rabbit anti-EGFP (1:200; Cell
Signalling), rat anti-K8 (1:200; Troma-1; Hybridoma Bank), mouse anti-Ki67 (1:150;
Novacastra), goat anti-Foxl2 (1:100; Abcam), rabbit anti-Ddx4 (1:500; Abcam),
mouse anti-BrdU (1:100; Sigma), mouse anti-E-cadherin (1:100; Biosciences), goat
anti-Wnt4 (1:100; R&D Systems), rabbit anti-Id2 (1:100; Abcam) and rabbit anti-
Aldh1a1 (1:200 to 1:500; Abcam ab23375). The Aldh1a1 antibody used is the
same polyclonal antibody used in ref. 11. Antigen retrieval was carried out by
heating slides in a pressure cooker (121 ◦C) for 20min either in a modified citrate
buffer, pH 6.1 (S1699, DAKO) or Tris/EDTA buffer, pH 9.0 (S2367, DAKO). The
peroxidase-conjugated secondary antibodies used were mouse/rabbit EnVision+
(DAKO) for HRP-immunostaining or anti-chicken/rabbit/mouse/rat/goat Alexa
488/568/647 IgG (1:200; Invitrogen) for immunofluorescence. Immunostainings
were repeated on at least three tissue sections per tissue block. Only representative
images were presented.

Whole-mount analysis and vibratome sectioning. Embryonic ovaries were
fixed in 4% paraformaldehyde (EMS) for 30min at room temperature and directly
mounted in Hydromount (National Diagnostics) containing DAPI nuclear dye
(Sigma) for confocal imaging. Neonate and adult ovaries cleared of bursa and fat
tissue were fixed in 4% paraformaldehyde (EMS) for 2–4 h at 4 ◦C before embedding
in 4% Ultrapure low-melting-point agarose (Invitrogen). Once solid, a vibrating
microtome (Leica VT10000S) was used to collect 100–150-µm-thick slices onto
microscope slides as described previously27 then mounted as above, followed by
confocal imaging.

FISHhybridization.The FISH procedure was performed as described previously12.
Briefly, ovaries were fixed in ice-cold 4% paraformaldehyde then submerged
overnight at 4 ◦C in 30% sucrose/4% paraformaldehyde. They were OCT-embedded
and 6 µmcryo-sections were obtained for hybridizations. All Stellaris probe libraries
were designed by Probe Designer at www.singlemoleculefish.com/ and synthesized
by Biosearch Technologies. The probes were labelled using TMR (Lgr5) or Quasar
670 (Troy, Aldh1a1, Aldh1a2) fluorophores. Two sets of FISH probes totalling a
blend of 96 labelled oligonucleotides were used for Lgr5 (mouse: NM_010195;
human: AF_061444) or Troy (AB_040432). One set of FISH probes totalling a blend
of 48 labelled oligonucleotides were used for Aldh1a1 (NM_013467) or Aldh1a2
(NM_009022). DAPI nuclear dye was included during the final wash. RNase A
(Qiagen) was added at a concentration of 100 µgml−1 for 45min at 37 ◦C post-
fixation. For human FISH, an additional conjugated Alexa Fluor 488 mouse anti-
E-cadherin (1:100; Biosciences) was added in the hybridization mix and used for
protein immunofluorescence.

Microscope imaging. Non-FISH images were taken with a Zeiss AxioImager
Z1 Upright fluorescence microscope equipped with a CoolSnap HQ2 B/W CCD

(charge-coupled device) camera usingMetaMorph software, or anOlympus FV1000
upright confocal microscope. FISH images were obtained on an Olympus FV1000
upright confocal microscope with a ×100 oil-immersion objective, where images
were 15–30 stacks with z-spacings of 0.2–0.3 µm, with gamma adjustment applied.

OSE isolation and flow cytometry. To isolate OSE cells, ovaries cleared of bursa
and fat tissue were incubated with pre-warmed 0.2% trypsin/EDTA (Invitrogen)
at 37 ◦C and 5% CO2 for 30min. Following trypsin inactivation with DMEM/F12
supplemented with 10% heat-activated fetal bovine serum (FBS, PAA Laboratories),
the tube was gently agitated by hand and the supernatant containing stripped
OSE cells was triturated and passed through a 100 µm then 40 µm cell strainer
to achieve a single-cell suspension. OSE cells were pelleted at 1,000g for 5min at
4 ◦C, re-suspended in HBSS/5% FBS containing propidium iodide (Sigma), and
immediately FACS-sorted into Trizol (Qiagen) on the BD Influx (BectonDickinson)
flow cytometer.

RNA isolation and qRT–PCR. Tissues/cells were placed into Trizol (Qiagen)
and total RNA isolation was performed using the RNeasy Universal Plus Kit
(Qiagen) according to the manufacturer’s instructions. cDNA was generated as
described previously3. qRT–PCR (n= 5) was carried out using TaqMan (Applied
Biosystems) or SYBR Green dye (Promega) assays in triplicates per gene. Relative
quantification of gene expression was analysed using the11Ct method withGapdh
as an endogenous reference. qPCR primer and Taqman probe details can be found
in Supplementary Table 3.

Estimation of LacZ+ clone size. Estimation of LacZ+ clone sizes was carried
out using ImageJ Analysis software. Images were first spatially calibrated against
a known scale bar distance. Using the straight line selection tool, a straight line
was drawn spanning two opposite margin points of the clone to be measured. The
distance (inmicrometres) representative of the longest ‘length’ of the clonewas taken
as the estimated LacZ+ clone size.

Statistical methods.All statistical analyses were performed using GraphPad Prism
software (two-tailed unpaired t-test and one-way ANOVA).

Microarray experiment and gene expression analysis. Labelling, hybridization
and washing protocols for microarrays were performed according to Origene
instructions. RNA quality was first determined by assessing the integrity of the
28s and 18s ribosomal RNA bands on Agilent RNA 60000 Pico LabChips in an
Agilent 2100 Bioanalyser (Agilent Technologies). Ten nanograms of RNA was
used to generate SPIA-amplified cDNA using the Ovation Pico WTA system
(Nugen Technologies). The WT-Ovation Exon module was subsequently used
to produce sense-cDNA from 3 µg of purified cDNA, and 5 µg of sense-DNA
was then fragmented and biotin-labelled with the Nugen Encore Biotin module
(Nugen Technologies). Microarray was performed using the Affymetrix Mouse
ST v2.0 GeneChips (Affymetrix), which consists of more than 28,000 probes for
previously annotated genes. The individual microarrays were washed and stained
in an Affymetrix Fluidics Station 450, and hybridized probe fluorescence was
detected using the Affymetrix G3000 GeneArray Scanner. Image analysis was
carried out on the Affymetrix GeneChip Command Console v2.0 using the MAS5
algorithm. CEL files were generated for each array and used for gene expression
analysis. Partek Genomics Suite 6.6 (Partek) was used for initial processing and
analysis of the .CEL data files. Raw probe-set intensities were normalized using the
RobustMultichip Average (RMA) algorithm for background correction and quantile
normalization, and gene expression levels were represented as log2-transformed
values. One-way ANOVA was applied for statistical analysis of differential gene
expression in Lgr5–EGFPhi cells compared with Lgr5–EGFPlo cells. Statistically
significant genes were identified using fold change of >+2 or <−2 and a P<0.05.
Pearson correlation and principal component analysis (PCA) was used to control
for quality across the multiple technical replicates. PCA was carried out to provide a
global overview of clustering between the replicate samples. Further gene expression
analysis was also carried out using Ingenuity Pathway Analysis software (Ingenuity
Systems). The Aldh1+ gene expression signature was taken from Supplementary
Fig. 10 of ref. 11 and its enrichment in our Lgr5–EGFPhi data was analysed using
gene set enrichment analysis v2.0.13. Default parameter settings were used: number
of permutations = 1,000; collapsed data set to gene = true; permutation type =
phenotype; enrichment statistics = weighted; metric for ranking genes = signal
to noise.

Accession numbers.Microarray data were deposited in Gene ExpressionOmnibus
(www.ncbi.nlm.nih.gov/geo/) under the series identifier GSE52925.

27. Snippert, H. J., Schepers, A. G., Delconte, G., Siersema, P. D. & Clevers, H. Slide
preparation for single-cell-resolution imaging of fluorescent proteins in their three-
dimensional near-native environment. Nat. Protoc. 6, 1221–1228 (2011).
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Supplementary Figure 1 Lgr5 expression in the Lgr5-LacZ reporter knock-in 
mouse. P1: Lgr5-LacZ expression on the ovary surface (black arrow) and 
sub-surface (arrowheads), as well as oviduct and fimbria (red arrow). P7: 
Lgr5-LacZ expression in the OSE (arrow). Adult: Lgr5-LacZ expression in the 

OSE (arrow), fimbrial base (black arrowhead), mesovarian ligament (white 
arrows) and mesovarian-fimbria junction (white arrowhead). WT insets show 
wild-type littermate ovaries. Neutral red counter-stain. Scale bars, 100 mm 
(wholemount images); 10 mm (sections).
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Supplementary Figure 2 Active Wnt signaling in P7 and adult Lgr5-EGFP+ 
cells. (Top) P7 Lgr5-KI/Axin-LacZ ovary section stained for LacZ activity 
(left) then co-immunostained with EGFP and K8 (right). Arrows point to 
Axin2+ Lgr5-EGFPhi OSE cells. (Bottom) An adult Lgr5-KI/Axin-LacZ ovary 
section stained for LacZ activity (left) then co-immunostained with EGFP-
HRP (middle). Black and white arrowheads point to Axin2+Lgr5-EGFPhi and 

Axin2+Lgr5-EGFPlo/neg OSE cells respectively. Neutral red counter-stain. 
qPCR with Axin2 (right) confirming expression in sorted Lgr5-EGFPhi, Lgr5-
EGFPlo and Lgr5-EGFPneg OSE cells, but not in OSE-stripped ovary cells. 
Histograms represent fold-change relative to Lgr5-EGFPneg cells set as ‘1’. 
Error bars indicate SEM. Gapdh was used as endogenous reference. Scale 
bars, 10 mm.
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Supplementary Figure 3 Spatial distribution of Lgr5-EGFP+ and Aldh1+ 
cells in the adult ovary. (Top) EGFP immunostaining of adult Lgr5-KI 
ovary sections, revealing Lgr5-EGFP+ cells concentrated at cleft regions 
between growing follicles (a,b) and corpora lutea (c,d). Note OSE cells at 
surface of corpora lutea were devoid of Lgr5 expression (arrowhead in d) 
except at ovulating follicles (ie., prospective corpora lutea) comprising 
stigma-associated OSE/tunica albuginea (arrows in e,f) and rupturing OSE 

(g,h). F, follicle; CL, corpus luteum; Ov, ovulating follicle; R, rupture site. 
(Bottom) EGFP/Aldh1 (detecting a1 subunit) co-immunostaining of adult 
Lgr5-KI ovary sections, revealing Aldh1 expression within OSE cells at the 
ovary hilum (1) and anterior regions (2,3). Note Aldh1 expression in both 
Lgr5-EGFPlo (arrows) and Lgr5-EGFPhi (arrowheads) OSE cells. Also note 
Aldh1 expression in non-OSE cells within the ovary interior. Scale bars, 
10 mm.
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Supplementary Figure 4 Lgr5 and Aldh1a1 /a2 co-FISH in the adult ovary and 
gene set enrichment analysis (GSEA). Co-FISH of Lgr5 and Aldh1a1/a2 on 
adult wild-type ovary sections, confirming Aldh1a1/a2 transcripts within OSE 
cells at the ovary hilum (1,5) and anterior regions  (2,3,6,7). Bright white dots 
represent positive FISH signals. OSE cells are denoted above yellow dashed 

lines. Note presence of Aldh1a1/a2 transcripts in Lgr5+ (arrowheads) and 
Lgr5- (arrows) cells. RNase A-treated control sections revealed specificity of 
Lgr5 and Aldh1a1/a2 transcripts (4,8). GSEA reveals no significant gene set 
enrichment of the published Aldh1+ signature (Flesken-Nikitin et al., 2013) in 
Lgr5-EGFPhi OSE cells (p=0.24). ES, enrichment score. Scale bars, 10 mm.
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Supplementary Figure 5 Lgr5 and Troy co-FISH in the adult ovary. Co-FISH 
of Lgr5 and Troy on adult wild-type ovary sections, demonstrating enriched 
Troy mRNA expression in Lgr5+ OSE cells. Bright white dots represent 
positive FISH signals. OSE cells are denoted above yellow dashed lines. Note 

similar expression profile of Troy to that of Lgr5, with abundant transcripts 
present in OSE cells around a follicle but absent atop a corpus luteum. 
RNase A-treated sections revealed specificity of Lgr5 and Troy transcripts. F, 
follicle; CL, corpus luteum. Scale bars, 10 mm.
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Supplementary Figure 6 Lgr5-EGFP/Wnt4 and Lgr5-EGFP/Id2 co-IHC. 
(Top) EGFP/Wnt4 co-immunostaining of adult Lgr5-KI ovary sections, 
demonstrating enriched Wnt4 expression in Lgr5-EGFPhi OSE cells 
(arrowheads). (Bottom) EGFP/Id2 co-immunostaining of adult Lgr5-KI 

ovary sections, demonstrating down-regulation of Id2 expression in 
Lgr5-EGFPhi OSE cells. Arrows point to Id2-Lgr5-EGFPhi OSE cells. 
Arrowheads point to Id2+Lgr5-EGFPneg/lo OSE cells. Scale bars,  
10 mm.
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Supplementary Figure 7 Neonate Lgr5+ populations and their progeny are 
lifelong contributors of the adult OSE lineage in vivo. (Top) Wholemount 
and histological analyses of LacZ activity in ovary at various times post P1-
induction. A single limiting dose of 4-OHT induced LacZ activity at clonal 
density. Sparse isolated LacZ+ cells were first observed 2 days (2d) p.i.. 
Uniform rate of expansion pre-puberty led to similar-sized LacZ+ clones 1 
week (1w) and 4 weeks (4w) p.i., whilst variable rate of expansion post-puberty 
led to heterogenous-sized LacZ+ clones at 3 months (3m) p.i.. Frequency of 
lineage tracing was maintained up to 16 months (16m). Note larger-sized 

clones adjacent to corpora lutea (red arrowheads) compared to follicles (white 
arrowheads). Dot plot shows LacZ+ OSE clone size quantification post P1-
induction. n=5 females/time-point, total of 461 clones counted. Each dot 
represents a disparate LacZ+ OSE clone. Red bars indicate SD ranges. Green 
circles denote mean clone size, which steadily increased over time (green line). 
F, follicle; CL, corpus luteum. (Bottom) Confocal z-stack images of Lgr5-KI/
tdTomato ovary treated with an increased dose of 4-OHT at various times post 
P1-induction, revealing steady increase in the number of tdTomato+ progeny 
over time. Scale bars, 100 mm (wholemount images), 10 mm (sections).
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Supplementary Figure 8 Adult Lgr5+ cells beyond the hilum are capable of 
OSE generation. Confocal z-stack images of near-native Lgr5-KI/Rosa26-
tdTomato ovary slices 2 days (2d), 2 weeks (2w) and 4 months (4m) post 
adult-induction (p.i.). At 2 days p.i., 29.5% of Lgr5-EGFPhi cells have 
activated the tdTomato reporter (432 tdTomato+ cells out of 1463 Lgr5-

GFPhi OSE cells counted). These cells rapidly expanded to form tdTomato+ 
clones throughout the ovary surface encompassing the ovary hilum and 
anterior ovary 2w and 4m p.i.. Arrowheads point to larger-sized clones at the 
edges or atop corpora lutea. White dashed line demarcates ovary-mesovarian 
junction. Yellow dashed lines demarcate follicles. Scale bars, 10 mm.
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Supplementary Table Legends

Supplementary Table 1 The adult Lgr5+ OSE transcriptome signature. 
The most up-regulated genes in EGFPhi OSE cells compared to EGFPlo OSE cells, accompanied with the average log2 transformed mean centred gene 
expression values. Lgr5 is highlighted in red. Cut-off = 1.0 log2 ratio. Microarray was performed using Affymetrix Mouse Genome Array 2.0.

Supplementary Table 2 Statistical source data for Figure 6c. 
Information relating to dot-plot. Sizes (cell number) of individual YFP+ OSE clones at various time-points post adult-induction, as well as the number of 
female mice used for each time-point, are detailed below. Note: 1 ovary / female was used for clone size determination.

Supplementary Table 3 SYBR qRT-PCR Primer Sequences and Taqman® Probes
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