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ABSTRACT

Ovulation is necessary for successful reproduction. After ovulation, cumulus cells and
oocytes are released, while granulosa cells (GCs) remain trapped within the post-
ovulatory follicle to form the corpus luteum. However, the mechanism underlying GC
confinement has long been unclear. Here, we provide in vitro and in vivo evidence
demonstrating that the stiffening of GC-layer as an evolutionarily conserved mechanism
that hinders GCs from escaping the post-ovulatory follicles. Spatial transcriptome
analysis reveals that the assembly of focal adhesions is primarily responsible for this
stiffening. Disrupting focal adhesion assembly through RNA interference results in the
release of GCs from the post-ovulatory follicle, leading to the formation of an aberrant
corpus luteum with reduced cell density and cavities. We also uncover that the LH (hCG)
-CAMP-PKA-CREB signaling axis stimulates focal adhesion assembly and induce GC-
layer stiffening. Our findings introduce a novel concept of “GC-layer stiffening”, which
offers valuable insights into the factors that prevent GCs escape from the post-ovulatory
follicle.

Keywords: ovulation, granulosa cell, focal adhesion, follicle, luteinization

INTRODUCTION

Ovwulation, a fundamental event in female reproduction, signifies not only the culmination
of oogenesis but also the commencement of luteinization. This event is triggered by
ovulatory signals, specifically the luteinizing hormone (LH) surge or human chorionic
gonadotropin (hCG). The pre-ovulatory follicle, which has the potential to ovulate, is a
sophisticated structure consisting of GCs, cumulus cells, oocyte, and theca cells. Each
cell type plays a unique role in coordinating the programmed ovulation [1, 2].

Upon receiving an ovulatory signal, the follicular cell types undergo distinct fates.

The oocyte resumes meiosis, becomes fertile, and is released from the ruptured follicle
2
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[3, 4]. In parallel, the cumulus cell-layer undergoes extracellular matrix (ECM)
remodeling, which leads to its expansion and increased viscosity [5]. In addition, the
cumulus cells also produce inflammatory mediators and chemokines, creating an
inflammatory microenvironment that aids in follicle rupture [6, 7]. Eventually, cumulus
cells accompany the oocyte during its escape to the fallopian tube’s ampulla. In contrast,
GCs primarily function in receiving and transmitting the ovulatory signal. Abundant LH
receptors on the GC cytomembrane allow for sensitive recognition of the signal [8, 9].
Moreover, signaling cascades like the “EGF-like factor signaling pathway” and
“MAPK3/1 signaling pathway” in GCs play a crucial role in amplifying the ovulatory
signal and transmitting it to cumulus cells and oocyte. However, unlike cumulus cells and
oocytes, GCs cannot escape the follicle and instead remain within the post-ovulatory
follicle to form the corpus luteum, which regulates the estrus cycle and is essential for
maintaining pregnancy.

Interestingly, during folliculogenesis, cumulus cells and GCs originate from a
common progenitor in preantral follicles [12, 13]. It is intriguing, therefore, to consider
why cumulus cells are able to escape from the post-ovulatory follicle, while GCs, with a
shared cellular origin, are unable to do so. This question is quite puzzling, and thus far,
no theoretical model has been developed to explain it.

This study aims to establish a theoretical model to address this question. We
discovered that the GC-layer undergoes a process called "GC-layer stiffening” upon
receiving the signal. This stiffening prevents the GC-layer from escaping the ruptured
follicle. Through spatial transcriptome sequencing and conducting in vitro and in vivo
experiments, we confirmed that the assembly of focal adhesions, triggered by the LH
(hCG)-cAMP-PKA-CREB signaling cascade, is crucial for "GC-layer stiffening".
Disrupting focal adhesion assembly through RNA interference led to a failure in "GC-
layer stiffening” and subsequent release of GCs from the post-ovulatory follicle. This
resulted in the formation of an abnormal corpus luteum with low cell density and

cavitation.
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RESULTS

1. Ovulatory signal triggered the stiffening of GC-layer and inhibited its escape
from the punctured follicle

To facilitate real-time studying and monitoring of the ovulation process, we developed a
mouse follicle culture system capable of supporting ovulation and luteinization while
allowing for gene knockdown within the follicle (Figure 1A). By puncturing the cultured
follicles before or after the addition of hCG, we observed distinct outcomes in the release
of GCs. Puncturing before hCG addition or 1 hour after hCG addition resulted in easy
release of GCs, while at 6 and 10 hours post hCG addition, minimal or no GCs were
released (Figure 1B, Movie 1) . Importantly, we observed a significant increase in the
rigidity of the GC-layer following hCG addition. The GC-layers exhibited low rigidity at
HO and H1, fragmenting under mechanical oscillation, but demonstrated enhanced rigidity
at H6 and H10, enabling them to maintain structural integrity when exposed to the same
concussive force (Figure 1C). We termed this phenomenon "GC-layer stiffening".

We further investigated "GC-layer stiffening” in vivo using the superovulation
technique (Figure 1D). Consistent with our in vitro findings, hCG injection induced "GC-
layer stiffening” and prevented GC release from the punctured ovary. Briefly, at HO and
H1, the unstiffened GC-layer burst out of the punctured ovarian surface (Figure 1E; Movie
2) and disintegrated upon mechanical oscillation (Figure 1F, Movie 3), while at H6 and
H10, the stiffened GC-layer remained trapped in the ovary with only a few GCs released
(Figure 1E, Movie 2). These released GCs remained intact after mechanical oscillation
(Figure 1F, Movie 3). Our observations led to the hypothesis that the ovulatory signal-
triggered "GC-layer stiffening™ determines GC escape from the follicle.

Interestingly, we also observed "GC-layer stiffening” in goats. Before hCG injection,
the GC-layer in goats exhibited low rigidity, disintegrating after mechanical oscillation.
However, at 10 hours post hCG injection, the GC-layer displayed increased rigidity and

remained intact (Figure 1G).
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99
100  Figure 1. Ovulatory signal triggered the stiffening of GC-layer and inhibited its escape
101  from the punctured follicle. A, Experimental design of B and C. B, Effect of hCG addition on
102  the capability of GC-layer to escape from punctured follicles. Scale bar: 400 pm. GC-layers
103  outlined by yellow frames, and follicles outlined by white frames. C, Effect of hCG addition
104  on the rigidity of GC-layer. Oscillation parameter: 700 rpm, 1 min, and 37 °C. Scale bar: 400
105  pm. D, Experimental design of E, F. E, Effect of hCG injection on the capability of GC-layer
106  to escape from punctured ovaries. Scale bar: 1 mm. GC-layers outlined by yellow frames. F,
107  Effect of hCG injection on the rigidity of GC-layer. Oscillation parameter: 700 rpm, 1 min, and
108 37 °C. Scale bar: 400 pm. G, Effect of hCG injection on the rigidity of goat GC-layer.
109  Oscillation parameter: 700 rpm, 1 min, and 37 °C. Scale bar: 250 pm. GC-layers outlined by
110  yellow frames. B, C, E, F were repeated independently five times, and G was repeated two
111 times. Similar results were observed.
112
113
114
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115 2. Spatial transcriptome analysis suggested that focal adhesion could potentially
116  serve as the structural foundation for GC-layer stiffening

117  Considering the diverse cell types and follicles at different developmental stages within the
118  ovary, we conducted spatial transcriptomic analysis of the ovaries of HO and H6 to explore
119  the mechanisms underlying the occurrence of "GC-layer stiffening”. Spatial transcriptome
120  data was obtained from public databases [14]. Following rigorous quality control procedures
121  and personalized data analysis, we identified 7 pre-ovulatory follicles at HO and 10 at H6,
122 respectively. From these follicles, we obtained transcriptional changes of GCs following hCG
123 stimulation (Figure 2A). Principal component analysis (PCA) demonstrated significant
124  transcriptional differences among these GCs (Figure 2B). A total of 5352 differentially
125  expressed genes were identified using the DESeq2 software. Among these genes, 2303 were
126  found to be up-regulated after hCG injection (Figure 2C). Gene ontology (GO) analysis
127  demonstrated that the up-regulated genes were mainly enriched in biological processes
128  related to cell connection, such as Focal Adhesion, Cell-cell Junction, Integrin Binding, and
129  Anchoring Junction, in addition to well-known ovulation-related processes (Figure 2D). This
130 led us to hypothesize that alterations in cell connection may contribute to "GC-layer
131  stiffening".

132 To investigate the specific type of cell connection involved in achieving "GC-layer
133  stiffening,” we examined genes encoding components of tight junction, desmosome,
134  hemidesmosome, and focal adhesion. Analysis of the spatial transcriptomic data showed that
135  genes encoding components of focal adhesions were highly expressed and upregulated by
136  hCGin GCs (Figure 2E). To validate the transcriptome data, we performed quantitative real-
137  time PCR (QRT-PCR), which exhibited consistent gene expression patterns (Figure 2F).
138  Moreover, Western blotting and immunofluorescence confirmed the significant induction of
139  VCL and TLN1 (Figure 2H, I), core structural proteins of focal adhesion (Figure 2G), in the
140  GC-layer after hCG injection. Analysis of transcriptome data from other species revealed that
141  focal adhesion assembly during ovulation is not exclusive to mice but also occurs in monkey
142 and human (Figure 2J, K). qRT-PCR assay also showed upregulation of VCL, TLN1, and
143  ACTNL1 in goat GCs after hCG injection (Figure 2L). These findings indicate that ovulatory

144  signal-induced focal adhesion assembly is a conserved event across species. We
6
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145  hypothesized that the ovulatory signaling induces focal adhesion assembly, leading to the

146 occurrence of "GC-layer stiffening"”.
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147
148  Figure 2. Spatial transcriptome analysis suggested that focal adhesion could potentially
149  serve as the structural foundation for GC-layer stiffening. A, Identification of pre-
150  ovulatory follicles within the ovaries through spatial transcriptome analysis. n = 7 (HO0) and 10
151  (H6) pre-ovulatory follicles, respectively. The GCs within the pre-ovulatory are highlighted in
152  blue. B, PCA analysis of the transcriptome discrepancy in GCs within pre-ovulatory follicles.
153  C, Heat map of the up-regulated genes in GCs after hCG injection. D, GO analysis of the up-
154  regulated genes. Biological processes related to cell connection outlined by yellow frames. E,
155  Heat map of genes encoding the components of tight junction, desmosome, hemidesmosome
156  and focal adhesion. F, gqRT-PCR validation of the expression of genes encoding the components
157  of tight junction, desmosome, hemidesmosome, and focal adhesion. n = 6 GC samples. G,
158  Schematic representation of the structure of focal adhesion. H, Western blot assay of the protein
159  contents of VCL and TLN1 after hCG injection. n = 3 GC samples. Original blots can be viewed
160 inFig. S4A. I, Immunofluorescence analysis of the localization of VCL and TLN1 in GC-layer
161  after hCG injection. Scale bar: 20 pm. J, Analysis of the transcriptome changes in monkey GC
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162  after hCG injection. Left: Heat map of the up-regulated genes; right: GO analysis of the up-
163  regulated genes. Focal adhesion outlined by yellow. K, Analysis of the transcriptome changes
164  inhuman GC after hCG injection. Left: Heat map of the up-regulated genes; right: GO analysis
165  of the up-regulated genes. Focal adhesion outlined by yellow. L, gRT-PCR analysis of the
166  expression of goat genes encoding the components of focal adhesion after hCG injection.n =5
167 (HO) and 4 (H10) GC samples. Statistical significance was determined using two-tailed
168  unpaired Student’s t test, values were mean £SD. **P<0.01, ***P<0.001, ****P<0.0001. F, H
169  and I were repeated independently three times, similar results were obtained.

170 3. Disruption of focal adhesion assembly led to a failure of the stiffening of GC-
171  layer and an escape of GCs from the manually punctured follicle

172  To substantiate our hypothesis and elucidate the functional role of focal adhesion
173 assembly in GC-layer stiffening, we employed lentivirus-mediated RNA interference
174  to knock down the expression of VCL and TLNL1 in cultured follicles (Figure 3A). The
175  result indicated that transfecting plasmids 48 hours prior to the addition of ovulation-
176  inducing medium can effectively silence the expression of VCL and TLN1 at H6 (Figure
177  S1), without exerting adverce impact on the growth of follicles to the preovulatory stage
178  (Figure 3B). However, the knockdown of VCL and TLN1, either individually or in
179  combination, led to the unstable retention of GCs within the follicles of H6. Upon
180  puncturing the follicles, GCs in the si-VCL (Movie 4), si-TLN1 (Movie 5), and si-
181 VCL+TLN1 (Movie 6) groups easily burst out, while those in the control groups
182  struggled to escape (Figure 3C). Furthermore, we discovered that the disruption of focal
183  adhesion assembly hindered the stiffening of the GC-layer, as the GC-layers in the si-
184  VCL, si-TLN1, and si-VCL+TLN1 groups showed lower rigidity and disintegrated upon
185  mechanical oscillation compared to the control groups (Figure 3D).

186 To further validate our findings, we performed injections of lentiviral particles
187  beneath the ovarian bursa to specifically knock down the expression of VCL and TLN1
188 in the ovaries (Figure 3E, F). Consistent with our in vitro observations, simultaneous
189  knockdown of VCL and TLN1 facilitated the release of GC-layers from the ovaries at
190 H6 (Figure 3G). Notably, the GC-layer in the si-VCL+TLN1 group exhibited reduced
191  rigidity, leading to its disintegration upon mechanical oscillation compared to the
192  control group (Figure 3H). These findings provide compelling evidence supporting the

193  pivotal role of focal adhesion assembly, induced by the ovulatory signal, in the
8
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194  stiffening of the GC-layer and its subsequent inability to escape from manually

195  punctured follicles.
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197  Figure 3. Disruption of focal adhesion assembly led to a failure of the stiffening of GC-
198 layer and an escape of GCs from the punctured follicle. A, Schematic representation of the
199  knockdown of VCL and TLN1 in cultured follicles. B, Effect of VCL and TLN1 knockdown on
200 follicle growth, n = 3 (si-Control), 4 (si-VCL); 4 (si-Control), 4 (si-TLN1); 18 (si-Control), 11
201  (si-VCL+TLN1). The scrambled shRNA was used as si-Control in this study. C, Effect of VCL
202  and TLN1 knockdown on the capability of GC-layer to escape from the punctured follicles.
203  Scale bar: 400 pm. GC-layers outlined by yellow frames. D, Effect of VCL and TLN1
204  knockdown on the rigidity of GC-layer. Oscillation parameter: 700 rpm, 1 min, and 37 °C.
205  Scale bar: 400 m. E, Schematic representation of the knockdown of VCL and TLN1 in ovaries.
206  F,gRT-PCR analysis of the efficiency of VCL+TLN1 interference. Green fluorescence indicates
207  successful transcription of interfering plasmids in ovaries. Scale bar: 1 mm, n=3 ovaries,
208  collected from 3 mice. G, Effect of VCL+TLN1 knockdown on the capability of GC-layer to
209  escape from punctured ovaries. Scale bar: 1 mm. GC-layers outlined by yellow frames. H,
210  Effect of VCL+TLN1 knockdown on the rigidity of GC-layer. Oscillation parameter: 700 rpm,

9


https://doi.org/10.1101/2024.02.06.579251

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.06.579251; this version posted February 8, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

211 1 min, and 37 °C. Scale bar: 800m. Statistical significance was determined using two-tailed
212 unpaired Student’s t test. Values were mean =+ SD. ****P<(0.0001. C, D were repeated
213  independently five times, and G, H repeated two times. Similar results were observed.

214 4. Disruption of focal adhesion assembly resulted in the release of GCs from the
215  post-ovulatory follicle and a reduction in the quantity of luteal cells

216  Figure 3 showed that the disruption of focal adhesion assembly led to the failure of "GC-
217  layer stiffening™ and resulted in the release of GCs from punctured follicles. However, it
218 is imperative to ascertain whether the disruption of focal adhesion assembly leads to the
219  spontaneous release of GCs from the post-ovulatory follicle, akin to the cumulus-oocyte
220  complex (COC). To address this, real-time filming of ovulation was conducted (Figure
221  4A). We observed that the simultaneous knockdown of VCL and TLN1 had no significant
222  on ovulation rate (Figure 4B). However, compared to the control group where only the
223  COC was expelled (Figure 4C/left, outlined by green frames), the GC-layer in the si-
224 VCL+TLN1 group prominently protruded from the rupture site during COC expulsion
225  (Figure 4C/left, outlined by yellow frames, Movie 7). Remarkably, following complete
226  COC expulsion, a substantial number of free cells flowed out from the rupture site (Figure
227  AC/left, outlined by red frames, Movie 7), which were identified as GCs through gRT-
228  PCR analysis of marker gene Lhcgr (Figure 4C/right). Subsequently, we evaluated the
229  morphology and function of the newly formed corpus luteum at H40. Compared to the
230  control group, the knockdown groups (si-VCL, si-TLN1, and si-VCL+TLN1) exhibited
231  lower cell density and distinct cavitation in the corpus luteum (Figure 4D, S2).
232 Additionally, the expression levels of luteal functional genes and progesterone content
233  were significantly reduced in the knockdown groups compared to the control groups
234  (Figure 4E, S2). These findings provide direct evidence supporting the pivotal role of
235 focal adhesion-mediated "GC-layer stiffening” in confining GCs within the post-
236  ovulatory follicle for the purpose of differentiating into a corpus luteum.

237 We also validated our findings through an in vivo knockdown experiment.
238  Simultaneous knockdown of VCL and TLNL1 in the ovaries (Figure 4F) resulted in a
239  notable decrease in the cell density of the newly formed corpus luteum, accompanied by

240  the presence of cavities within these corpus lutea (Figure 4G). Additionally, the average

10
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241  serum progesterone content in the si-VCL+TLN1 mice was only 30% of that in the control

242  mice (Figure 4H). These abnormal phenotypes are consistent with those observed in vitro.
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243
244 Figure 4. Disruption of focal adhesion assembly resulted in the release of GCs from the

245  post-ovulatory follicle and a reduction in the quantity of luteal cells. A, Schematic
246  representation for real-time recording of ovulation process after VCL+TLN1
247  knockdown. B, Effect of VCL+TLN1 knockdown on the ovulation rate. C, Knocking
248  down VCL+TLNLI results in the spontaneous release of GCs from the post-ovulatory
249  follicle. Left: Representative photographs of the post-ovulatory follicles. Scale bar: 100
250  pm. The free GCs released from the rupture site are outlined by red frames. GC clumps
251  protruded from the rupture site are outlined by yellow frames. The released COCs are
252  covered by green frames. Right: identity verification of the released GCs through qRT-
253 PCR. n=4 GC samples. Lhcgr was chosen as the marker gene for GC. Purified GCs and
254 cumulus cells were used as positive and negative controls, respectively. D, Effect of
255  VCL+TLN1 knockdown on the morphology and function of the in vitro corpus luteum.
256  Left: representative photographs of luteal sections in each group. Scale bar: 200 pm.

257  Right: statistics of the density of luteal cells in each group, n = 7 (si-Control), 8 (si-
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258 VCL+TLN1). E, Effect of VCL+TLN1 knockdown on progesterone level in culture
259  medium. n = 10 medium samples in each group. F, Experimental design of G, H. G,
260  Effect of VCL+TLN1 knockdown on the morphology and function of the in vivo corpus
261 luteum. Left: representative photographs of ovarian sections. CL = corpus luteum,
262  which are outlined by yellow frames. F = follicle. Scale bar: 100 pm. Right: statistics of
263  the density of luteal cells, n = 22 (si-Control), 21 (si-VCL+TLN1) CL. These CLs was
264  observed from 4 and 7 biological independently ovaries, respectively. H, Effect of
265  VCL+TLN1 knockdown on progesterone level in serum. n = 7 serum samples in each
266  group. Statistical significance was determined using two-tailed unpaired Student’s t test
267  and Chi-squared test, values were mean +=SD. ***P<0.001, ****P<0.0001. C and D
268  was repeated independently five times, G was repeated two times. Similar results were
269  obtained.

270 5. Ovulatory signal stimulated focal adhesion assembly and “GC-layer stiffening”
271 by activating cCAMP-PKA-CREB cascade

272  To determine the signaling pathways involved in focal adhesion assembly and "GC-
273 layer stiffening”, we analyzed genes upregulated by hCG (Figure 2C) using Kyoto
274 Encyclopedia of Genes and Genomes (KEGG) analysis. This analysis revealed multiple
275  signaling pathways, with the top three being the “MAPK”, “cCAMP”, and “PI3K-AKT”
276  (Figure 5A). In parallel, we used JASPAR (http://jaspar.genereg.net/) to predict the

277  transcription factors binding to the promoters of focal adhesion structural genes in mice.
278 Interestingly, CREB, a core transcription factor in cAMP-PKA signaling pathway,
279  showed high binding scores (Figure S3A). Moreover, by analyzing ChlP-seq data of
280 CREB derived from human embryonic stem cells (http:/cistrome.org/db/#/,

281 GSM1010896), we identified significant binding peaks of CREB in the promoters of
282  six focal adhesion structural genes, including VCL, TLN1, ACTN1, ACTN4, ITGA2 and
283  ITGB1 (Figure 5B). Based on these observations, we hypothesized that the CAMP-PKA-
284  CREB signaling cascade may play a pivotal role in stimulating focal adhesion assembly
285 and "GC-layer stiffening".

286 To test this hypothesis, we conducted experiments using our follicle culture system.
287 At H4, we observed that forskolin, an activator of adenylate cyclase, was sufficient to
288 increase VCL and TLN1 protein levels by activating PKA-CREB, even without hCG
289  addition (Figure 5C). This activation resulted in "GC-layer stiffening™ and prevented
290  the escape of GCs from punctured follicles at H6 (Figure 5D). Conversely, the use of
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291 H89, a PKA inhibitor, effectively suppressed PKA-CREB activity, preventing hCG-
292  induced increases in VCL and TLN1 levels (Figure 5C) and subsequent "GC-layer
293  stiffening” (Figure 5D). Furthermore, through ChIP-qPCR and dual-luciferase reporter
294  assays, we determined the specific motifs that directly bind to CREB in the promoters
295 of VCL and TLN1 as CCAGGATGGCCTCAAACTTT and
296 CAAGAGTGACATCATACACT, respectively. Notably, the bindings of CREB to
297  these motifs significantly increased 6 hours after hCG addition (Figure 5E, Figure S3B,
298 (). Lastly, we performed a knockdown of CREB expression in cultured follicles.
299  Compared to the control group, the knockdown of CREB resulted in a significant
300  reduction in VCL and TLNZ1 levels at H6, and more importantly, it led to the failure of
301 "GC-layer stiffening” and subsequently the release of GCs from punctured follicles
302  (Figure 5F). Altogether, these results strongly confirm our speculation that the LH
303 (hCG)-cAMP-PKA-CREB signaling pathway is a key regulator of focal adhesion
304  assembly and "GC-layer stiffening".

13


https://doi.org/10.1101/2024.02.06.579251

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.06.579251; this version posted February 8, 2024. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320

A SUM Peak:
MAPK signaling pathway B 18I = CREB ChIP seq (GSM1010896)
cAMP signaling pathway OI {.‘ - vCL — "
PI3K-Akt signaling pathway 217 L TLN1
[ TNF signaling pathway 0 R - -
[} FoxO signaling pathway 141 x
[} 1L-17 signaling pathway 0I L e 2 ACTNT
[ Phospholipase D signaling pathway 93 v ’
[T} AMPK signaling pathway DI o - lacng L
[ HIF-1 signaling pathway 10 - ] ] ‘ )
[EFHippo signaling pathway OI o o " aalBGAZ L oo
=} VEGF signaling pathway oo I8 bbbt
[IFErbB signaling pathway b | ITGB1
—T
2 4
-log10(P-Value)
hCG: - + — + hCG = + = &
Forsklini — — + -— Forsklin
H-89 Emlimti=E H-89

p-PKA
s
L=
. 03 £
a-Tubulin ‘ | 50 &gg
P-CREB 40 °
a-Tubulin 50

VCL [ =881 150
a-Tubulin [SE————— 1. 5

TLNT[ - =mme - 1250
a-Tubulin [SS & = &= 59

After
oscillation

E F si-Control

— — si-Control si-CREB
100bp1 = - TLN1 kDa

M InputIgG HO He M 50 | o-Tubulin

vecL y 'Y =

5 018 LNt e 40 |SS S8 S &8 &= & | P-CREB efl
2910 F% 1501 o g o #= — = | VCL 2 e
Eg 0.05 50- "= &= == =y | o-Tubulin —_— '
S : '

0.00 5 o
Ssss ssez  oo{HENERRTN 5 .
HToOmMo MoOMmo 50 == o &= &= &8 | o-Tubulin <3 e,
w o uw > w o w o 2
[+'4 [v4 (4 (4 — —
Qe 9 g 9
o o o o

Figure 5. Ovulatory signal stimulated focal adhesion assembly and “GC-layer stiffening”
by activating cCAMP-PKA-CREB cascade. A, KEGG analysis of the up-regulated genes. B,
Analysis of the binding of CREB to promoter of focal adhesion structural genes. The binding
peaks of CREB are indicated by red trangles. C, Western blot assay of the protein contents of
VCL and TLNL1 following activation or inhibition of the CAMP-PKA cascade. Original blots can
be viewed in Fig.S4B. D, Effect of activating or inhibiting CAMP-PKA cascade on the rigidity
and escape capability of the GC-layer. Scale bar: 400 m. The released GC-layers are outlined
by yellow frames. E, ChIP-gPCR assay for CREB binding to the promoters of VCL and TLNL1.
Up: electrophoretic images of PCR products. Input and 1gG were used as positive and negative
controls, respectively. Original gel images can be viewed in Fig.S5. Down: statistical chart of
gPCR assay. n = 4 GC samples. F, Effect of CREB knockdown on focal adhesion assembly and
“GC-layer stiffening”. Left: western blot assay of protein contents of VCL and TLN1 after CREB
knockdown. Original blots can be viewed in Fig.S4C. Right: Effect of CREB knockdown on the
rigidity and escape capability of the GC-layer. Scale bar: 400 pm. The released GC-layers are
outlined by yellow frames. Statistical significance was one-way ANOVA followed by Tukey’s
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321  post hoc test, values were mean =+ SD. *P<0.05, **P<0.01. C, D and F were repeated
322  independently three times, E was repeated two times. Similar results were observed.

323 DISCUSSION

324  GCsand cumulus cells, despite arising from the same progenitor cells, have distinct fates
325  after ovulation. While cumulus cells are released along with the oocyte, GCs must remain
326  within the follicle to transform into the corpus luteum. The mechanism preventing GC
327  escape from the post-ovulatory follicle has long been unclear. In this study, we propose
328  aconcept called "GC-layer stiffening" to explain this phenomenon (Figure 6). "GC-layer
329  stiffening" is triggered by the ovulation signal, specifically the LH (hCG) -cAMP-PKA-
330 CREB pathway. Prior to the ovulation signal, the GC-layer is in a flexible state, allowing
331  for easy escape. However, upon ovulation signal stimulation, the GC-layer undergoes
332  stiffening, preventing escape. Blockade of "GC-layer stiffening" results in the release of
333  GC release from the post-ovulatory follicle and the formation of an abnormal corpus
334  luteum characterized by low cell density and cavitation. Remarkably, we observed "GC-
335 layer stiffening” in goats as well (Figure 1G), indicating its evolutionary conservation
336  among higher mammals.

337 Why does stiffening have the capacity to prevent GCs from escaping the post-
338 ovulatory follicle? We propose that the increased rigidity it imparts to the GC-layer is
339  key. During ovulation, contractile activity and ECM proteolysis facilitate the release of
340  the cumulus-oocyte complex (COC) from the rupture site [15]. However, we observed in
341  Movie 7 that the rupture site is smaller than the size of the COC, resulting in deformation
342  upon exit. The ability of the COC to pass through the narrow rupture site relies on its
343  flexibility, which is achieved through cumulus expansion. In contrast, the stiffened GC-
344 layer lacks flexibility, hindering its ability to exit through the narrow opening. Previous
345  studies have shown that ECM stiffness plays a role in regulating cell behaviors through
346  mechanotransduction mechanisms [16-18]. However, the specific role of "GC-layer
347  stiffening” in activating signaling networks within the pre-ovulatory follicle was not
348  explored in this study. Notably, inhibition of "GC-layer stiffening” resulted in a decrease
349 in the expression of functional genes in lutein cells derived from residual GCs (Figure
350 S2). This suggests that, beyond preventing GC escape, blocking "GC-layer stiffening”
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351  may disrupt the signaling network involved in luteinization. Therefore, it is important to
352 investigate the downstream signaling pathways triggered by "GC-layer stiffening"” in the
353  pre-ovulatory follicle.

354 We consider that the assembly of focal adhesions serves as a structural foundation
355  for "GC-layer stiffening", as evidenced by the failure in "GC-layer stiffening™ when focal
356  adhesion assembly is disrupted (Figure 3). Remarkably, we also observed ovulatory
357  signal-triggered focal adhesion assembly in goat, monkey, and human specimens (Figure
358  2J-L), indicating that focal adhesion-mediated "GC-layer stiffening” is a conserved
359  mechanism. It should be noted that focal adhesions also play a vital role in cell migration
360 [19], thereby the observed cavitation of the corpus luteum in the si-VCL+TLN1 group
361  (Figure 4) may be attributed to a combination of GC escape and impaired migration.
362  While investigating other adhesion structures that may contribute to "GC-layer
363  stiffening”, we found extremely low expression levels of the structural genes of
364  desmosome and hemidesmosome, known for their involvement in cell-cell and cell-ECM
365 adhesion, respectively [20, 21], in GCs (Figure 2), ruling out their significant
366  involvement. However, we observed significant upregulation of TIP2 and CLDNL1, core
367  genes associated with tight junctions, following ovulatory signal stimulation, warranting
368  further investigation into the role of tight junctions in sustaining "GC-layer stiffening".
369 Focal adhesion is a protein complex that mediates cell-matrix connection, consisting
370  of multiple components, such as talin (TLN1), vinculin (VCL), paxillin, a-actinin, focal
371  adhesion kinase (FAK) and other proteins [22]. TLN1 and VCL, in particular, are
372 indispensable structural proteins in focal adhesion. TLN1 activates integrins, enabling
373  themto bind to ECM and linking them with intracellular actin. VCL interacts with TLN1
374  and actin, stabilizing the TLN1-actin connection. Consequently, absence either of TLN1
375 and VCL results in significant impairment of cell-matrix adhesion [23-25]. Therefore, we
376  chose to knock down TLN1 and VCL to disrupt focal adhesion assembly. While focal
377  adhesion's role in tumorigenesis is extensively studied [26], its involvement in ovulation
378  regulation is less explored. Our findings showed that disrupting focal adhesion assembly
379  did not did not impaired the number of ovulated oocytes (Figure 4B). However, Kitasaka

380 et al. reported decreased ovulated oocytes when inhibiting FAK with Y3, suggesting a
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381 role for focal adhesion-mediated signals in ovulation [27]. We speculate that this
382 inconsistency may be attributed to two factors. Firstly, knockdown of TLN1 and VCL
383  might have limited effects on FAK activity since FAK primarily interacts with
384  phosphatidylinositol biphosphate and paxillin, not directly with TLN1 and VCL [28].
385  Secondly, despite 70% knockdown efficiency of TLN1 and VCL in the follicles (Figure
386  S1), the remaining intact focal adhesions (30%) may be sufficient to support FAK activity
387  for ensuring a normal ovulated oocyte number. In a recent study, GC-PXN KO mice were
388 generated by Vann et al, specifically deleting paxillin in GCs [29]. Surprisingly, these
389  mice displayed normal estrus cycles, ovulation, and fecundity, in contrast to the luteal
390  dysfunction observed in our si-VCL+TLN1 mice (Figure 4). Vann et al. found that even
391 in the absence of paxillin, VCL was still located at the cytomembrane, and GC
392  proliferation, migration, and attachment were unaffected. They thus proposed that
393  paxillin's absence does not abrogate focal adhesion. However, we hypothesize that the
394  divergence in phenotypes between GC-PXN KO and si-VCL+TLN1 mice may be
395 attributed to the knockout strategy employed. One possibility is that the deletion of only
396 exons 2-5 in GC-PXN KO mice, despite paxillin consisting of 12 exons, leads to the
397  production of a truncated paxillin with functionality. Another possibility is that paxillin
398 may have lesser significance compared to VCL and TLN1 in supporting the spatial
399 structure of focal adhesion, resulting in limited impact on focal adhesion assembly.
400  Experimental evidence is needed to validate these hypotheses.

401 Overall, our study introduces the novel concept of "GC-layer stiffening" as a
402  framework to address the fundamental question of why GCs remain trapped within the
403  ruptured follicle after ovulation. Furthermore, it provides evidence of the evolutionary
404  conservation of GC-layer stiffening (Figure 1G), highlighting its significance across
405  higher mammals. These findings provide a significant advancement in our understanding

406  of the factors that prevent GC escape from the post-ovulatory follicle.
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409  Figure 6. A diagram depicting “GC-layer stiffening” preventing GCs from escaping a
410  post-ovulatory. LH or hCG stimulation enhances the cAMP-PKA-CREB signaling pathway in
411  GCs of the pre-ovulatory follicle. This pathway triggers the assembly of focal adhesions within
412  the GC layer, leading to a significant increase in the strength of the connections between GCs
413 and the extracellular matrix (ECM). As a result, the GC layer becomes more rigid and stiff.
414  This increased rigidity reduces the flexibility of the GC layer, preventing it from escaping
415  through the ruptured follicle.

416 MATERIALS AND METHODS

417  Animals

418  Kunming mice were purchased from the Experimental Animal Center of Huazhong
419  Agricultural University (Wuhan, China). The mice were reared in an SPF laboratory
420  animal house and maintained at a constant temperature of 22 +2 <C, with 12-hour light-
421  dark cycles (lights on from 7:00 to 19:00). They were allowed to access food and water
422  ad libitum. The Hainan black goats, on the other hand, were raised at the Yazhou
423 Beiling Black Goat Farmers' Professional Cooperative in Sanya, China. All
424 experiments and handling of mice and goats were conducted following the guidelines
425  of the respective animal experimental institutions. Prior approval from the Institutional

426  Animal Ethics Committee of Huazhong Agricultural University was obtained, with the
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427  approved protocol number being HZAUMO-2020-0103 (mouse); HZAUGO-2020-004
428  (goat).

429  Analysis of spatial transcriptomics and RNA-seq

430  The spatial transcriptome data of mouse ovaries, contributed by Mantri et al [14], was
431 obtained from the Gene Expression Omnibus database (Login Number: GSE240271).
432  The bead barcode location files matched to spatial transcriptomics datasets, processed
433  spatial metadata, and cell annotations files, were sourced from GitHub

434  (https://github.com/madhavmantri/mouse_ovulation). The assignments of labeling the

435  cell types and distinguishing the development stage of follicles have been completed
436 by Mantri et al. We re-confirmed the identity of GCs within the pre-ovulatory follicles
437  based on morphological information and the expression abundance of marker genes
438  Lhcgr and Adamtsl. Subsequently, transcriptome data of these GCs were extracted for
439  Dbioinformatics analysis. PCA analysis was employed to assess the differences in
440  transcription profiles. Transcriptome data for monkey and human [30, 31] were
441  obtained from the Gene Expression Omnibus database, with login numbers GSE22776
442  and GSE133868, respectively. Differentially expressed genes were identified using
443  DESeq2 software, with a significance threshold of P-value <0.05. The upregulated
444 genes were then subjected to gene ontology (GO) analysis using the DIVAD database
445  (USA) (https://david.ncifcrf.gov/tools.jsp), and Kyoto Encyclopedia of Genes and

446  Genomes (KEGG) analysis wusing the KOBAS database (China)
447  (http://kobas.cbi.pku.edu.cn/home.d).

448  Follicle culture

449  Small follicles measuring 180-200 um in diameter were isolated from ovaries using 33-
450 gauge microneedles (KONSFI, China). The isolated follicles were cultured in 96-well
451  plates (BKMAM, China) coated with 50 uL mineral oil (Sigma-Aldrich, USA) and
452  placed in a 37 <C incubator with 5% CO». The culture medium for maturation consisted
453  of a-MEM (Gibco, USA) supplemented with 1% ITS-G (Macklin, China), 5% FBS
454  (Serana, Germany), 10 mlU/mL FSH (NSHF, China), and 100 U/mL

455  penicillin/streptomycin (Servicebio, China). After 96 hours of culture, follicles
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456  reaching the pre-ovulatory stage (500-550 um) were transferred to ovulation-inducing
457  medium and cultured for up to 16 hours. The ovulation-inducing medium contained a-
458  MEM supplemented with 1% ITS-G, 5% FBS, 10 mlU/mL FSH, 1.5 IU/mL hCG
459  (NSHF, China), 10 ng/mL EGF (PeproThec, USA), 5mg/mL D-Glucose (MCE, USA),
460  and 100 U/mL penicillin/streptomycin. In experiments studying the signaling pathway,
461  Forsklin (MCE, USA) and H-89 (MCE, USA) dissolved in DMSO were added to the
462  ovulation induction solution at concentrations of 20 and 50 uM, respectively. After
463  ovulation, the post-ovulatory follicles were transferred to luteal culture medium and
464  cultured for up to 24 hours. The luteal culture medium consisted of a-MEM
465  supplemented with 1% ITS-G, 5% FBS, 10 mlU/mL FSH, 1.5 IU/mL hCG, 10 ng/mL
466  EGF, Ing/mL Prolactin (MCE, USA), 10 uM Cholesterol (MCE, USA), and 100 U/mL

467  penicillin/streptomycin.

468  Superovulation

469  To stimulate follicle growth to the pre-ovulatory stage in weaned juvenile mice, an
470  injection of 5 IU of PMSG (Ningbo Sansheng Biological Technology, China) was
471  administered. After 48 hours, ovulation and luteinization were triggered by injecting 5
472  1U of hCG (Ningbo Sansheng Biological Technology, China). In goats, vaginal plugs
473  containing progesterone (Zoetis Australia Pty Ltd, New Zealand) were pre-inserted to
474  synchronize their estrus cycle. For superovulation induction, the goats were injected
475  with follicle-stimulating hormone (40 1U, Ningbo Sansheng Biological Technology,
476  China) seven times at 12-hour intervals, starting 84 hours before the removal of the
477  plugs. At the time of plug withdrawal, 240 IU of PMSG was injected. After an
478  additional 14 hours, 100 IU of LH (Ningbo Sansheng Biological Technology, China)
479  was administered, and the GCs clumps were obtained for rigidity determination by

480  puncturing the pre-ovulatory follicles 0 and 10 hours after the LH injection.

481  Determination of GC-layer rigidity

482  The ovaries or cultured follicles were punctured with a microneedle at the desired time
483  point to release the GC clumps. They are then transferred to the DMEM/F12 buffer
484  (Gibco, USA) and placed in a thermostatic shaker (Leopard, China) for 1 minute of
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485  mechanical oscillation. The oscillation parameter was set to 700 rpm at 37 <C. The
486  oscillations were recorded and photographed using a stereo microscope (Olympus

487  Corporation, Japan, SZX16).

488  Live recording of ovulation

489  The pre-ovulatory follicles were cultured in a 96-well plate with 60 ul of ovulation-
490  inducing medium per well. The plate was then placed in a 37 <T incubator with 5%
491  COg. After 8 hours of culture, the plate containing the follicles was transferred to a live-
492  cell imaging system (Agilent BioTek Cytation 5, USA) to capture images at 6-minute
493 intervals during ovulation. Subsequently, all the images were compiled to create a

494  comprehensive video.

495  RNA interference

496  Lentivirus-mediated RNA interference was used to inhibit the expression of target
497  genes in follicles or ovaries. Briefly, PLKO.1-EGFP-PURO plasmid (Genecreate,
498  China) was utilized to construct interference vectors. Small interfering RNAs (SIRNAS)
499  targeting VCL, TLN1, and CREB were synthesized by Genepharma (China), with the
500 following targeted sequences: VCL - 5'-ccacgatgaagctcggaaatg-3’', TLN1 - 5'-
501 gcccattgtaatctctgctaa-3', CREB - 5'-cagcagctcatgcaacatcat-3'. The common negative
502  siRNA was purchased from Sigma-Aldrich (USA). Lentiviruses were produced in 293
503 T cells (ATCC, USA) by co-transfecting 4.8 ug of the interference vector, 2.4 ug of
504  pMD2.G, and 3.6 ng of pSPAX2. After 48 hours, the viral supernatants were harvested,
505  centrifuged, and filtered through 0.45 um polyvinylidene fluoride (PVDF) membranes
506  (Sigma, USA). To knockdown the expression of the target genes, the follicles were
507 cultured in maturation medium containing 10% lentivirus (titer: 1.25x107 viral
508 particles/mL) for 48 hours. For inhibiting the expression of the target gene in the ovaries,
509  15-day-old mice were anesthetized with 1% pentobarbital sodium. Subsequently, 2.5ul
510  of lentivirus with a titer of 1.25 x 10° viral particles/mL was injected beneath the
511  ovarian bursa using a 10ul syringe (Hamilton, Switzerland) and a 33-gauge Small Hub
512 RN Needle (Hamilton, Switzerland). Follow-up experiments on these mice were

513  conducted 5 days after plasmid transfection.
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514 gRT-PCR analysis

515  Total RNA was extracted from the collected samples using the Trizol reagent. Reverse
516 transcription was performed using the PrimeScript RT reagent kit (Takara, Japan). The
517 qRT-PCR was conducted using a CFX384 Real-Time PCR System (Bio-Rad, USA).
518 The reaction mixture comprised of 5 pul SYBR Green (Biosharp, China), 2 pul
519 complementary DNA template, 250 nM each of the forward and reverse primers, and
520  ddH20 to make a total volume of 10 pl. The reaction conditions were as follows: initial
521  denaturation at 95 °C for 10 min, followed by 35 cycles of denaturation at 95 °C for 10
522 s, and annealing / extension at 60 °C for 30 s. A final step included a melting curve
523  analysis ranging from 60 °C to 95 °C, with a 0.5 °C increment every 5 s. Gene
524  expression levels were normalized using the housekeeping gene ACTB, and the relative
525  RNA quantification was determined using the comparative 2~“““* method. The primer

526  sequences used for PCR amplification are provided in Table S1.

527  Frozen section and H&E staining

528  The ovaries or cultured corpus luteum were collected as per experimental requirements
529 and embedded in an OCT embedding medium (Sakura, USA) for subsequent
530 processing. The embedded tissues were flash-frozen in liquid nitrogen for 1 minute and
531  then sectioned into 6 um-thick slices using a frozen microtome (Leica). The sections
532  were stained with hematoxylin and eosin (Servicebio, China) and examined under a
533  microscope (Olympus, Japan). Photomicrographs were captured, and parameters
534  including the number of luteal cells, the area of the corpus luteum, and the area of
535 cavities were measured using ImageJ software. The density of luteal cells was
536 calculated using the formula: luteal cell density = the number of luteal cells / (corpus

537  luteum area - cavity area).

538 ChIP-gPCR assay

539  ChIP-gPCR was employed to assess the abundance of CREB binding in the promoter
540 regions of VCL and TLN1. The isolated GC samples were fixed in 10mL of DMEM/F-
541 12 supplemented with 1% formaldehyde (Cell Signaling Technology, USA) for 10

542  minutes at room temperature with rotation. The reaction was then quenched by adding
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543 1mL of 1.5 M glycine and rotating for an additional 5 minutes at room temperature.
544  The samples were transferred into a 1.5 mL centrifuge tube (Axygen, USA) containing
545  PBS for wash, and then lysed in cytomembrane lysis buffer at 4<C for 15 minutes with
546  mixing every 5 minutes. The buffer contains 10 mM HEPES (Sigma-Aldrich) at pH 7.9,
547  0.5% IGEPAL-CA630 (Sigma-Aldrich, USA), 1.5 mM MgCl. (Sigma-Aldrich, USA),
548 10 mM KCI (Sigma-Aldrich, USA), and a protease inhibitor cocktail (Sigma-Aldrich,
549  USA). Following this, the samples were further lysed in nuclear lysis buffer, containing
550 1% SDS (Sigma-Aldrich, USA), 10 mM EDTA (Sigma-Aldrich, USA), 50 mM Tris at
551  pH 8.1 (Sigma-Aldrich, USA), and a protease inhibitor cocktail, for 15 minutes at 4 <C.
552  Finally, the chromatin was sonicated using an ultrasonic disintegrator (Bioruptor PLUS,
553 Belgium) to fragment the DNA into sizes ranging from 100 to 500 bp. The
554  immunoprecipitation (IP) experiments were performed using the Magna ChIP™ A/G
555  Chromatin Immunoprecipitation Kit (Merck, USA). In brief, the supernatant obtained
556  from sonicated chromatin was diluted with ChIP IP buffer. Immunoprecipitation was
557  performed by adding 2 mg of P-CREB antibody to protein A/G Dynabeads (Life
558  Technologies, USA) and incubating the mixture overnight at 4<C. The antibody-bound
559  beads were then washed, and the DNA-protein complexes were eluted and subjected to
560 reverse crosslinking. DNA purification was carried out using the QIAquick® PCR
561  Purification Kit (Qiagen, Germany). The amplification products were visualized by
562 agarose gel electrophoresis (80 V, 80 mA, 75 min). The primers designed for
563  amplifying the promoter regions of VCL and TLN1 were based on the sequences of the
564  CREB binding motifs. The specific primer sequences can be found in the table S1.

565  Western Blot

566  Total proteins were extracted with RIPA lysis buffer (ComWin Biotech, China)
567  supplemented with protease and phosphatase inhibitors (ComWin Biotech, China) and
568 PMSF (Solarbio, China). The protein content was determined using the BCA Protein
569 Assay Kit (Servicebio, China). Subsequently, the proteins were separated by
570 polyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride

571  membrane. Following the transfer, the membrane was blocked with 5% skim milk
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572  powder (Nestle, Switzerland) at room temperature and then incubated overnight at 4<C
573  with the appropriate primary antibodies, including: VCL (1:1000 dilution, Abclonal,
574  China), TLN1 (1:1000 dilution, Abclonal, China), phosphor-PKA (1:1000 dilution,
575 CST, USA), CREB (1:1000 dilution, Abclonal, China), phospho-CREB (1:1000
576  dilution, CST, USA) and a-tubulin (1:1000 dilution, Servicebio, China). The membrane
577  was subsequently washed three times with TBST (Solarbio, China) and incubated with
578 the appropriate HRP-conjugated secondary antibodies (goat anti-rabbit secondary
579  antibody, 1:4000 dilution; goat anti-mouse secondary antibody, 1:4000 dilution,
580 Biodragon-immunotech, China) for 1 hour at room temperature. After washing with
581  TBST, the protein bands were visualized using an ECL chemiluminescent reagent kit
582  (Servicebio, China). Images were captured using a Chemiluminescence imager (Image
583  Quant LAS4000 mini). The protein levels were normalized to the expression of the

584  housekeeping protein a-tubulin.

585  Immunofluorescence staining

586  The collected GC clumps were embedded in OCT (Sakura, USA) and frozen, and then
587  sectioned into 5 pum thick slices. The sections were rewarmed and fixed, followed by
588  high-temperature antigen retrieval at 95-98 T for 25 minutes using a 5% antigen
589 retrieval buffer (Servicebio, China). Next, the sections were blocked with 10% goat
590  serum (Boster, China) for 60 minutes at room temperature and incubated overnight at
591 4 <T with primary antibodies, including VCL (1:50 dilution, Abclonal, China) and
592  TLNZ1 (1:50 dilution, Abclonal, China). After three washes with PBS, the sections were
593 incubated with the appropriate fluorophore-conjugated secondary antibodies (FITC
594  labeled goat anti-rabbit secondary antibody, 1:100 dilution; CY3-labeled goat anti-
595  rabbit secondary antibody, 1:100 dilution, Abclonal, China) at 37 <C for 2h. Following
596 another round of washing, the sections were imaged using a LSM800 confocal
597  microscope system (Zeiss, Germany) and the images were processed using Zen 2.3 lite

598  software.
599

600
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601  Luciferase reporter assay

602 To construct the reporter vectors, the promoter regions of VCL and TLN1 were
603  amplified and inserted into the PGL3-Basic luciferase reporter vector (Promega, USA)
604  using the ClonExpress Ultra One Step Cloning Kit (Vazyme, China). Concurrently, the
605 promoter regions of of VCL and TLN1 containing single base mutations were inserted
606 into the PGL3-Basic luciferase reporter vector using the Mut Express Il Fast
607  Mutagenesis Kit (Vazyme, China). For the construction of the CREB over-expression
608  vector, the full-length coding sequence (CDS) of CREB was amplified and inserted into
609 the pcDNA3.1 plasmid (Addgene, USA). HEK293T cells were seeded in a 24-well
610 plate and incubated for 24 hours. Then, the CREB over-expression vector, the
611 constructed pGL3-Basic reporter vectors, and the pRL-TK vector (Promega, USA)
612  were co-transfected into the cells using the jetPRIME® transfection reagent (Polyplus-
613 transfection, France) at a ratio of 96: 96: 1. After 24 hours of transfection, the cells were
614  lysed in 100 pl lysis buffer and subjected to promoter activity assay using the dual
615 luciferase reporter assay system (Promega, USA). The luciferase enzymatic activity
616  was measured using a PE Enspire Multilabel Reader (PerkinElmer, USA). The primers

617  used in this experiment are listed in Table S1.

618 Hormone determination

619  The levels of progesterone in serum and culture medium were quantified using
620 radioimmunoassay. Briefly, sera were obtained by centrifuging whole blood at 3000
621 rpm for 10 minutes and stored at -20<C. Culture medium was directly collected and
622  stored at -20<C. Detection kits purchased from the Bioengineering Institute (Nanjing,
623  China) were utilized for the analysis, which was conducted by the North Institute of

624  Biological Technology (Beijing, China).

625  Statistics analysis

626  Statistical analyses were using GraphPad Prism 10.0 (GraphPad). Data were expressed
627  asthe mean £SD. Two-tailed unpaired Student’s t test and one-way analysis of variance
628 followed by Tukey’s post hoc test were used to analyze the statistical significance

629  between two groups and among multiple groups, respectively. Chi-squared test was
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644
645
646
647
648
649
650

651
652

used in the comparison between the percentages. The statistical significance was set at

P-value < 0.05.
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