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eLife's Review Process

eLife works to improve the process of peer review so that it more effectively conveys the assessment of expert reviewers to authors,
readers and other interested parties. In the future we envision a system in which research is first published as a preprint and the
outputs of peer review are the primary way research is assessed, rather than journal title.

Our editorial process produces two outputs: i) an assessment by peers designed to be posted alongside a preprint for the benefit of
the readers; ii) detailed feedback on the manuscript for the authors, including requests for revisions and suggestions for
improvement.

Therefore we want to change how we construct and write peer reviews to make them useful to both authors and readers in a way
that better reflects the work you put into reading and thinking about a paper.

eLife reviews now have three parts:

e An evaluation summary (in two or three sentences) that captures the major conclusions of the review in a concise manner,
accessible to a wide audience.

e A public review that details the strengths and weaknesses of the manuscript before you, and discusses whether the authors'
claims and conclusions are justified by their data.

e A set of private recommendations for the authors that outline how you think the science and its presentation could be
strengthened.

All three sections will be used as the basis for an eLife publishing decision, which will, as always, be made after a consultation
among the reviewers and editor. Each of the public reviews will be published (anonymously) alongside the preprint, together with
a response from the authors if they choose. In the case of papers we reject after review, the authors can choose to delay posting
until their paper has been published elsewhere.

If this is your first time going through this new process, we ask that you take some time to read our Reviewer Guide, which
discusses how we see each section will be used, what it should contain, and what we hope it accomplishes. And we remind you that,
with the shift of reviews from private correspondence to public discourse, it is more important than ever that reviews are written in a
clear and constructive manner appropriate for a public audience and mindful of the impact language choices might have on the
authors.
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Abstract

Ovarian surface epithelium (OSE) undergoes recurring ovulatory rupture and
OSE stem cells rapidly generate new cells for the repair. How the stem cell
senses the rupture and promptly turns on proliferation is unclear. Our previous
study has identified that Protein C Receptor (Procr) marks OSE progenitors.
In this study, we observed decreased adherent junction and selective
activation of YAP signaling in Procr progenitors at OSE rupture site. OSE
repair is impeded upon deletion of Yap in these progenitors. Interestingly,
Procr+ progenitors show lower expression of Vgll4, an antagonist of YAP
signaling. Overexpression of Vgll4 in Procr+ cells hampers OSE repair and
progenitor proliferation, indicating that selective low Vgll4 expression in
Procr+ progenitors is critical for OSE repair. In addition, YAP activation
promotes transcription of the OSE stemness gene Procr. The combination of
increased cell division and Procr expression leads to expansion of Procr+
progenitors surrounding the rupture site. These results illustrate a YAP-
dependent mechanism by which the stem/progenitor cells recognize the
ovulatory rupture, and rapidly multiply their numbers, highlighting a YAP-

induced stem cell expansion strategy.
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Introduction

During the adult reproductive cycles, the OSE undergoes recurring
ovulatory rupture and repair1'2. After ovulation, to maintain the physiological
function and morphology of the ovary, the wound is completely closed within
12 hours to 3 days following rupture®®. Cells surrounding the damaged sites
are required to respond to the wound by turning on cell proliferation to supply
sufficient cells as building block for regeneration®. Our previous study has
identified that Procr+ OSE stem/progenitor cells are the major contributor for
ovulatory rupture repair. Targeted ablation of these cells hampers the repair’.
Interestingly, we observed that Procr+ cells expand instantly upon ovulation,
reminiscent of a result of symmetric division’. It remains unknown how the
stem cell senses the ovulation event, and what is the signal that triggers the
instant stem cell expansion at the rupture site.

The cue for this stem/progenitor cell amplification likely comes from a
particular extracellular signal occurring upon ovulation. One possibility is that
the follicular fluid expelled during ovulation consists of Wnts and other potential

niche signals® ™"

, which may regulate Procr+ stem/progenitor cell expansion.
Another possibility is the involvement of mechanical force-induced signals
during ovulation, resulting in Procr+ stem/progenitor cell expansion.

YAP (Yes-associated protein, also known as YAP1) signaling is an
evolutionarily conserved pathway and a master regulator of organ size and

t'2. As a downstream effector, YAP is

tissue growth during animal developmen
critical for regeneration in different organs, through triggering cell proliferation,
cell survival or expansion of stem and progenitor cell compartments''®. YAP
is a transcriptional coactivator protein that shuttles between the cytoplasm
and nucleus, and regulate expression of target genes, such as Cyr61 and
Ctgf, through binding with TEAD transcription factors®®?*. Vgll4, a member of

Vestigial-like proteins, serves as a transcriptional repressor of YAP through
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89 direct interactions with TEADs*>. Previous studies from us and others have
90 demonstrated the important roles of Vgll4 plays during development and
91  regeneration in various tissues®®?°. Cell-cell junctions links cells to each other
92  in epithelial tissues, and is an upstream negative regulator of YAP*%',
93  Mechanical forces regulate cell-cell adhesion stability, and cell-cell adhesion
94  junctions may be intrinsically weak at high forces®2. It has been shown that
95 disruption of adherent junctions turns on YAP nuclear activities in lung
96  stem/progenitor cells**. However, whether YAP signaling is implicated in
97  ovulatory rupture repair is unknown.
98 In this study, we investigated how OSE stem/progenitor cells sense the
99 rupture post ovulation and divide subsequently. We found that, in the
100  proximity of rupture site, decreased adherent junction is associated with Yap
101  nuclear localization in all cells, and conditional deletion of Yap in Procr+ cells
102  hampers OSE repair. Interestingly, only Procr+ OSE cells displayed a low
103 level of Vgll4, allowing YAP signaling activation. We generated a new tetO-
104  Vgll4 mouse. Ectopic expression of Vgll4 in the stem/progenitor cells using
105  Procr-rtTA;tetO-Vgll4 mice blocked OSE ovulatory repair. Moreover, we found
106  that YAP signaling activation resulted in Procr+ cells expansion at the rupture
107  site, through the combination of inducing cell division, and directly activating
108  Procr transcription. The activation of Procr is essential, as when Procr was
109 deleted, stemness property was lost and OSE repair was hindered.
110
111  Results
112 Decreased E-Cadherin expression at the rupture site and selective
113  activation of YAP signaling in Procr+ cells
114 To investigate what could be the potential extracellular stimuli at the
115  rupture site, we performed immunostaining of various adherent or tight

116  junction components on ovary sections. To increase rupture incidences,
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117  superovulation was induced by injection of PMSG and HCG, and the ovaries
118  were harvested at 0.5 days after HCG injection, when ovulation just occurred
119  (Fig. S1a). Interestingly, we found that E-Cadherin staining is markedly

120 decreased at the proximal region of rupture (defined as within 20 cells on one
121  side of the rupture in section) compared to other regions, i.e., rupture distal
122  region (Fig. 1a) and non-rupture region (Fig. S1b). As adherent junction has

123 been implicated as a modulator of YAP signaling®'+%°

, we examined YAP
124  activities at the rupture area by immunostaining. We observed increased

125 incidence of nuclear YAP at the proximal region of rupture compared to other
126  regions (Fig. 1b-c, Fig. S1c). These results suggest that compromised

127  adherent junction resulted from ovulatory rupture could induce YAP nuclear
128 localization in OSE cells surrounding the wound.

129 Our previous study has established that Procr+ progenitor cells

130  surrounding the wound instantly proliferate upon rupture and are responsible
131  for OSE repair’. We therefore investigated whether Procr+ cells close to the
132  rupture site are associated with YAP signaling activities. We performed YAP
133  immunostaining using Procr-rtTA;tetO-H2B-GFP reporter, in which H2B-GFP
134  signal marks Procr-expressing cells. Superovulation was induced in these
135 animals by PMSG and HCG injections, and ovaries were harvested 0.5 days
136  after HCG injection. We found that Procr+ (H2B-GFP+) cells at the rupture
137  proximal region (referred to as rupture site from here on) have significantly
138  higher nuclear YAP staining (75.9+1.7%) compared to Procr- cells

139  (39.6+1.0%) (Fig. 1d, 1f), or compared to Procr+ cells at the non-rupture

140  region (Fig. 1e-f). This was further validated by RNA double in situ

141  hybridization with Procr and a YAP target gene Cyr61. We found that, at the
142  rupture site, Cyr61 is preferentially activated in Procr+ OSE cells, with

143 44.84+2.9% of Procr+ cells being Cyr61+, which is markedly higher than that of
144  Procr- cells (8.9+0.8%) (Fig. 1g, 1i). At the non-rupture site, both Procr+ and
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Procr- cells had rather low expression of Cyr61 expression (Fig. 1h-i).
Together, these results suggest that YAP signaling was specifically activated
in Procr+ cells at the rupture site. Considering the role of YAP signaling in
promoting cell proliferation, there results are in line with our previous
observations that only Procr+, but not Procr-, cells at the rupture site

displayed increased proliferation’.

Deletion of Yap in Procr+ cells hinders rupture repair and progenitor
proliferation

To investigate whether YAP signaling is important for OSE repair, we
deleted YAP specifically in Procr+ cells using Procr-CreER; Yap™ mice (Yap-
cKO). Yap™ mice was used as control (Ctrl). Tamoxifen (TAM) was
administered in 4-week-old mice, following by superovulation at 2 days after
TAM injection (Fig. 2a). The impact on OSE repair by Yap deletion was
analyzed by ovary whole-mount imaging. At 4.5d pi (ovulation), the two
groups had similar ruptures (Fig. 2b, 2e). At 6d pi, Ctrl ovaries underwent
rapid repairing (Fig. 2c), and the OSE was completely recovered by 7.5d pi
(Fig. 2d). In contrast, the OSE repair in Yap-cKO ovaries was significantly
delayed at both 6d pi and 7.5d pi (Fig. 2c-e). The efficacy of Yap deletion and
the reduced expression of the target gene Cyr61 in OSE cells were validated
by gPCR analyses (Fig. S1d).

To analyze the proliferative capacity of Procr+ OSE cells, mice were
subjected to 12 h of EdU incorporation before harvesting the ovaries (Fig. 2a).
When analyzed at 4.5d pi (ovulation), the number of proliferating OSE cells at
rupture site (defined as 20 cells on one side from the opening) were
significantly decreased from 5.5£0.3 EdU+ in Ctrl to 1.4+£0.2 EdU+ in Yap-cKO
(Fig. 2f-h). The impact to cell proliferation was further analyzed in vitro. Our

previous study has established that Procr+, but not Procr-, OSE cells can
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form colonies in vitro”. At 4.5d pi, total OSE cells were isolated from both Ctrl
and Yap-cKO mice (Fig. 2i), and placed in culture as previously described’.
Deletion of Yap in Procr+ cells drastically inhibited OSE colony formation (Fig.
2j-k).

To visualize the contribution of Procr+ progenitors toward the repair in the
presence or absence of Yap, we performed in vivo lineage tracing. TAM was
administered to 4-week-old mice to simultaneously delete Yap and initiate
lineage tracing in Procr+ cells (Fig. 2l). At 4.5d pi, control (Procr-CreER;R26-
mTmG) ovary displayed a zone of mGFP+ cells that are the progeny of
Procr+ progenitors surrounding the rupture sites (Fig. 2m). In contrast, Yap-
cKO (Procr-CreER,;Yap™":R26-mTmG) ovaries have markedly fewer mGFP+
cells around the wound (Fig. 2m, 20), supporting the notion that the activity of
Procr+ progenitors was hampered at the beginning of the repairing process.
At 7d pi, control ovaries had generated patches of mGFP+ cells covering the
newly formed corpus luteum (Fig. 2n). However, Yap-cKO ovaries still had
obvious openings with few mGFP+ cells (Fig. 2n-0). Together, these results
suggest that YAP signaling activation is crucial for the proliferation of Procr+

progenitor cells and the timely repair of OSE after rupture.

An intrinsic lower level of Vgll4 in Procr+ cells is essential for their
progenitor property and OSE rupture repair

Next, we investigated what could be the reason that YAP signaling is
specifically activated in Procr+ cells. Vgll4 is a negative regulator of YAP by
inhibiting the binding of YAP and TEAD4%. We FACS-isolated Procr+ cells
and Procr- cells from the rupture sites (Fig. 3a). qPCR analysis indicated that
Procr+ cells have lower level of Vgll4 compared to Procr- cells (Fig. 3b). This
was further validated by Vgll4 immunostaining using Procr-rtTA;tetO-H2B-

GFP reporter, in which H2B-GFP signals mark Procr-expressing cells.
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Consistent with the qPCR results, Procr+ cells also exhibited lower Vgll4
protein expression compared to Procr- cells (Fig. 3c-e).

To examine whether the reduced level of Vgll4 is significant for the
selective YAP signaling activation in Procr+ cells and rupture repair, we set to
overexpress Vgll4 specifically in Procr+ cells. A new tetO-Vgll4 mouse line
was generated, by inserting a tetO-Vgll4-Flag-wpre-polyA cassette behind the
3'UTR of the Col1a1 gene (Fig. 3f and Fig. S2a-c). Subsequently, Procr-
rtTA;tetO-Vgll4 (Vgll4-OE) mice were generated by genetic crosses with TetO-
Vgll4 as control (Ctrl). The efficacy of overexpression was validated by
western blotting and gPCR, showing increased expression of Vgll4 and
decreased expression of Cyr61 in Vgll4-OE cells (Fig. S2d-e). Furthermore,
immunostaining confirmed the increased number of Vgll4-high cells in the
OSE layer of Vgll4-OE mice (Fig. 3g). For this experiment, superovulation was
performed to 4-week-old mice and DOX was fed throughout the process (Fig.
3h). The impact of Vgll4 overexpression was analyzed throughout the
repairing process, at 4.5d pi (ovulation), 6d pi (OSE repair ongoing) and 7.5d
pi (OSE repair completed) by ovary whole-mount imaging. We found that the
rupture in Ctrl and Vgll4-OE ovaries are comparable at 4.5d pi (Fig. 3i, 3I). At
6d pi, while Ctrl ovaries had sights of wound closure, Vgll4-OE ovaries still
showed larger areas of rupture (Fig. 3j, 3l). At 7.5d pi, Ctrl ovaries displayed
complete OSE, whereas the repair in Vgll4-OE ovaries was obviously delayed

(Fig. 3k-1).

Next, we examined whether overexpression of Vgll4 affects progenitor
proliferation. At 4.5d pi (ovulation), the number of proliferating OSE cells at
rupture site were significantly decreased from 3.7+0.3 in Ctrl to 1.0+0.2 in
Vgll4-OE (Fig. 3m-0). At 4.5d pi, total OSE cells were isolated and cultured in
vitro for 7 days (Fig. 3p). Consistently, overexpression of Vgll4 inhibits cell

proliferation and colony formation (Fig. 3g-r). Together, these results suggest

8
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that overexpression of Vgll4 in Procr+ cell impaired Procr+ cell proliferation

and ovulatory rupture repair.

YAP signaling promotes Procr+ cells expansion at rupture site

We have previously found that Procr+ progenitor cells expand instantly
at the periphery of the rupture site upon ovulation’. To investigate whether
YAP signaling activation is linked to the expansion of Procr+ progenitor cells,
TAM was administered to 4-week-old Procr-CreER; Yap™ (Yap-cKO) and
Yap™ (Ctrl) mice for 2 times, followed by superovulation. At 4.5d pi
(ovulation), FACS analysis showed a dramatic decrease of Procr+ progenitor
population when Yap was deleted (Fig. 4a-c).

To better visualize the change of Procr+ progenitor cells under the
influence of Yap signaling, we generated Procr-rtTA; TetO-H2B-GFP*"; TetO-
Vgli4*" mice (Vgll4-OE). Superovulation was performed to 4-week-old mice
and DOX was fed throughout the experiments to maintain the expression of
H2B-GFP in Procr+ cells (Fig. 4d). When analyzed at 4.5d pi (ovulation), at
the wound edge (defined as 20 cells on one side from the opening) of control
ovary (Procr-rtTA; TetO-H2B-GFP™"), there were about 7.4+0.3 H2B-GFP+
cells expressing the peak level of GFP (Fig. 4e, 4g). In contrast, in Vgll4-OE
ovary (Procr-n‘TA;TetO-VgII4;TetO-HZB-GFP+/'), only 2.4+0.2 H2B-GFP+ cells
were observed at the wound edge (Fig. 4f-g). FACS analysis also showed that
the percentage of Procr+ progenitor population decreased significantly from
18.5+£1.0% in Ctrl to 7.4+1.2% in Vgll4-OE at ovulation stage (Fig. 4h-i).

The proliferative activity of Procr+ cells was further evaluated in vitro. We
isolated OSE cells from control (Procr-rtTA; TetO-H2B-GFP*™") and Vgll4-OE
(Procr-rtTA; TetO-Vgll4; TetO-H2B-GFP*") mice and placed in culture, followed
by live imaging to document the division of H2B-GFP+ (Procr+) cells (Fig. S3a-

b). In control cells, we observed frequent division of Procr+ cells, and in most
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257  cases, it was one Procr+ cell dividing into two Procr+ cells (Fig. S3a). But in
258 Vgll4-OE, we could hardly observe cell division (Fig. S3b). Together, these
259  results suggest that inhibition of YAP signaling, by either Yap-deletion or Vgll4-
260  OE, impairs the expansion of Procr+ progenitors upon rupture.

261

262  YAP signaling enhances Procr expression

263 It is unclear how YAP maintains Procr expression during or after cell

264  division. Thus, we investigated the association of YAP activation and Procr
265 expression. OSE cells were isolated from Procr-rtTA; TetO-H2B-GFP*" mice,
266  and cultured on glass (YAP activation) or soft condition (0.48kPa, YAP

267 inactivation) (Fig. S4a-b). DOX was added 2 days before harvest. Consistent
268  with the notion, we found that, in soft condition, YAP was mostly cytoplasmic
269  and most OSE cells are H2B-GFP- (Fig. S4a). In contrast, most OSE cells are
270  H2B-GFP+ in stiff condition and YAP was found in the nucleus (Fig. S4b).

271  These observations suggest that YAP activation might induce Procr

272  expression. We verified by gPCR that Procr expression is upregulated in stiff
273  conditions (Fig. S4c). Our results support the notion that YAP activation

274  induces Procr expression.

275 To further investigate whether YAP regulates Procr expression, we

276  knocked down YAP by shRNA in OSE culture and found that this inhibits Procr
277  expression (Fig. S4d-e). Furthermore, blocking YAP activation by Verteporfin
278  (VP) or Vgll4 overexpression also resulted in lower Procr expression (Fig. S4f-
279  g). These results suggest that inhibiting YAP signaling suppresses Procr

280  expression.

281 To investigate whether YAP/TEAD4 directly regulate Procr expression, we
282  analyzed the promoter of Procr. A Tead4 binding motif (5’-CATTCC-3’) was
283  found at the proximal promoter of Procr (-1486 to -1481 bp) (Fig. 4j). ChlP-
284  gPCR showed that Tead4 could directly bind to the Procr promoter (Fig. 4k).

10
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285  Therefore, we examined whether this Tead4 binding motif is responsible for
286  induction of Procr expression by Yap. While Yap induced the wild type

287  promoter-luciferase in a dose-dependent manner (Fig. 41), it could not activate
288  the mutant reporter with the deletion of the Tead4 binding motif (Fig. 4m).

289  These results suggest that YAP directly promotes Procr expression. Together,
290 our data support a model that YAP signaling promotes expansion of Procr+
291 cells at rupture site through a combination of increased cell division and Procr

292  expression (Fig. 4n).

293  Procr is essential for the progenitor property.

294 The up-regulation of Procr expression coupled with YAP-induced cell
295 division implies that the expression of Procr may be important for keeping the
296 stem cell property in OSE. To assess the significance of Procr, we utilized a
297  Procr-flox allele (Liu and Zeng unpublished) and specifically deleted Procr in
298  the progenitor using Procr® " (Procr-cKO) mice. TAM was administered in 4-
299  week-old mice for two times, followed by superovulation at 2 days after TAM
300 injection (Fig. 5a), and the phenotype was analyzed by ovary whole-mount
301 imaging. Ctrl and Procr-cKO ovaries formed comparable ruptures at 4.5d pi
302 (ovulation) (Fig. 5b, 5e). At 6d pi (OSE repair ongoing), Procr-cKO ovaries
303 showed bigger openings compared to control (Fig. 5c, 5e). At 7d pi (OSE repair
304 completed), Ctrl ovaries were covered by complete OSE, whereas Procr cKO
305 ovaries still had regions with unrepaired OSE (Fig. 5d-e). Furthermore, at 4.5d
306 pi (ovulation), the ovaries were harvested after 12 h of EAU incorporation. The
307 number of proliferated OSE cells at rupture site decreased from 5.5+0.3 cells
308 in control (Procr™) to 1.4%0.2 cells in Procr-cKO (Fig. 5f-h). After deletion of
309  Procr in vivo, total OSE cells were isolated and cultured in vitro for 7 days (Fig.
310  5i). We found that deletion of Procr inhibits the proliferation of progenitor cells,
311 resulting in reduced colony sizes (Fig. 5j-1). Overall, these data suggest that

312  Procr is essential for progenitor property upon rupture.
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313

314 Discussion

315 In this study, we addressed the molecular mechanism in which OSE

316  stem/progenitor cells sense the ovulatory rupture and promptly turns on

317  proliferation and repair the wound. Our findings support the following model.
318  Procr+ OSE progenitors have intrinsically lower level of Vgll4. Upon ovulatory
319 rupture, decreased adherent junction at the proximity of rupture site promotes
320 Yap nuclear localization. These intrinsic and extrinsic factors together lead to
321  Yap signaling activation in Procr+ progenitors around the wound, which

322  sequentially stimulates proliferation of the progenitors. Importantly, YAP

323  activation directly upregulates Procr expression in the dividing cells, resulting
324  in the expansion of Procr+ progenitors around the wound (Fig. 5m). Blocking
325  Yap signaling in the progenitors by Yap-cKO or Vgll4-OE impairs the

326  progenitors’ activities and hinders OSE repair. Furthermore, Procr function is
327 essential for these progenitors. When Procr was deleted, stem cell property
328 was lost hindering OSE repair.

329 YAP signaling promotes Procr+ cell expansion at rupture site through a
330 combination of increased cell division and Procr expression. In the current study,
331  YAP is particularly activated in Procr+ progenitor cells at rupture site. During
332 the late stage of follicle development, the pre-ovulatory follicle forms a
333  protrusion towards OSE. Subsequently, ovulation generates a rupture on OSE.
334  These contiguous events might induce the thinning of OSE surrounding the pre-
335 ovulatory follicles or at the proximity of the rupture site, leading to YAP activation.
336  Another possibility is that the pre-ovulatory follicle protrusion or the release of
337 oocytes induce special mechanical force on the OSE surrounding the wound,
338 subsequently actives YAP signaling. Interestingly, at the rupture sites, Vgll4 is
339 highly expressed in Procr- cells, preventing YAP pathway activation in those

340 cells around the rupture sites. We showed here that reduced levels of Vgll4 in
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341  Procr+ progenitors likely contribute to the selective activation of YAP signaling
342 in these cells. Further study should investigate what mechanism determines
343  the lower expression of Vgll4 in Procr+ progenitor cells.

344 In the current study, we generated a new tefO-Vgll4 mouse model that
345 enables the overexpression of Vgll4 in specific cell type. The overexpression
346  of Vgll4 in the progenitor of OSE has been validated using Procr-rtTA (Fig. 3g
347 and Fig. S2d-e). The advantages brought by our tetO-Vgll4 reporter will be of
348  broad value in studies of Hippo-Yap signaling across all tissues.

349 Procr expression is initially found on the surface of vascular cells exerting
350 an anti-coagulation role, by binding and activating protein C (PC) in the

351 extracellular compartment®’. More recently, studies from us and others have
352  identified Procr as a stem cell surface marker in multiple tissues’ %, but less
353 is known regarding the function of Procr in stem/progenitor cells. In the

354  current study, we demonstrate that, Procr is essential for the proliferation of
355  Procr+ progenitor cells and OSE repair upon rupture. Our previous report

356 indicated that PROCR concomitantly activates multiple pathways including
357 ERK, PI3K-Akt-mTOR and RhoA-Rock-P38 signaling in breast cancer cells*'.
358  We speculate that similar intracellular pathways might be involved in the

359  Procr+ OSE cells. Procr is regarded as a Wnt target gene from an in vitro

360 screen in mammary stem cell culture®. In this study, we identify YAP as a

361  novel upstream regulator of Procr. ChIP-qPCR and promoter luciferase

362  experiments demonstrate that Procr transcription can be directly upregulated
363 by YAP activation.

364 The phenomena of YAP promoting stem/progenitor cell expansion has
365 been reported in various tissues 3%3***4244 Yet in this process, less is known
366  about how YAP maintains stem cell properties. To the best of our knowledge,
367 this is the first report illustrating a mechanism through which YAP promotes

368  cell proliferation, and simultaneously upregulates the expression of an
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369 essential stemness gene to maintain cell fate, leading to a rapid expansion of
370  stem cell numbers around the wound. In summary, our study provides new
371 evidence and molecular insights into how the OSE stem cell senses ovulatory
372  rupture and promptly expands their numbers for repair. This may have a

373  broad implication to understand the action of tissue stem cells during would

374  healing in other tissues.
375
376
377
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407

408 Methods

409 Key Resource Table

410

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Biotin Rat anti mouse CD31 (clone MEC 13.3) BD Cat#553371; RRID:
AB_394817

Biotin Rat anti mouse CD45 (clone 30-F11) BD Cat#553080; RRID:
AB_394610

Biotin Rat anti mouse Ter119 (clone TER-119) BD Cat#553672; RRID:
AB_394985

FITC Rat anti mouse Cd31 (clone MEC 13.3) BD Cat# 553372; RRID:
AB_394818

FITC Rat anti mouse Cd45 (clone 30-F11) BD Cat# 553079; RRID:
AB_394609

FITC Rat anti mouse Ter119 (clone TER-119) BD Cat# 557915; RRID:

AB_396936

APC Rat anti-mouse EpCAM (clone G8.8)

Thermo Fisher

Cat#17-5791-82;
RRID: AB_2716944

Streptavidin-apc-Cy7 BioLegend Cat# 405208;

RRID: N/A
Streptavidin-V450 BD Cat# 560797,

RRID: AB_2033992
Rat anti-mouse K8 (clone TDM1) DSHB Cat# TROMA-I;

RRID: AB_531826

Biotin Rat anti mouse Procr (clone)

Thermo Fisher

Cat# 13-2012-82;
RRID: AB_657694

PE Rat anti mouse Procr (clone 1560)

Thermo Fisher

Cat# 12-2012-82;
RRID: AB_914317
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Mouse anti-E-Cadherin (clone 36) Cat# 610181;
RRID: AB_397581
Rabbit anti-YAP (D8H1X) CST Cat# 14074;
RRID: AB_2650491
Rabbit anti-YAP (polyclonal) ABclonal Cat# A1002;
RRID: AB_2757539
Chicken anti-GFP (polyclonal) Thermo fisher Cat#A10262; RRID:
AB_2534023
Rabbit anti-Vgll4 Self-made Cat# N/A;
RRID: N/A
Mouse anti-Flag (clone M2) Sigma Cat#F1804;
RRID: AB_262044
Rabbit anti-Vgll4 (polyclonal) ABclonal Cat# A18248;
RRID: AB_2862024
Rabbit anti-Laminin (polyclonal) Sigma Cat# L9393;
RRID: AB_477163
Normal mouse 1gG Santa cruz Cat# sc-2025;
RRID: AB_737182
Mouse anti-TEAD4 (5H3) Abcam Cat# ab58310;
RRID: AB_945789
Bacterial and Virus Strains
N/A
Biological Samples
N/A
Chemicals, Peptides, and Recombinant Proteins
RNAiso plus Takara Cat#9109
HEPES Sigma-Aldrich Cat#H4034
Type IV collagenase Worthington Cat#LS004189
PBS Thermo Fisher Cat#10010049
RPMI 1640 Thermo Fisher Cat#12633-012
DMEM/F12 Thermo Fisher Cat#11320
DMEM, high glucose Thermo Fisher Cat#11965092
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Opti-MEM

nal license.
Thermo Fisher

Cat#31985070

0.25% trypsin-EDTA

Thermo Fisher

Cat#25200056

Penicillin-Streptomycin

Thermo Fisher

Cat#15140-122

ITS Thermo Fisher Cat#41440
DNase | Sigma-Aldrich Cat#D4263
Matrigel BD Cat#354230
EGF BD Cat#354001
2-mercaptoethanol Millipore Cat#ES-007-E
Hydrocortisone Sigma-Aldrich Cat#614517
MEM Non-Essential Amino Acids Solution Thermo Fisher Cat#11140050
L-Glutamine Thermo Fisher Cat#25030081
Sodium pyruvate Thermo Fisher Cat#11360070
Dispase BD Cat#354235
Red Blood Cell Lysing Buffer Sigma-Aldrich Cat#R7757
DMSO Sigma-Aldrich Cat#D2650
Paraformaldehyde, PFA Sigma-Aldrich Cat#P6148
Triton-X 100 Sigma-Aldrich Cat#79284
Tamoxifen Sigma-Aldrich Cat#T15648
Doxcycline hyclate Sigma-Aldrich Cat#D9891
DAPI Thermo Fisher Cat#D1306
Hoechst33342 Thermo Fisher Cat#H21492
OoCT Thermo Fisher Cat#D6506

Fetal bovine serum, FBS

PAN

Cat#P30-3302

Critical Commercial Assays

Click-iIT TM EdU Cell Proliferation Kit for Imaging Thermo Fisher Cat#C10337
Dual-Luciferase® Reporter Assay System Technical | Promega Cat#E1910

Manual

Opal 4-Color Automation IHC Kit PerkinElmer Cat#NEL8200001KT
RNAscope® Multiplex Fluorescent Detection Kit v2 ACD Cat#323110

SYBR green Mix Roche Cat#04913914001
PrimeScript RT master Mix Takara Cat#RR036A

Deposited Data
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N/A N/A N/A

Experimental Models: Cell Lines

Human: HEK293T cells ATCC Cat# CRL-3126

Experimental Models: Organisms/Strains

Mouse: Procr-creER Procr ™ N/A

Mouse: Procr-rtTA Procr™’ N/A

Mouse: R26-mTmG The Jackson | Jax: 007576
Laboratory

Mouse: TetO-H2B-GFP The Jackson | Jax: 005104
Laboratory

Mouse: YAP"* YAP"* % N/A

Mouse: Procr”* (unpublished, Liu and | N/A
Zeng)

Mouse: ICR SLAC N/A

Mouse: C57BL/6 SLAC N/A

Mouse: TetO-Vgll4-Flag this paper N/A

Oligonucleotides

Sequence for gPCR primers, see Table S1 This paper N/A

Sequence for mouse genotyping, see Table S2 This paper N/A

Recombinant DNA

pLKO.1-EGFP-shYAP This paper N/A

pcDNA3.1-YAP This paper N/A

PGL3.1 Procr promoter This paper N/A

PGL3.1 Procr promoter TEAD4 binding motif mutation This paper N/A

Software and Algorithms

GraphPad Prism 6 GraphPad software https://www.graphpa

d.com
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Adobe Photoshop CC2017 Adobe https://www.adobe.c
om/product/
photoshop.html

Adobe lllustrator CC2017 Adobe https://www.adobe.c
om/product/
illustrator.html

Adobe Premiere CC2017 Adobe https://www.adobe.c
om/cn/products/pre
miere.html

Flow Jo vX Flow Jo https://www.flowjo.co
m

Other

N/A

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the Lead Contact, Yi Arial Zeng

(yzeng@sibcb.ac.cn). All unique/stable reagents generated in this study are

available from the Lead Contact with a completed Materials Transfer

Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experiment animals

TetO-H2B-GFP*" (Stock: 005104), R26-mTmG (Stock: 007576) from Jackson
Laboratories, Procr®® % Procr™ ", YAP" % Proc/™* (unpublished, Liu and

Zeng), TetO-Vgll4 were used in this study. The TetO-Vgll4 mouse line was

generated by knocking in a cassette of TetO-Vgll4-Flag-wpre-polyA behind
3'UTR of Col1a1 gene (Fig. S2). All mice were housed in the SIBCB animal

facility under IVC standard with a 12-hr light/dark cycle at room temperature.

Both ovaries were used per mice and the number of mice per experiment was

shown in figure legends. For targeted knockout in vivo, 4-5 weeks mice were
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429 administered with TAM diluted in sunflower oil by intraperitoneal (IP) injection
430 ata concentration of 2mg per 25g body weight for two or three times (on every
431 second day). For superovulation experiments, 4-5 weeks old mice were
432 injected with 10 IU of pregnant mare serum gonadotropin (PMSG) by IP,
433  followed by IP injection of 10lU of human chorionic gonadotropin (HCG) about
434 48 h later. For DOX feeding, doxycycline hyclate (DOX) was dissolved in drink
435  water at a concentration of 1 mg/ml. Experimental procedures were approved
436 by the Animal Care and Use Committee of Shanghai Institute of Biochemistry
437 and Cell Biology, Chinese Academy of Sciences, with a project license number
438  of IBCB0065.

439  OSE cells isolation and flow cytometry

440  Ovaries from super-ovulated or 4-12 weeks old female mice were isolated, and
441  the oviduct and bursa were carefully cleared out under dissect microscope. The
442  ovaries were minced into pieces as small as possible, and then placed in 10 ml
443  digest buffer (RPMI 1640with 5% fetal bovine serum, 1% penicillin—
444  streptomycin, 25 mM HEPES and 300U/ml collagenase V). After digestion at
445 37 °C, 100 rpm for about 1 hour, ovarian cells were obtained after centrifugation
446  at 1000 rpm for 5 min. The red blood cells were lysed with buffer at room
447  temperature for 5 min, and then single cells were obtained with 0.25% trypsin
448  treatment at 37 °C for 5 min, followed by 0.1 mg/ml DNasel incubation at 37 °C
449  for 5 min with gently pipetting before filtering through 70 1 m cell strainers. The
450  single cells were incubated on the ice and in dark with the following antibodies
451  at a dilution of 1:200: FITC conjugated, PE conjugated or biotinylated CD31,
452 CD45, EpCAM-APC, Procr-PE, Procr-Biotin, Streptavidin-APC-Cy7,
453  Streptavidin-V450. All analysis and sorting were performed using a FACSJazz
454  (Becton Dickinson). The purity of sorted population was routinely checked and
455  ensured to be > 95%.

456  OSE cells 3D culture assay

457  FACS sorted OSE cells were resuspended with 60 pl 100% growth factor-

458 reduced Matrigel and placed around the rim of a well of a 24-well plate, and
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459 allowed to solidify for at least 15 min at 37 °C in a 5% CO2 incubator before
460 adding 0.5-1 ml culture medium. Colonies were grown for 7-9 days and the
461 medium was changed every second days. The culture medium was prepared
462 by adding 5% FBS, 4 mM L-glutamine, 1 mM sodium pyruvate, 10 ng/ml
463  epidermal growth factor, 500 ng/ml hydrocortisone, 5 mg/ml insulin, 5 mg/ml
464  transferrin, 5 ng/ml sodium selenite, 0.1 mM MEM non-essential amino acids,
465 10 M 2-mercaptoethanol into DMEM/F12. The organoid images were
466  captured by Zeiss inverted microscope at day7-day?9.

467 Immunohistochemistry

468  For section staining, ovarian tissues were fixed in 4% PFA at room temperature
469 for 15 min, following by washed with PBS for 3 times, dehydrated in 30%
470 sucrose at 4°C overnight and embedded with Optimum Cutting Temperature
471  (OCT). 16-18 um tissue sections were incubated in 0.1% or 0.5% TritonX100
472  diluted with PBS (PBST) for 20 min and then 1 hour blocking using 10% FBS
473 in PBST. Then sections were incubated with primary antibodies diluted in
474 blocking buffer at 4°C overnight, followed by washes for 3 times (20 min per
475 time). After wash, the sections were further incubated with secondary
476  antibodies and DAPI diluted in blocking buffer for 2 hours at room temperature
477  in dark, followed by washes for 3 times (20 min per time) and mounted with
478  mounting medium.

479

480  For staining of cultured colonies, colonies were released from Matrigel by
481  incubating with dispase for 20-30 min. Then the colonies were fixed in 4% PFA
482  onice for 10 min, followed by cytospin (Thermo Fisher) into slides and staining

483  protocol described above.

484  For whole mouse ovary immunohistochemistry, mouse ovaries that cleared
485  without bursa and oviduct were fixed with fresh 4% PFA at room temperature
486  for 15 min in 4 ml Eppendorf tubes, followed by washing with PBST for three
487  times (20 min per time). The staining of whole ovaries was then transferred into
488 the 2 ml Falcon tubes using a dropper carefully. Ovaries were blocked for 1
489  hour using 10% FBS in PBST. Then, the ovaries were incubated with primary
490 antibodies diluted in blocking buffer at 4 °C for 48 hours on a transference
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491  shaker with 10 rpm, followed by washing for three times (20 min per time) at
492  room temperature. After washing, the ovaries were incubated with secondary
493  antibodies diluted in blocking buffer for 24 hours at 4 °C in dark, and
494  counterstained with DAPI. The ovaries could be stored in PBST at 4 °C for at

495 least 2 weeks.

496  For YAP staining, Tyramide signal amplification assay (TSA staining) was used.
497  Briefly, paraffin sections were rehydrated in histo-clear and gradual ethanol
498  (100%,100%, 95%, 85%, 75%, 50%, 30%) and the TSA staining was performed
499 using the Opal 4-Color Automation IHC Kit (PerkinElmer) following the
500 manufacturer’s instructions. After TSA staining for YAP, staining for GFP and

501 Krt8 was performed following protocol described above.

502  Tissue sections and organoids fluorescent images were captured using Leica
503 DM6000 TCS/SP8 laser confocal scanning microscope with a 20%/0.75 or
504  40%/0.75 or 63x/0.75 IMM objective with 1-3 um z-step. Confocal images were

505 processed with maximum intensity projections.

506 Whole mouse ovarian fluorescent images were captured with inverted Leica
507 TCS SP8 WLL at a 10%/0.75 objective, z-stack was ~ 50-80 layers with 6-7 um
508 per layer, and the area was about 1.5 mm x 1.5 mm, which was about 1/6-1/4

509 of the adult ovary surface.

510 Primary antibodies used were: rat anti-Krt8 (1:250), rabbit anti-YAP (1:200),
511 chicken anti-GFP (1:500), mouse anti-E-Cadherin (1:500), rabbit anti-Vgll4
512  (1:500), rabbit anti-Laminin (1:500). The secondary antibodies used were
513 donkey anti-rat Cy3, donkey anti-rat Alexa Fluor 488, donkey anti-mouse Alexa
514  Fluor 488, donkey anti-rabbit Alexa Fluor Cy3, donkey anti-mouse Alexa Fluor
515 Cy3, donkey anti-rat Alexa Fluor Cy3, donkey anti-rat Alexa Fluor 647, donkey
516 anti-mouse Alexa Fluor 647, donkey anti-rabbit Alexa Fluor 647, all secondary
517 antibodies were used as 1:1000. At least three times repeats were done per

518 tissue block. Only representative images were shown.

519 Western Blotting
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520 Digested cells were lysed in SDS-PAGE loading buffer and boiled for 10min.
521 Proteins were separated by SDS-PAGE and transferred to nitrocellulose
522 membrane (GE company). Bolts were blocked with 3% BSA in TBST (50 mM
523  Tris-HCI, 150 mM NacCl, 0.05% Tween-20, pH 7.5) for 1 hour and incubated
524  with primary antibodies at 4 °C overnight, followed by incubated with secondary
525 1gG-HRP antibodies for 2 hours at room temperature. Protein bands were
526  visualized with chemiluminescent reagent and exposed to Mini

527  Chemiluminescent Imager.
528 RNA in situ

529 In situ hybridization was performed using the RNA scope kit (Advanced Cell
530 Diagnostics) following the manufacturer’s instructions. Procr probes
531 (REF#410321) and Cyr61 probes (REF#429001) were ordered from Advanced
532  Cell Diagnostics. After in situ hybridization, TSA method was used for Krt8
533  staining following the using the Opal 4-Color Automation IHC Kit (PerkinElmer)
534  following the manufacturer’s instructions. The images were captured using
535 Leica DM6000 TCS/SP8 laser confocal scanning microscope with a 63%/0.75
536  IMM objective.
537
538 EdU labelling assays
539  The proliferation of OSE cells in vivo or in vitro was measured by 5- ethynyl-29-
540 deoxyuridine (EdU) uptake. Briefly, mice were injected with 100 pl EdU (2.5
541  mg/mlin dimethyl sulfoxide) for 12 h. Then ovaries were harvested for section,
542  following by EdU color staining using Click-iT EdU Alexa Fluor Imaging Kit
543  (prepared according to the manufacturer’s instructions). After washed with PBS
544  for 3 times (10 min per time), EAU color development was performed following
545  manufacturer’s protocol. After EAU signal developing, sections were blocked in
546  blocking buffer for 1 h at room temperature followed by antibody staining and
547  mounted with mounting medium for imaging and quantification.
548
549 Living image of cultured OSE cells
550 OSE cells were isolated from the mice and cultured on glass for 3-4 days. DOX
551 was added into the medium 1 day and Hoechst33342 was added 30 mins
24
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before image. Live-cell imaging was performed at 37 °C on a Zeiss
Celldiscoverer 7 with perfect focus system. Cells were imaged at 1 time per 5

mins for 24 hours with 70% laser power.

Chromatin Immunoprecipitation-qPCR (ChIP-gPCR)

Cultured primary OSE cells were crosslinked in a final concentration of 1%
formaldehyde (Sigma) PBS buffer for 15 min at 37 °C, then added glycine to
stop crosslinking. Chromatin from nuclei was sheared to 200-600 bp fragments
using ultrasonic apparatus, then immunoprecipitated with antibody of TEAD4
(ab58310, Abcam) or normal mouse IgG (sc-2025, Santa Cruz) overnight.
Antibody/antigen complexes were recovered with Protein A/G PLUS-Agarose
(sc-2003, Santa Cruz Biotechnology) for 2 hours at 4 °C. After washing, the
chromatin was eluted, de-crosslinked and digested. The immunoprecipitated
DNA was collected with QIAQIUCK PCR Purification Kit (QIAGEN)). Purified
DNA was performed with ChIP-gPCR. Assessing the enrichment of the proteins
of interest on the targeting region by calculating the value of “fold over IgG”.
ChIP-gPCR primers used were as follows.

Ctfg CHIP-F, TGTGCCAGCTTTTTCAGACG;

Ctfg CHIP-R, GAACTGAATGGAGTCCTACACA,;

Procr CHIP-F, ATATCCGAGCTACACACGGC;

Procr CHIP-R, GTGAATGCACACACACACCC;

Negative Ctrl CHIP-F, GATCAACGCAGGGGAGAGAG;

Negative Ctrl CHIP-R, TATCCCCACTGCCCAGAAGA.

Preparation of Procr promoter luciferase reporter and luciferase assay

The DNA sequence of Procr promoter containing TEAD4 binding sites (about
2kb before the initiation codon) were amplified by PCR, separated by agarose
gel, purified by Gel Extraction Kit, and then cloned into pGL3-promoter vector.
Luciferase assays were performed in 293T cells with the pGL3-Procr
promoter luciferase reporter described above 0.2 mg reporter plasmid were
transfected together with CMV-Renilla (0.005 mg) to normalize for transfection

efficiency. For luciferase assays in overexpression plasmid-transfected cells,
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cells were transfected with the indicated plasmids and reporter plasmid
together, and then the luciferase activity was measured 36 hours later using
Dual-Luciferase® Reporter Assay System Technical Manual kit following

manufacturer’s protocol.

Cell Culture, viral production and infection

HEK293T, C3H10 were obtained from American Type Culture Collection
(ATCC) and cultured in Dulbecco modified essential medium (DMEM)
supplemented with 10% FBS plus 1% penicillin and streptomycin antibiotics at
37 °C in 5% CO2 (v/v). For cells cultured on different modulus of elasticity,
hydrogel substrates with tunable mechanical properties were prepared

following the previous protocol *°

, and the glass was as solid control. HEK
293T cells were used to produce lentivirus. When cells were up to 80-90%,
indicated constructs and packaging plasmids transfection was performed in
Opti-MEM, and the media were replaced 12 hours later. Viral supernatants
were collected 48-72 hours after medium change and filtered through a 0.45
um filter, followed by concentration. For primary OSE cells infection,
concentrated virus was diluted in the culture medium along with 1:100

polybrene.

RNA isolation and quantitative real-time PCR

Total RNA was isolated from fresh OSE cells or cultured cells lysed with Trizol
according to the manufacturer’s instructions. The cDNA was generated from
equal amounts of RNA using the SuperScriptlll kit. gqPCR was performed on a
StepOne Plus (Applied Biosystems) with Power SYBR Green PCR Master Mix.
RNA level was normalized to Gapdh. The cycling condition was as 10 min at
95°C for initial denaturing, 40 cycles of 15 s at 95°C for denaturing, 1 min at
60°C for annealing and extension, following by melt curve test. Primers used
were as follows.

Procr-F, CTCTCTGGGAAAACTCCTGACA;

Procr-R, CAGGGAGCAGCTAACAGTGA;

Vgll4-F, ATGAACAACAATATCGGCGTTCT,

Vglli4-R, GGGCTCCATGCTGAATTTCC;
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614  YAP-F, GCCATGCTTTCGCAACTGAA;

615 YAP-R, CAAAACGAGGGTCCAGCCTT;

616  Cyr61-F, TCGCAATTGGAAAAGGCAGC;

617 Cyr61-R, CCAAGACGTGGTCTGAACGA.

618

619 Quantification and statistical analysis

620 For quantification of YAP+, Vgll4+ and EdU+ cells, 40 OSE cells at the both
621  edges of ruptured sites (20 OSE cells at one side of rupture site) was identified
622 as rupture regions, while other regions as non-rupture regions. At least 30
623  rupture regions and 30 non-rupture regions were counted. For quantification of
624  the diameter of rupture, the longest diameter was counted, and at least 20
625 rupture sites were counted. For quantification of mG+ clone sizes, about 0.3
626 mm?circle centered on ruptured sites was identified as rupture regions. At least
627 30 rupture regions were counted. For quantification of colonies size, diameters
628  of the colonies were measured using Zeiss software.

629

630 Statistical analyses were calculated in GraphPad Prism (Student’s t-test or
631 One-way ANOVA). For all experiments with error bars, the standard error of
632 measurement (s.e.m) was calculated to indicate the variation within each
633  experiment. All the p values were calculated using GraphPad PRISM 6 with the
634  following significance: n.s. p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001.
635  Statistical details for each experiment can be found in the figures and the
636 legends.

637

638

639

640

641

642

643

644

645

646
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648

649 Figure Legends

650 Fig 1. Rupture-induced YAP signaling activation is preferentially activated
651 in Procr+ progenitors at the rupture sites.

652  a, Sections from wildtype ovaries at ovulation stage were stained with Krt8 (K8)
653 and E-cadherin (E-Cad). Confocal images showed less E-cad in the OSE of
654  proximal regions surrounding the rupture sites (view #1, #3 in a) compared with
655 distal regions (view #2, #4 in a). Scale bar, 100um for zoom out and 10um for
656 zoom in. n=3 mice and 15 images.

657  b-c, Sections from wildtype ovaries at ovulation stage were stained with K8 and
658 YAP. Confocal images showed YAP nuclear localization in the OSE was only
659 observed in the proximal regions surrounding the rupture sites (b), but not in
660 the distal regions (b) or the non-rupture sites (c). Scale bar, 100pm for zoom
661 out and 20pum for zoom in. n=3 mice and 15 images.

662  d-f, Procr-rtTA; TetO-H2B-GFP*" mice were fed with doxycycline for 3 days and
663  harvested at ovulation stage. Confocal images of ovarian sections with Krt8 (K8)
664 and YAP staining (d-e) and quantification (f) were showed. Nuclear YAP
665 staining is preferentially detected in Procr+ (histone 2B-GFP+) cells in rupture
666 proximal region (arrowheads in d), whereas at the non-rupture site, YAP
667  staining was cytoplasmic regardless in Procr+ (arrows in e) or Procr- cells (e).
668  Scale bar, 100pm for zoom out and 10um for zoom in. n=3 mice and 15 images.
669 One-way ANOVA with Tukey test is used for comparison of multiple groups.
670 ***P<0.001.

671  g-i, Combination of Procr and Cyr61 double fluorescent in situ with K8 antibody
672 immunohistochemistry staining (g-i). Confocal images showed co-localization
673  of Procr and Cyr61 in the OSE at the rupture sites (arrowhead in g), while at
674  non-rupture regions, both Procr+ and Procr- cells had low incidence of Cyr61
675 expression (h). Quantification showed increased Cyr61 expression in Procr+
676 cells at rupture sites compared with Procr- cells at rupture sites or Procr+ cells
677  at non-rupture regions (i). Scale bar, 100um for zoom out and 1um for zoom in.
678 n=3 mice and 15 images. One-way ANOVA with Tukey test is used for

679  comparison of multiple groups. ***P<0.001.
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681 Fig 2. Deletion of YAP in Procr+ cells hinders OSE rupture repair and
682  progenitor proliferation.

683  a, lllustration of TAM induction and superovulation strategy.

684 b-e, Yap was deleted in Procr+ cells using Procr-CreER; Yap™ mice (Yap-cKO),
685 and YAP™ mice was used as control (Ctrl). Ovary whole-mount staining with
686 K8 and Laminin was performed (b-d) and the wound size in diameter was
687 quantified (e). At 4.5d (ovulation) (star) Ctrl and Yap-cKO ovaries had
688 comparable wound size (* in b, e). At 6d (OSE repair ongoing), the wounds in
689  Ctrl ovary were significantly smaller than those in Yap-cKO ovary (c, €). At 7.5d
690 (repair completed), the wound was completely repaired in Ctrl, while the Yap-
691 cKO ovary still showed obvious wounds (star) (* in d, €). Scale bar, 100pm. n=3
692  pairs of mice.

693  f-h, Ctrl and Yap-cKO mice were subjected to 12hrs EdU incorporation and
694  were harvested at 4.5 days (Ovulation stage). Representative images (f-g) and
695 quantification (h) were showed. Out of 20 cells next to the rupture on one side,
696 the numbers of EdU+ cells (arrowhead) in the OSE of rupture site decreased
697 from 5.52+0.33 cells in Ctrl to 1.42+0.16 cells in Yap-cKO. Scale bar, 100um
698 for zoom out and 20um for zoom in. n=3 pairs of mice. Unpaired two-tailed t
699 testis used for comparison. ***P<0.001.

700  i-k, Total OSE cells from Procr-CreER; Yap™ mice (Yap-cKO), and Yap™ mice
701  (Ctrl) were isolated by FACS at 4.5 days (Ovulation stage) (i), followed by
702 culture in 3D Matrigel for 7 days. Representative bright-field and confocal
703  images of K8 staining were shown (j). Colony sizes in diameter were measured
704 (k). Scale bar, 20um. Data are pooled from three independent experiments and
705 displayed as meants.e.m. Unpaired two-tailed t test is used for comparison.
706 ***P < 0.001.

707 1, lllustration of lineage tracing, deletion of YAP and superovulation strategy.
708 m-o, Procr-CreER;YAP":R26-mTmG (Yap-cKO) and Procr-CreER;R26-
709  mTmG (Ctrl) mice were used. At 4.5pi (ovulation), ovary whole-mount confocal
710  imaging showed zones of concentrated GFP+ cells surrounding the rupture site
711 in Ctrl, while fewer GFP+ cells were seen in Yap-cKO ovary (m). At 7pi (repair

712  completed), ovary whole-mount confocal imaging showed large GFP+ patches
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713  located at corpus luteum (C.L.) in Ctrl, while rare GFP+ cells surrounding the
714  unrepaired wound in Yap-cKO ovary (n). Quantification showed significantly
715  fewer GFP+ cells in Yap-cKO compared with Ctrl in both ovulation stage and
716  repair completed stage. Quantification showed an expansion of GFP+ cell
717  numbers in Ctrl mice during the tracing and no expansion in Yap-cKO (o). Scale
718  bar, 100pm. n=3 pairs of mice. ***P < 0.001.

719

720 Fig 3. An intrinsic lower level of Vgll4 in Procr+ cells is essential for
721  Procr+ cells’ stemness and OSE rupture repair.

722  a-b, At ovulation stage, Procr+ and Procr- OSE cells (Lin-, EpCAM+) were
723  FACS-isolated (a). gPCR analysis showed the lower Vgll4 level in Procr+ cells
724  (b). Data are pooled from 3 independent experiments and presented as
725 ~meants.e.m. ***P<0.001.

726  c-e, Procr-rtTA; TetO-H2B-GFP mice were administered with PMSG and HCG
727  to induce superovulation, and fed with doxycycline for 3 days before harvest.
728 Ovarian sections were stained with Vgll4 and K8. Representative images
729  showed that at both rupture proximal region (c) and non-rupture region (d),
730 H2B-GFP- (Procr-) OSE cells have high Vgll4 expression (arrows in ¢, d), while
731  H2B-GFP+ (Procr+) OSE cells have no Vgll4 expression (arrowheads in c, d).
732  Scale bar, 20um for zoom out and 5um for zoom in. Quantification of the
733  staining was shown in (e). n=3 mice and 15 images. Unpaired two-tailed t test
734  is used for comparison. ***P<0.001.

735 f-g, Targeting strategy and validation of TetO-Vgll4 knock-in mouse (f-g). A
736 cassette of TetO-Vgll4-Flag-wpre-polyA was knocked in behind 3'UTR of
737 Col1a1l gene (f). Immunohistochemistry staining of Vgll4 in the ovaries
738 indicated more Vgll4+ OSE cells at the rupture sites (g). Scale bar, 10um. n=3
739  pairs of mice.

740  h-l, lllustration of superovulation and overexpression of Vgll4 in Procr+ cells (h).
741  Ovary whole-mount confocal images of K8 and Laminin showed that at 4.5d
742  (ovulation), Ctrl (TetO-Vgll4) and Vgll4-OE (Procr-rtTA; TetO-Vgll4) ovaries have
743  similar wound sizes (* in i) . At 6d (repair ongoing), the wound sizes in Ctrl mice
744  were smaller than those in Vgll4-OE (* in j). At 7.5d (repair completed), Citrl

745  ovary had completely repaired, while Vgll4-OE mice had obvious opening (* in

30


https://doi.org/10.1101/2021.11.17.468967
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.17.468967; this version posted November 18, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

746 k). Scale bar, 100pm. The sizes of the wound in diameter were quantified (1).
747  n=3 pairs of mice.

748 m-o, The mice were harvested at 4.5 days (ovulation) after 12hrs EdU
749  incorporation. Representative images (m, n), and quantification (o) showed the
750  number of EdU+ cells in the OSE surrounding the rupture site (arrowheads in
751  m) decreased from 3.731£0.26 in Ctrl to 1.04£0.15 in Vgll4-OE (arrowheads in
752  n). Scale bar, 100pm for zoom out and 20um for zoom in. n=3 pairs of mice.
753  Unpaired two-tailed t test is used for comparison. ***P<0.001.

754  p-r, Total OSE cells were isolated by FACS from Ctrl and Vgll4-OE at 4.5 days
755  (ovulation) (p), and cultured in 3D Matrigel. At day 7 in culture, colony sizes
756  were measured in diameter (q), and representative images were shown (r) out
757 of 15 images in each group. Scale bar, 20um. Data are pooled from three
758 independent experiments and displayed as meants.e.m. Unpaired two-tailed t
759  testis used for comparison. ***P < 0.001.

760

761 Fig 4. YAP signaling promotes Procr+ cells expansion at rupture sites
762  through a combination of promoting cell division and enhancing Procr
763  expression.

764  a-c, lllustration of superovulation and analysis strategy as indicated using
765  YAP" (Ctrl) and Procr-CreER;YAP™ (Yap-cKO) mice (a). At ovulation stage,
766  the percentage of Procr+ OSE cells in Ctrl and Yap-cKO were FACS analyzed
767  (b) and quantified (c). n = at least 3 mice in each group and displayed as
768 meanzs.e.m. Unpaired two-tailed t test is used for comparison. ***P < 0.001.
769  d-i, lllustration of superovulation and analysis strategy as indicated using Procr-
770 rtTA;TetO-H2B-GFP*" (Ctrl) and Procr-rtTA; TetO-H2B-GFP™; TetO-Vgll4*"
771 (Vgll4-OE) mice (d). At ovulation stage, ovary section imaging showed that at
772  the rupture sites, the number of H2B-GFP+ (Procr+) cells in Ctrl (arrowheads
773 in e) are higher than those in Vgll4-OE (arrowheads in f). Scale bar, 100um.
774  Quantification was shown in (g). n=3 pairs of mice and 15 images in each group.
775  Unpaired two-tailed t test is used for comparison. ***P<0.001.

776  The percentage of Procr+ OSE cells were analyzed by FACS at ovulation stage
777  (h). The percentage of Procr+ cells in Ctrl are higher than that in Vgll4-OE (h,

778 ). n = at least 3 mice and displayed as meants.e.m. Unpaired two-tailed t test
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779 is used for comparison. ***P < 0.001.

780 -k, lllustration of Tead4 motif in Procr promoter region (j). TEAD4 ChIP-gPCR
781 analysis using cultured primary OSE cells showed the enrichment of Procr
782  promoter, and Ctgf promoter was used as positive control (k). n=2 biological
783  repeats. Unpaired two-tailed t test is used for comparison. **P<0.01, *P<0.05,
784  n.s, not significant.

785 |-m, Analysis of luciferase reporter activity driven by WT (I) and Tead4 motif (-
786 1486 to-1481bp) deleted- Procr promoter (m) in HEK193T cells transfected with
787  increased amount of YAP overexpression plasmids. Data are pooled from three
788  independent experiments and displayed as meants.e.m. Unpaired two-tailed t
789  testis used for comparison. ***P < 0.001, **P < 0.01, n.s, not significant.

790 n, A proposed model of which YAP signaling promotes Procr+ cells expansion
791  at rupture site through a combination of promoting cell division and enhancing
792  Procr expression.

793

794  Fig 5. Procr is essential for the progenitor property.

795 a-e, lllustration of superovulation and deletion of Procr in Procr+ cells using
796 Procr®t"" mice (Procr-cKO), and Procr™* mice (Ctrl) (a). Ovary whole-mount
797  confocal imaging of K8 and Laminin showed that at 4.5d (ovulation), Ctrl and
798  Procr-cKO have similar wound sizes (* in b). At 6d (OSE repair ongoing), the
799  wound sizes in Ctrl mice were smaller than those in Procr-cKO (* in c). At 7.5d
800 (repair completed), Ctrl ovary had completely repaired, while Procr-cKO
801 remained obvious opening (* in d). Scale bar, 100pum. Quantification of the
802 wound size in diameter was shown in (e). n=3 pairs of mice. Unpaired two-tailed
803 ttestis used for comparison. ***P<0.001. n.s, not significant.

804  f-h, Post 12hrs EdU incorporation, the mice were harvested at 4.5 days
805 (ovulation) (a). Representative images showed the number of EdU+ cells
806 (arrowhead) in the OSE surrounding the rupture site decreased from 4.73+0.40
807 in Ctrl (arrowheads in f) to 1.62+0.20 in Procr-cKO (arrowheads in g). Scale bar,
808  100um for zoom out and 20um for zoom in. Quantification of was shown in (h).
809 n=3 pairs of mice. Unpaired two-tailed t test is used for comparison. ***P<0.001.
810 i-l, Total OSE cells from Ctrl and Procr-cKO were isolated by FACS (i), followed
811 by culture in 3D Matrigel. At culture d7, representative bright-field and confocal
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812 images with K8 staining showed that OSE cells with Procr-cKO form markedly
813 smaller colonies compared to Ctrl (j). Colony sizes were quantified in (k). gqPCR
814  analysis validated the deletion efficiency of Procrin OSE cells of Procr-cKO (l).
815 Data are pooled from three independent experiments and displayed as
816 meanzs.e.m. Unpaired two-tailed t test is used for comparison. ***P < 0.001.
817  Scale bar, 20pm.

818 m, A proposed model of YAP activation in Procr+ cells promoting OSE
819  progenitor cell expansion. Procr+ OSE progenitors have intrinsically lower level
820 of Vgll4 compared to Procr- OSE cells. At ovulation, cell-cell junctions at rupture
821  site were disrupted, which induces the possibility of YAP activation in all OSE
822  cells surrounding the rupture. However, the lower expression of Vgll4 in Procr+
823 cells allowed YAP activation in the progenitor cells at this area. YAP activation
824 in Procr+ cells promoted cell division, and importantly, it directly upregulates
825  Procr expression in the dividing cells, resulting in expansion of Procr+
826  progenitors around the wound.

827

828 Fig S1. Increased YAP signaling activity at OSE of rupture sites.

829 a, lllustration of superovulation strategy. 4-week old mice were administrated
830  with PMSG, following by HCG 2 days later. The ovaries were harvested 0.5 day
831 after HCG injection (ovulation).

832 b, Confocal images showed abundant E-cad expression in the OSE of non-
833  rupture sites. Scale bar, 100um for zoom out and 10um for zoom in. n=3 mice
834 and more than 15 images.

835 ¢, Quantification of the percentage of OSE cells with YAP nuclear localization
836  at the rupture sites and non-rupture sites. n=3 mice. Unpaired two-tailed t test
837 is used for comparison. ***P < 0.001.

838 d, gPCR analysis validated the deletion efficiency of Yap and the
839  downregulation of the expression of YAP target Cyr61 in total OSE cells of Yap-
840 cKO mice compared with Ctrl mice. Data are pooled from three independent
841 experiments and displayed as meants.e.m. Unpaired two-tailed t test is used
842  for comparison. ***P < 0.001, *P < 0.05.

843

844  Fig S2. Construction of TetO-Vgll4 mouse model.
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845  a, Targeting strategy for the generation of TetO-Vgll4 knock-in mouse. Designs
846  of ES clone genotyping primers (red) and mouse genotyping primers (green)
847  are as indicated.

848 b, ES clone genotyping PCR indicating three successful knock-in (Kl) clones.
849  NC, negative control with no DNA input.

850 c, Genotyping PCR results indicate pup #1,2,3 is heterozygote, #4 are
851  wildtypes. A wild-type mouse was used as negative control (NC) and a positive
852 ES clone was used as positive control (PC).

853 d, Western blotting validated the overexpression of Flag and Vgll4 in the cells
854  of Vgll4-OE mice compared with Ctrl mice. One of 3 independent experiments
855 is shown.

856 e, gPCR analysis validated the overexpression of Vgll4 and downregulation of
857  Cyr61in total OSE cells of Vgll4 OE mice compared with Ctrl mice (d). Data are
858 pooled from three independent experiments and displayed as meants.e.m.
859  Unpaired two-tailed t test is used for comparison. ***P < 0.001, **P < 0.01.

860

861 Fig S3. YAP promotes Procr+ cells expansion.

862 a-b, OSE cells were isolated from Procr-rtTA; TetO-H2B-GFP*" (Ctrl) or Procr-
863  rtTA;TetO-Vgll4*"; TetO-H2B-GFP*" (Vgll4-OE) mice and cultured on the glass.
864  In control, almost all cells are H2B-GFP+ (Procr+) in such stiff culture condition
865 (a). Living images for 6 hours showed many cases of H2B-GFP+ (Procr+) cells
866 (a) (examples in *, arrow, arrowhead in a). In Vgll4-OE cells, there were
867 drastically less H2B-GFP+ (Procr+) cells, and living imaging of 24 hours
868 showed no incidence of cell division (b). Scale bar, 50um. n=at least 3 views.
869

870 Fig S4. YAP induces Procr expression.

871 a-c, OSE cells were isolated from Procr-rtTA; TetO-H2B-GFP*" mice and
872  cultured upon the soft hydrogel (a) or glass (b). Confocal images showed more
873  H2B-GFP+ cells upon glass compared with soft hydrogel (a-b). Scale bar, 20um,
874 n=15 images. gPCR indicated Procr expression was upregulated upon glass
875  culture (c).

876  d-e, OSE cells isolated from wildtype mice were infected with Scramble (Sc) or

877 Yap shRNA (shYap) virus. and then cultured on glass. OSE cells were
34
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878 harvested on culture day 4 (d). gPCR showed knockdown of Yap repressed
879  Procr expression (e). Scale bar, 100pm, n=15 images.

880 f, OSE cells were isolated from wildtype mice and cultured on glass. Verteporfin
881 (VP) was added into the medium before harvest. gPCR showed that VP
882  treatment inhibits Cyr67 and Procr expression.

883 g, OSE cells were isolated from Procr-rtTA; TetO-H2B-GFP*" (Ctrl) and Procr-
884  rtTA; TetO-Vgll4*"; TetO-H2B-GFP*" (Vgll4-OE) mice and cultured on the glass.
885  Confocal images showed dimmer H2B-GFP expression in Vgll4-OE compared
886  to Ctrl. Scale bar, 10pm, n=15 images.

887 For all gPCR results, data are pooled from 3 independent experiments and
888 presented as meants.e.m. Unpaired two-tailed t test is used for comparison.
889 ***P<0.001, **P<0.01, *P<0.05.
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a, Sections from wildtype ovaries at ovulation stage were stained with Krt8 (K8) and E-cadherin
(E-Cad). Confocal images showed less E-cad in the OSE of proximal regions surrounding the
rupture sites (view #1, #3 in a) compared with distal regions (view #2, #4 in a). Scale bar, 100um for
zoom out and 10um for zoom in. n=3 mice and 15 images.

b-c, Sections from wildtype ovaries at ovulation stage were stained with K8 and YAP. Confocal
images showed YAP nuclear localization in the OSE was only observed in the proximal regions
surrounding the rupture sites (b), but not in the distal regions (b) or the non-rupture sites (c). Scale
bar, 100um for zoom out and 20um for zoom in. n=3 mice and 15 images.

d-f, Procr-rtTA; TetO-H2B-GFP*- mice were fed with doxycycline for 3 days and harvested at ovula-
tion stage. Confocal images of ovarian sections with Krt8 (K8) and YAP staining (d-e) and quantifica-
tion (f) were showed. Nuclear YAP staining is preferentially detected in Procr+ (histone 2B-GFP+)
cells in rupture proximal region (arrowheads in d), whereas at the non-rupture site, YAP staining was
cytoplasmic regardless in Procr+ (arrows in €) or Procr- cells (e). Scale bar, 100um for zoom out and
10um for zoom in. n=3 mice and 15 images. One-way ANOVA with Tukey test is used for compari-
son of multiple groups. ***P<0.001.

g-i, Combination of Procr and Cyr61 double fluorescent in situ with K8 antibody immunohistochemis-
try staining (g-i). Confocal images showed co-localization of Procr and Cyr61 in the OSE at the
rupture sites (arrowhead in g), while at non-rupture regions, both Procr+ and Procr- cells had low
incidence of Cyr61 expression (h). Quantification showed increased Cyr61 expression in Procr+
cells at rupture sites compared with Procr- cells at rupture sites or Procr+ cells at non-rupture
regions (i). Scale bar, 100um for zoom out and 1um for zoom in. n=3 mice and 15 images. One-way
ANOVA with Tukey test is used for comparison of multiple groups. ***P<0.001.
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b-e, Yap was deleted in Procr+ cells using Procr-CreER; Yap™ mice (Yap-cKO), and Yap™ mice was
used as control (Ctrl). Ovary whole-mount staining with K8 and Laminin was performed (b-d) and the
wound size in diameter was quantified (e). At 4.5d (ovulation) (star) Ctrl and Yap-cKO ovaries had
comparable wound size (* in b, e). At 6d (OSE repair ongoing), the wounds in Ctrl ovary were signifi-
cantly smaller than those in Yap-cKO ovary (c, e). At 7.5d (repair completed), the wound was com-
pletely repaired in Ctrl, while the Yap-cKO ovary still showed obvious wounds (star) (* in d, e). Scale
bar, 100um. n=3 pairs of mice.

f-h, Ctrl and Yap-cKO mice were subjected to 12hrs EdU incorporation and were harvested at 4.5
days (Ovulation stage). Representative images (f-g) and quantification (h) were showed. Out of 20
cells next to the rupture on one side, the numbers of EdU+ cells (arrowhead) in the OSE of rupture
site decreased from 5.52+0.33 cells in Ctrl to 1.42+0.16 cells in Yap-cKO. Scale bar, 100pm for zoom
out and 20um for zoom in. n=3 pairs of mice. Unpaired two-tailed t test is used for comparison.
***P<0.001.

i-k, Total OSE cells from Procr-CreER; Yap™ mice (Yap-cKO), and Yap™" mice (Ctrl) were isolated by
FACS at 4.5 days (Ovulation stage) (i), followed by culture in 3D Matrigel for 7 days. Representative
bright-field and confocal images of K8 staining were shown (j). Colony sizes in diameter were mea-
sured (k). Scale bar, 20um. Data are pooled from three independent experiments and displayed as
meanzs.e.m. Unpaired two-tailed t test is used for comparison. ***P < 0.001.

l, llustration of lineage tracing, deletion of Yap and superovulation strategy.

m-o, Procr-CreER;YAP":R26-mTmG (Yap-cKO) and Procr-CreER;R26-mTmG (Ctrl) mice were
used. At 4.5pi (ovulation), ovary whole-mount confocal imaging showed zones of concentrated GFP+
cells surrounding the rupture site in Ctrl, while fewer GFP+ cells were seen in Yap-cKO ovary (m). At
7pi (repair completed), ovary whole-mount confocal imaging showed large GFP+ patches located at
corpus luteum (C.L.) in Ctrl, while rare GFP+ cells surrounding the unrepaired wound in Yap-cKO
ovary (n). Quantification showed significantly fewer GFP+ cells in Yap-cKO compared with Ctrl in
both ovulation stage and repair completed stage. Quantification showed an expansion of GFP+ cell
numbers in Ctrl mice during the tracing and no expansion in Yap-cKO (o). Scale bar, 100pm. n=3
pairs of mice. ***P < 0.001.
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Fig 3. An intrinsic lower level of Vgll4 in Procr+ cells is essential for Procr+ cells’ stemness

and OSE rupture repair.
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and OSE rupture repair.
a-b, At ovulation stage, Procr+ and Procr- OSE cells (Lin-, EpCAM+) were FACS-isolated (a).
gPCR analysis showed the lower Vgll4 level in Procr+ cells (b). Data are pooled from 3 indepen-
dent experiments and presented as meants.e.m. ***P<0.001.
c-e, Procr-rtTA; TetO-H2B-GFP*- mice were administered with PMSG and HCG to induce super-
ovulation, and fed with doxycycline for 3 days before harvest. Ovarian sections were stained with
Vgll4 and K8. Representative images showed that at both rupture proximal region (c) and non-rup-
ture region (d), H2B-GFP- (Procr-) OSE cells have high Vgll4 expression (arrows in c, d), while
H2B-GFP+ (Procr+) OSE cells have no Vgll4 expression (arrowheads in c, d). Scale bar, 20um for
zoom out and 5um for zoom in. Quantification of the staining was shown in (e). n=3 mice and 15
images. Unpaired two-tailed t test is used for comparison. ***P<0.001.
f-g, Targeting strategy and validation of TetO-Vgll4 knock-in mouse (f-g). A cassette of
TetO-Vgll4-Flag-wpre-polyA was knocked in behind 3’'UTR of Col1a1 gene (f). Immunohistochemis-
try staining of Vgll4 in the ovaries indicated more Vgll4+ OSE cells at the rupture sites (g). Scale
bar, 10um. n=3 pairs of mice.
h-1, lllustration of superovulation and overexpression of Vgll4 in Procr+ cells (h). Ovary
whole-mount confocal images of K8 and Laminin showed that at 4.5d (ovulation), Ctrl (TetO-Vgll4)
and Vgll4-OE (Procr-rtTA,; TetO-Vgll4) ovaries have similar wound sizes (* in i) . At 6d (repair ongo-
ing), the wound sizes in Ctrl mice were smaller than those in Vgll4-OE (* in j). At 7.5d (repair com-
pleted), Ctrl ovary had completely repaired, while Vgll4-OE mice had obvious opening (* in k).
Scale bar, 100um. The sizes of the wound in diameter were quantified (1). n=3 pairs of mice.
m-o, The mice were harvested at 4.5 days (ovulation) after 12hrs EdU incorporation. Representa-
tive images (m, n), and quantification (o) showed the number of EdU+ cells in the OSE surrounding
the rupture site (arrowheads in m) decreased from 3.73+0.26 in Ctrl to 1.04£0.15 in Vgll4-OE
(arrowheads in n). Scale bar, 100um for zoom out and 20um for zoom in. n=3 pairs of mice.
Unpaired two-tailed t test is used for comparison. ***P<0.001.
p-r, Total OSE cells were isolated by FACS from Ctrl and Vgll4-OE at 4.5 days (ovulation) (p), and
cultured in 3D Matrigel. At day 7 in culture, colony sizes were measured in diameter (q), and repre-
sentative images were shown (r) out of 15 images in each group. Scale bar, 20pm. Data are
pooled from three independent experiments and displayed as meants.e.m. Unpaired two-tailed t
test is used for comparison. ***P < 0.001.
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of promoting cell division and enhancing Procr expression.
a-c, lllustration of superovulation and analysis strategy as indicated using Yap™ (Ctrl) and Pro-
cr-CreER; Yap™ (Yap-cKO) mice (a). At ovulation stage, the percentage of Procr+ OSE cells in Ctrl
and Yap-cKO were FACS analyzed (b) and quantified (c). n = at least 3 mice in each group and
displayed as meants.e.m. Unpaired two-tailed t test is used for comparison. ***P < 0.001.
d-i, lllustration of superovulation and analysis strategy as indicated using Procr-rtTA; TetO-H2B-GF-
P+ (Ctrl) and Procr-rtTA; TetO-H2B-GFP*; TetO-Vgll4*- (Vgll4-OE) mice (d). At ovulation stage, ovary
section imaging showed that at the rupture sites, the number of H2B-GFP+ (Procr+) cells in Cirl
(arrowheads in e) are higher than those in Vgll4-OE (arrowheads in f). Scale bar, 100pm. Quantifica-
tion was shown in (g). n=3 pairs of mice and 15 images in each group. Unpaired two-tailed t test is
used for comparison. ***P<0.001.
The percentage of Procr+ OSE cells were analyzed by FACS at ovulation stage (h). The percentage
of Procr+ cells in Ctrl are higher than that in Vgll4-OE (h, i). n = at least 3 mice and displayed as
meants.e.m. Unpaired two-tailed t test is used for comparison. ***P < 0.001.
j-k, lllustration of Tead4 motif in Procr promoter region (j). TEAD4 ChlIP-qPCR analysis using
cultured primary OSE cells showed the enrichment of Procr promoter, and Ctgf promoter was used
as positive control (k). n=2 biological repeats. Unpaired two-tailed t test is used for comparison.
**P<0.01, *P<0.05, n.s, not significant.
[-m, Analysis of luciferase reporter activity driven by WT (1) and Tead4 motif (-1486 to-1481bp) delet-
ed- Procr promoter (m) in HEK193T cells transfected with increased amount of YAP overexpression
plasmids. Data are pooled from three independent experiments and displayed as meants.e.m.
Unpaired two-tailed t test is used for comparison. ***P < 0.001, **P < 0.01, n.s, not significant.
n, A proposed model of which YAP signaling promotes Procr+ cells expansion at rupture site through
a combination of promoting cell division and enhancing Procr expression.
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a-e, lllustration of superovulation ancf‘@@téﬁlﬂﬂe PO IH'BrEers C81rs using ProcrceER" mice (Pro-
cr-cKO), and Procr” mice (Ctrl) (a). Ovary whole-mount confocal imaging of K8 and Laminin
showed that at 4.5d (ovulation), Ctrl and Procr-cKO have similar wound sizes (* in b). At 6d (OSE
repair ongoing), the wound sizes in Ctrl mice were smaller than those in Procr-cKO (* in c). At 7.5d
(repair completed), Ctrl ovary had completely repaired, while Procr-cKO remained obvious opening
(* in d). Scale bar, 100pm. Quantification of the wound size in diameter was shown in (e). n=3 pairs
of mice. Unpaired two-tailed t test is used for comparison. ***P<0.001. n.s, not significant.

f-h, Post 12hrs EdU incorporation, the mice were harvested at 4.5 days (ovulation) (a). Representa-
tive images showed the number of EdU+ cells (arrowhead) in the OSE surrounding the rupture site
decreased from 4.73+0.40 in Ctrl (arrowheads in f) to 1.62+0.20 in Procr-cKO (arrowheads in g).
Scale bar, 100um for zoom out and 20pm for zoom in. Quantification of was shown in (h). n=3 pairs
of mice. Unpaired two-tailed t test is used for comparison. ***P<0.001.

i-I, Total OSE cells from Ctrl and Procr-ckKO were isolated by FACS (i), followed by culture in 3D
Matrigel. At culture d7, representative bright-field and confocal images with K8 staining showed that
OSE cells with Procr-cKO form markedly smaller colonies compared to Ctrl (j). Colony sizes were
quantified in (k). gPCR analysis validated the deletion efficiency of Procr in OSE cells of Procr-cKO
(). Data are pooled from three independent experiments and displayed as meants.e.m. Unpaired
two-tailed t test is used for comparison. ***P < 0.001. Scale bar, 20um.

m, A proposed model of YAP activation in Procr+ cells promoting OSE progenitor cell expansion.
Procr+ OSE progenitors have intrinsically lower level of Vgll4 compared to Procr- OSE cells. At
ovulation, cell-cell junctions at rupture site were disrupted, which induces the possibility of YAP
activation in all OSE cells surrounding the rupture. However, the lower expression of Vgll4 in Procr+
cells allowed YAP activation in the progenitor cells at this area. YAP activation in Procr+ cells
promoted cell division, and importantly, it directly upregulates Procr expression in the dividing cells,
resulting in expansion of Procr+ progenitors around the wound.
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Fig S1. Increased YAP signaling activity at OSE of rupture sites.

a, lllustration of superovulation strategy. 4-week old mice were administrated with PMSG,
following by HCG 2 days later. The ovaries were harvested 0.5 day after HCG injection
(ovulation).

b, Confocal images showed abundant E-cad expression in the OSE of non-rupture sites.
Scale bar, 100um for zoom out and 10um for zoom in. n=3 mice and more than 15
images.

¢, Quantification of the percentage of OSE cells with YAP nuclear localization at the
rupture sites and non-rupture sites. n=3 mice. Unpaired two-tailed t test is used for com-
parison. ***P < 0.001.

d, gPCR analysis validated the deletion efficiency of Yap and the downregulation of the
expression of YAP target Cyr61 in total O—SE cells of Yap-cKO mice compared with Ctrl
mice. Data are pooled from three independent experiments and displayed as
meanzs.e.m. Unpaired two-tailed t test is used for comparison. ***P < 0.001, *P < 0.05.
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Fig S2. Construction of TetO-Vgll4 mouse model.
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Fig S2. Construction of TetO-Vgll4 mouse model.

a, Targeting strategy for the generation of TetO-Vgll4 knock-in mouse. Designs of
ES clone genotyping primers (red) and mouse genotyping primers (green) are as
indicated.

b, ES clone genotyping PCR indicating three successful knock-in (Kl) clones. NC,
negative control with no DNA input.

¢, Genotyping PCR results indicate pup #1,2,3 is heterozygote, #4 are wildtypes. A
wild-type mouse was used as negative control (NC) and a positive ES clone was
used as positive control (PC).

d, Western blotting validated the overexpression of Flag and Vgll4 in the cells of
Vgll4-OE mice compared with Ctrl mice. One of 3 independent experiments is
shown.

e, JPCR analysis validated the overexpression of Vgll4 and downregulation of
Cyr61 in total OSE cells of Vgll4-OE mice compared with Ctrl mice (d). Data are
pooled from three independent experiments and displayed as meants.e.m.
Unpaired two-tailed t test is used for comparison. ***P < 0.001, **P < 0.01.
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Fig S3. YAP promotes Procr+ cells expansion.

a-b, OSE cells were isolated from Procr-rtTA; TetO-H2B-GFP*- (Ctrl) or Procr-rtTA; TetO-Vgll4+-; Te-
tO-H2B-GFP*- (Vgll4-OE) mice and cultured on the glass. In control, almost all cells are H2B-GF-
P+ (Procr+) in such stiff culture condition (a). Living images for 6 hours showed many cases of
H2B-GFP+ (Procr+) cells (a) (examples in *, arrow, arrowhead in a). In Vgll4-OE cells, there were
drastically less H2B-GFP+ (Procr+) cells, and living imaging of 24 hours showed no incidence of
cell division (b). Scale bar, 50um. n=at least 3 views.
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Fig S4. YAP induces Procr expression.
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Fig S4. YAP induces Procr expression.

a-c, OSE cells were isolated from Procr-rtTA; TetO-H2B-GFP*- mice and cultured upon the soft
hydrogel (a) or glass (b). Confocal images showed more H2B-GFP+ cells upon glass compared
with soft hydrogel (a-b). Scale bar, 20pm, n=15 images. gPCR indicated Procr expression was
upregulated upon glass culture (c).

d-e, OSE cells isolated from wildtype mice were infected with Scramble (Sc) or Yap shRNA
(shYap) virus. and then cultured on glass. OSE cells were harvested on culture day 4 (d). gPCR
showed knockdown of Yap repressed Procr expression (e). Scale bar, 100um, n=15 images.

f, OSE cells were isolated from wildtype mice and cultured on glass. Verteporfin (VP) was added
into the medium before harvest. gPCR showed that VP treatment inhibits Cyr67 and Procr expres-
sion.

g, OSE cells were isolated from Procr-rtTA; TetO-H2B-GFP*- (Ctrl) and Procr-rtTA; TetO-Vgll4*; Te-
tO-H2B-GFP*- (Vgll4-OE) mice and cultured on the glass. Confocal images showed dimmer
H2B-GFP expression in Vgll4-OE compared to Ctrl. Scale bar, 10um, n=15 images.

For all gPCR results, data are pooled from 3 independent experiments and presented as
meanzs.e.m. Unpaired two-tailed t test is used for comparison. ***P<0.001, **P<0.01, *P<0.05.
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