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Abstract 31 

Study question: Is the regulation and function of the Hippo effector YAP1 critical for the cumulus 32 

expansion-related events induced by EGF signaling in COCs subjected to IVM? 33 

 34 

Summary answer: YAP1 regulation in cumulus cells during IVM is mediated by EGFR 35 

downstream signaling and its interaction with TEADs is critical for the expression of important 36 

cumulus expansion and oocyte maturation-related genes. 37 

 38 

What is known already: Analysis of the human EGFR proximal promoter region indicates that 39 

YAP1 positively regulates EGFR expression transcription through an intact TEAD binding site. In 40 

addition, it has also been demonstrated that YAP1 interacts with EGFR to regulate mural granulosa 41 

cell function during follicle development and ovulation in rodents.  42 

 43 

Study design, size, duration: This study consisted of a series of experiments (each with multiple 44 

replicates) using cumulus oocyte complexes (COCs) subjected to an IVM protocol for up 24 hours 45 

in the presence or not of growth factors or gonadotropins with or without pharmacological 46 

inhibitors.  47 

 48 

Participants/materials, setting, methods:  Immature COCs were collected from bovine ovaries 49 

obtained from a local abattoir. The experimental treatments along the IVM varied according to the 50 

aim of each study. To confirm the presence of phospho and total YAP1 protein levels in cumulus 51 

cells by immunofluorescence, we collected COCs from control groups at two distinct timepoints: at 52 

0 and 12h of IVM. To evaluate the effects of EGFR activity on YAP1 mRNA abundance and its 53 

correlation with cumulus expansion, COCs were cultured with EGF recombinant protein or FSH in 54 

the presence or not of AG 1478 (a selective inhibitor of EGF receptor protein) and then submitted to 55 
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cumulus expansion evaluation up to 24 h or collected at 6, 12, 18 and 24 h for RT-qPCR analyses. 56 

Finally, to determine if important genes for cumulus expansion are transcriptional targets of YAP1-57 

TEAD interaction in cumulus cells, COCs were subjected to IVM in the presence of FSH with or 58 

without distinct concentrations of Verteporfin (VP; a small molecule inhibitor that interferes with 59 

YAP1 binding to TEAD). COCs were then collected at 6, 12, 18 and 24 h for total RNA extraction 60 

and RT-qPCR.  61 

 62 

Main results and the role of chance: EGF and FSH treatments significantly increased YAP1 63 

mRNA abundance in cumulus cells in a time-dependent manner (P<0.05). A similar pattern was 64 

observed in mRNA levels of the connective tissue growth factor (CTGF), a classic YAP1-TEAD 65 

transcriptional target gene. When COCs were subjected to IVM in the presence of FSH without or 66 

with pre-treatment of distinct concentrations of VP, CTGF levels were reduced in a dose-dependent 67 

manner (P<0.05), while YAP1 and FSHR did not change significantly in comparison to respective 68 

controls at each timepoint evaluated (P>0.05). Most importantly, this experiment indicated that VP 69 

inhibits in a time- and concentration-dependent manner (P<0.05) distinct cumulus expansion and 70 

oocyte maturation-related genes, including the critical gene for EGF signaling in cumulus cells, 71 

EGFR and its downstream targets as ADAM17, EREG and PTGS2 as well HAS2, PTX3 and 72 

PLAT. 73 

 74 

Limitations, reasons for caution:  Although we have reported basal post-translational regulation 75 

of YAP1 in cumulus cells up to 12 h, the results presented herein suggest the existence of a 76 

regulated YAP1 post-translational mechanism in cumulus cells along the IVM that should better 77 

elucidated to potential manipulation. In addition, to complement the herein reported findings, future 78 

studies should also assess the direct effect of VP on cumulus expansion, oocyte maturation and 79 

early embryo development.  80 
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  81 

Wider implications of the findings: The present study present considerable insight into the 82 

regulation and functional relevance of a completely novel signaling pathway underlying cumulus 83 

expansion and oocyte maturation in mono-ovulatory species. YAP1 and/or CTGF may represent 84 

potential targets to improve the efficiency of IVM systems, not only for mono-ovulatory species of 85 

agricultural importance as the cow, but for human embryo production.  86 

 87 

Study funding/competing interest(s): This work was supported by grants and fellowships from 88 

the National Council for Scientific and Technological Development (CNPq; Brazil), Coordination 89 

for the Improvement of Higher Education Personnel (CAPES; Brazil), Fundação de Amparo à 90 

Pesquisa do Estado do Rio Grande do Sul (FAPERGS – Edital PRONEX 12/2014 -91 

FAPERGS/CNPq, 16/2551-0000494-3; Brazil); and from the Natural Sciences and Engineering 92 

Research Council of Canada (NSERC). We declare that there is no conflict of interest that could be 93 

perceived as prejudicing the impartiality of the research reported. 94 

 95 

Keywords:  ovary /oocyte in vitro maturation / cumulus / YAP1 / CTGF / EGF-signaling  96 

 97 

Introduction 98 

In vitro maturation (IVM) systems employed in domestic species such as cows has been a 99 

successful tool in applied reproductive biotechnology (Dieci, et al., 2016, Hirao, et al., 2013, Hirao, 100 

et al., 2014, Van den Hurk, et al., 2000). On the other hand, IVM of human oocytes has been 101 

applied, however it presents variable success rates (Chian, et al., 2013, Nogueira, et al., 2012). 102 

Current IVM systems do not mimic the environment where the cumulus-oocyte complex (COC) 103 

differentiates in vivo during the preovulatory period, which may result in compromised cumulus 104 

cells metabolism, asynchronous oocyte nuclear and cytoplasmic maturation and reduced 105 



5 
 

 
 
 

developmental competence (Coticchio, et al., 2012, Sirard, et al., 2006). For this reason, better 106 

understanding the cumulus cells functions and its interaction with the oocyte during IVM is 107 

extremely useful to improve the efficiency of in vitro maturation and fertilization protocols 108 

employed for the in vitro embryo production, a major economic activity in the applied reproductive 109 

biotechnology industry for both human and animals worldwide. 110 

In vivo, cumulus cells expansion in the periovulatory period is an important marker for 111 

oocyte maturation, and is critical for its fertilization, subsequent cleavage and blastocyst 112 

development. Defective cumulus expansion results in reduced ovulation rates and, consequently, 113 

affects fertility (Bromer, et al., 2008, Fortune, 1994). The proper functioning of cumulus cells to 114 

support for the acquisition of oocyte competence in the periovulatory period is, however, highly 115 

dependent on mural granulosa cells (Davis, et al., 1999). The main trigger of the preovulatory 116 

cascade is LH, which activates a cascade of signaling events, which are propagated throughout the 117 

ovarian preovulatory follicle to promote ovulation of a mature egg (Espey, 1980, Shimada, et al., 118 

2006). Although LH directly stimulates mural granulosa cells, its effects on cumulus cells and 119 

oocytes are probably indirect, as both cell types express few or no LH receptors and fail to respond 120 

when directly stimulated by LH (Russell, et al., 2007). 121 

 The ovulatory process in mammals is, therefore, initiated by LH surge that acts upon its 122 

receptors on mural granulosa cells. This leads to activation of proteolytic sheddase enzymes 123 

(ADAMs) that cause the release of the membrane-bound proteins epiregulin (EREG) and 124 

amphiregulin (AREG), members of the epidermal growth factor (EGF) family. These proteins then 125 

activate the EGF receptor (EGFR) on mural granulosa cells, thereby stimulating the expression of 126 

prostaglandin endoperoxide synthase 2 (PTGS2) as well as increasing the transcriptional activity of 127 

the AREG and EREG genes, creating a positive feedback loop (autocrine action). The EGF 128 

signaling network in mural granulosa cells is then transmitted to the cumulus cells (paracrine 129 

action) (Portela, et al., 2011, Shimada, et al., 2006), modulating the expression of important genes 130 



6 
 

 
 
 

related to gap junctions closure and production of an extensive extracellular matrix by cumulus cells 131 

and downregulation of the meiotic inhibitory signaling network that ultimately will lead to cumulus 132 

expansion and oocyte meiotic maturation (Park, et al., 2004, Shimada, et al., 2006). It is actually 133 

demonstrated that sustained activity of the EGFR is essential for LH-induced oocyte maturation and 134 

cumulus expansion (Reizel, et al., 2010). 135 

 There is a growing awareness of the involvement of the Hippo pathway in the regulation of 136 

ovarian function, including its potential contribution to key preovulatory events (Ji, et al., 2017, 137 

Nagashima, et al., 2011, Sun, et al., 2019). The core Hippo pathway consists of a kinase cascade 138 

that ultimately regulates the activity of the transcriptional activators yes-associated protein 1 139 

(YAP1) and transcriptional co-activator with PDZ-binding motif (TAZ). When these Hippo 140 

effectors are accumulated in the nucleus they form complexes with numerous transcription factors, 141 

notably those of the TEAD (TEA domain family member; TEAD1, TEAD2, TEAD3 and TEAD4) 142 

family of transcription factors, resulting in the modulation of the transcriptional activity of target 143 

genes in a cell type- and context-specific manner (Heath, et al., 2008, Lai, et al., 2011, Malik, et al., 144 

2015, Mauviel, et al., 2012). A recent study in mice showed that YAP1 is involved in cumulus cell 145 

function during the ovulatory cascade and oocyte maturation (Sun, et al., 2019). In addition, it has 146 

also been demonstrated in another study in rodents that YAP1 interacts with EGFR to regulate 147 

mural granulosa cell function during follicle development. Briefly, it was shown that knockdown of 148 

YAP1 dramatically suppressed expression of EGFR (Lv, et al., 2019). Interestingly, analysis of the 149 

human EGFR proximal promoter region indicates that YAP1 positively regulates EGFR expression 150 

transcription through an intact TEAD binding site (Song, et al., 2015). Moreover, a study evaluating 151 

chromatin accessibility demonstrated that TEAD1 is a regulator of migration in human glioblastoma 152 

through a mechanism that involves EGFR regulation (Tome-Garcia, et al., 2018). Taken together, 153 

all these findings brought us to hypothesize that YAP1 also exerts an important role in the signaling 154 
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that culminates with cumulus expansion and oocyte maturation, at least in part, regulating EGFR 155 

expression in cumulus cells.  156 

 As the physiological importance of YAP1-TEAD interaction for cumulus expansion-related 157 

events in mono-ovulatory species (as the women) has not been established, in the present study, we 158 

aimed to determine whether YAP1 is regulated following EGFR activation or inhibition in cumulus 159 

cells in vitro; Moreover, we investigated whether critical cumulus expansion-related genes, as 160 

EGFR, are transcriptional targets of YAP1-TEAD interaction in cumulus cells during an established 161 

IVM protocol (Campbell, et al., 2003). Because of ethical and practical reasons, we decided to 162 

employ herein a bovine model. Besides being predominantly mono-ovulatory, both species share 163 

important similarities at the ovarian physiology level. Sizes of follicles at different stages of 164 

development and the dynamics of follicle wave emergence are similar in both species (Adams, et 165 

al., 1992, Baerwald, et al., 2003, Baerwald, et al., 2003, Campbell, et al., 2003, Sirois, et al., 1988). 166 

In addition, reproductive ageing in cattle and women share many features (Malhi, et al., 2005). 167 

 168 

Materials and methods 169 

 170 

All chemicals used in the present study were purchased from Sigma Chemicals Company 171 

(San Luis, MO, EUA), unless otherwise indicated in the text. 172 

 173 

Bovine oocyte collection and in vitro maturation (IVM) protocol 174 

 Bovine ovaries were obtained from a local abattoir and transported to the laboratory in 175 

saline solution (0.9% NaCl; 30 °C) containing 100 IU/mL penicillin and 50 μg/mL streptomycin 176 

sulphate. Cumulus oocyte complexes (COCs) from 3 to 8 mm diameter follicles were aspirated with 177 

a vacuum pump (vacuum rate of 15 mL of water/minute). COCs were recovered and selected as 178 

previously described (Leibfried, et al., 1979) under a stereomicroscope. After selection, only grade 179 
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1 COCs were randomly distributed to four-well culture dishes (Nunc®, Roskilde, Zealand, DNK), 180 

containing 200 μL of maturation medium with the appropriate treatment and cultured in an 181 

incubator at 39 °C in a saturated humidity atmosphere containing 5% CO2 and 95% air, for 6, 12, 182 

18 or 24 hours. The basic maturation medium used was Medium 199 (1X) containing Earle’s salts, 183 

L-glutamine, 2.2 mg/mL sodium bicarbonate and 25 mM Hepes (Gibco Labs, Grand Island, NY, 184 

USA), supplemented with 0.2 mM pyruvic acid, 0.4% (v/v) bovine serum albumin (BSA), 100 185 

IU/mL penicilin and 50 μg/mL streptomycin sulphate. The experimental treatments varied 186 

according to the aim of each study as described below: 187 

 188 

Study 1; YAP1 phosphorylation pattern and intracellular localization in cumulus cells of 189 

bovine COCs subjected to IVM  190 

To confirm the presence of phospho and total YAP1 protein levels in cumulus cells of 191 

bovine COCs subjected to IVM, we collected COCs from control groups at two distinct timepoints: 192 

at 0 and 12h. We decided to employ immunofluorescence (IF) analysis in attempt to better 193 

understand the basal intracellular localization pattern of YAP1 during the first 12h of IVM, a 194 

critical window for the signaling events that lead to cumulus expansion and oocyte maturation.  195 

 196 

Study 2; effects of EGFR activity on YAP1 mRNA abundance in cumulus cells during IVM 197 

To determine the effects of EGFR activation or inhibition on YAP1 transcriptional 198 

regulation in cumulus cells, we performed two series of experiments in vitro. In both series, COCs 199 

were randomly divided into groups (n= 5 COCs/group) and placed in 200 μL of maturation 200 

medium. COCs were then pretreated for 1h with 6 μM of AG 1478 (a selective inhibitor of 201 

epidermal growth factor receptor protein) or equivalent amount of vehicle (control; Dimethyl 202 

Sulfoxide:Methanol (DMSO:MeOH)). One hour later it was then added to the IVM culture medium 203 

10 ng/mL of recombinant human EGF (R&D Systems, Oakville, ON, CAN; first series of 204 
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experiments) or 500 ng/mL of bovine FSH (Bioniche, Belleville, ON, CAN; second series of 205 

experiments). For both series, two experiments were performed: in one, COCs were cultured for 6, 206 

12, 18 and 24h post-EGF or FSH to be then collected at the each timepoint for total RNA extraction 207 

and qRT-PCR analyses; and in a second experiment COCs were kept in the plates for cumulus 208 

expansion assessment up to 24h of IVM. 209 

 210 

Study 3; YAP1-TEAD interaction inhibition affects the expression of critical cumulus 211 

expansion-related genes  212 

 To determine if important genes for cumulus expansion are transcriptional targets of YAP1-213 

TEAD interaction in cumulus cells in vitro, COCs were subjected to the above-mentioned IVM 214 

protocol in which maturation is stimulated with FSH. This protocol has been published several 215 

times (Barreta, et al., 2008, De Cesaro, et al., 2015, Stefanello, et al., 2006) and it is closer (if not 216 

similar) to IVM protocols employed commercially. Briefly, COCs were randomly divided into 217 

groups (n= 5 COCs/group) and placed in 200 μL of maturation medium. COCs were then pretreated 218 

for 1h with distinct concentrations of Verteporfin (VP; a small molecule inhibitor that interferes 219 

with YAP1 binding to TEAD family transcription factors): 0.1, 0.3, 0.5 μM of VP or equivalent 220 

amount of vehicle (control; DMSO). One hour later it was then added to the IVM culture medium 221 

of all groups (including control) 500 ng/ml of FSH. COCs were then collected at 6, 12, 18 and 24h 222 

post-FSH for total RNA extraction and qRT-PCR analyses. 223 

 224 

Evaluation of cumulus cells expansion 225 

COCs were photographed using an inverted microscope (Leica DMI 4000B; Leica 226 

Microsystems, Wetzlar, HE, GER). Images of same COCs were captured through Leica Application 227 

Suite (LAS, Version 3.8) software at 0 and 24h of culture. Total surface area expressed in pixels of 228 
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each COC appearing on the 2-dimensional image was measured with ImageJ software (National 229 

Institutes of Health, Bethesda, MD, USA). 230 

 231 

Immunofluorescence (IF) 232 

 COCs were fixed in 4% paraformaldehyde for 15 minutes and maintained in a maintenance 233 

solution of the nuclear membranes containing Phosphate Buffered Saline (PBS), 0.2 % Triton X-234 

100 and 1% BSA until evaluation. For assessment of YAP1 or pYAP1 signal, COCs were 235 

permeabilized in PBS with 0.3% BSA and 0.2% TritonX-100 for 1 hour at 37 °C and then 236 

incubated with rabbit monoclonal antibodies (Cell Signaling Technology, Danvers, MA, EUA) for 237 

total YAP1 (1:300, No. 14074) and pYAP1 (Ser127; 1:300, No. 13008) overnight at 4 ºC. As a 238 

negative control, some COCs were incubated with blocking solution (PBS, 3% BSA and 0.2% 239 

Tween20) only. After washing in blocking solution three times during 20 minutes, then COCs were 240 

incubated with Alexa Fluor 488-conjugated antirabbit IgG antibody (1:500; Molecular Probes, 241 

Carlsbad, CA, EUA) during 1 hour and 10 μM of bisBenzimide (Hoechst 33342) for 15 minutes. 242 

COCs were washed two times with blocking solution for 10 minutes each time and placed on blade 243 

and coverslip. COCs stained for YAP1 and pYAP1 were observed with a confocal microscope 244 

(Leica DMI6000 B). 245 

 246 

RNA isolation, Reverse Transcription and Quantitative Real-Time PCR (qRT-PCR) 247 

 After collecting COCs, cumulus cells were removed, recovered and immediately stored at -248 

80 ºC. Total RNA was extracted using PureLink™ RNA Mini Kit (Thermo Fisher Scientific, 249 

Waltham, MA, EUA) according to the manufacturer’s instructions and was quantified at 260 nm 250 

wavelength using a spectrophotometer (NanoDrop1000, Thermo Scientific, Wilmington, DE, 251 

USA). 50 ng of total RNA was reverse transcribed (RT) using the iScript™ cDNA Synthesis Kit 252 
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(Bio-Rad, Des Plaines, IL, USA) at 25 °C for 5 minutes and 46 °C for 30 minutes. The reaction was 253 

ended by incubation at 95 °C for 5 minutes. 254 

 Real-time qPCR was performed using CFX384™ Real-Time System (Bio-Rad Laboratories, 255 

Hercules, CA, USA) using the GoTaq® DNA Polymerase (Promega, Madison, WI, USA) and 256 

specific primers (Table 1). After an initial denaturation step at 95 °C for 3 minutes, 40 cycles at 95 257 

°C for 10 seconds were carried out, followed by 1 minute at 60 °C to amplify each transcript. The 258 

reaction was performed in duplicate, and the melting-curve was analyzed to determine the product’s 259 

identity. Two housekeeping gene (H2AFZ and RPS18) were tested, however, the target mRNA 260 

concentration was just normalized to the amplification of the constitutional gene H2AFZ, which 261 

was the one that best behaved with the samples. Relative mRNA levels calculation was performed 262 

as described by Pfaffl (Pfaffl, 2001). All primers used were designed based on sequences from 263 

GenBank, using Primer-BLAST platform.   264 

 265 

Statistical Analysis 266 

 All experiments were performed on three or four independent replicates, with each replicate 267 

using ovaries collected at different times. For the in vitro data, doses of hormones and VP were 268 

used as the main effects and culture replicate was included in the model as a random effect in the F-269 

test. Data were transformed to logarithms when not normally distributed (Shapiro–Wilk test). 270 

Differences between means were tested with the Tukey–Kramer HSD test or t-tests. All analyses 271 

were performed with JMP software (SAS Institute, Cary, NC). Data are presented as means ± SEM. 272 

 273 

Results 274 

YAP1 phosphorylation pattern and intracellular localization in cumulus cells of bovine COCs 275 

subjected to IVM  276 
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Before proceeding to our regulatory and functional experiments in COCs, more precisely to 277 

cumulus cells expansion-related events, we performed a first experiment to confirm the presence of 278 

YAP1 protein levels in bovine cumulus cells during the in vitro maturation. For this, we employed 279 

immunofluorescence (IF) instead of the immunoblotting, once the first one not only allow us to 280 

determine the amount of our target protein as its intracellular localization. Interestingly, YAP1 roles 281 

are dependent on its phosphorylation status and intracellular localization (Mauviel, et al., 2012). In 282 

its nonphosphorylated form, YAP1 is able to accumulate in the nucleus and form complexes with 283 

numerous transcription factors, notably with TEADs. The results shown in the Figure 1 suggest that 284 

basal phospho-YAP1 (Ser127) levels decrease in a time-dependent manner. On the other hand, total 285 

YAP1 protein levels seem to remain stable up to 12h, but more importantly, there was an increase 286 

in nuclear total YAP1 levels with time (Control 0h vs Control 12h). Taking together, these results 287 

suggest that YAP1 may gradually translocate from the cytoplasm into the nucleus of cumulus cells 288 

during in vitro maturation of COCs.  289 

 290 

YAP1 regulation in cumulus cells during IVM is mediated by EGFR downstream signaling 291 

For the second study, we decided, first, to determine whether YAP1 mRNA abundance is 292 

regulated in cumulus cells of COCs subjected to IVM in the presence or not of EGF recombinant 293 

protein. In such model, COCs clearly respond to EGF, as this growth factor significantly increases 294 

mRNA levels for EREG (P<0.05, Figure 2B) and induces cumulus expansion (P<0.05, Figure 2A), 295 

which were both blunted by the pretreatment with Tyrphostin AG 1478, a specific EGFR inhibitor. 296 

Most interestingly, our results indicated that EGF significantly increased YAP1 mRNA abundance 297 

only at 18 h post-treatment, which was also inhibited by the pretreatment with AG 1478 (P<0.05, 298 

Figure 2C). In addition, a similar pattern was observed in mRNA levels of the connective tissue 299 

growth factor (CTGF), a classic YAP1-TEAD transcriptional target gene (Lai, et al., 2011). In all 300 
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timepoints which EGF significantly increased CTGF levels and such effect was also blunted by the 301 

pretreatment with AG 1478 (P<0.05, Figure 2D). 302 

 Taking into account that most of IVM commercial protocols use FSH as stimulator of 303 

cumulus expansion and oocyte maturation, we then decided to test the effects of FSH on YAP1 304 

mRNA abundance regulation in cumulus cells of COCs during IVM. As expected, FSH  305 

increased mRNA levels for EREG (P<0.05, Figure 3B) and induced cumulus expansion (P<0.05, 306 

Figure 3A) in a EGF-dependent manner. However, unlike EGF, which significantly induced YAP1 307 

mRNA levels only at 18 h post-treatment, FSH increased significantly YAP1 mRNA abundance 308 

only at 6 h post-treatment in comparison to controls. Such increase was, however, also abrogated by 309 

AG 1478 pretreatment (P<0.05, Figure 3C). In addition, FSH-induced CTGF mRNA levels 310 

increase at 12 h was also inhibited by the pretreatment with AG 1478 (P<0.05, Figure 3D). 311 

  312 

YAP1-TEAD interaction inhibition affects the expression of critical cumulus expansion-313 

related genes  314 

To start elucidating the physiological relevance of YAP1 to cumulus cells expansion in 315 

vitro, COCs were cultured in maturation medium containing FSH without or with pre-treatment of 316 

distinct concentrations of VP (a small molecule inhibitor that interferes with YAP1 binding to 317 

TEAD family transcription factors) for 6, 12, 18 and 24h. The results confirmed the 318 

pharmacological specificity of VP, as CTGF levels were reduced in a dose-dependent manner 319 

(P<0.05, Figure 4A), while YAP1 and FSHR did not change significantly in comparison to 320 

respective controls at each timepoint evaluated (P>0.05, Figure 4B and C). Most importantly, this 321 

experiment clearly indicated that VP inhibits in a time- and concentration-dependent manner 322 

distinct cumulus expansion-related genes, including the critical gene for EGF signaling in cumulus 323 

cells, EGFR and its downstream targets as ADAM17, EREG and PTGS2 (P<0.05, Figure 4D, E 324 

and F). Besides that, YAP1-TEAD inhibition reduced other important markers for cumulus 325 
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expansion, matrix remodeling and oocyte maturation, including the hyaluronan synthase 2 (HAS2), 326 

pentraxin-related protein 3 (PTX3) and the plasminogen activator tissue-type A (PLAT) mRNA 327 

levels (P<0.05, Figure 4 H, I and J).  328 

 329 

Discussion 330 

Studies demonstrating the roles of Hippo effectors in ovarian follicle cells, particularly in 331 

the periovulatory events, are scarce. To our knowledge, this is the first report to indicate that YAP1-332 

TEAD interaction may be critical for the EGF-induced signaling cascade that requires cumulus cells 333 

to promote cumulus expansion, oocyte meiotic resumption and ovulation in mono-ovulatory 334 

species. Briefly, we have reported herein that YAP1-TEAD interaction inhibition affects the 335 

expression of critical cumulus expansion-related genes, at least in part, regulating EGFR 336 

transcription. Although we have used bovine COCs in the present study, the recent findings 337 

indicating that the human EGFR promoter region is positively regulated by YAP1 through an intact 338 

TEAD binding site (Song, et al., 2015), allow us to strongly suggest that the YAP-TEAD 339 

interaction may be also critical for cumulus expansion and oocyte maturation-related events in 340 

women.  341 

A recent study in bovine granulosa cells evaluated the expression of both Hippo effectors 342 

(YAP1 and TAZ) in mural granulosa cells (but not cumulus) from follicles of increasing size (2–5, 343 

5–10, >10 mm). While YAP1 protein levels were expressed in granulosa cells from follicles of all 344 

stages of development, TAZ expression decreased in granulosa cells with increasing of follicle size, 345 

being almost undetectable by western blotting in granulosa cells from follicles larger than 5 mm 346 

(Plewes, et al., 2019). Indeed, we have assessed by immunoblotting, YAP1 and TAZ in bovine 347 

mural preovulatory granulosa cells in vitro, and the results indicate that total YAP1 protein levels 348 

are consistently expressed along the culture, but TAZ protein levels are barely detected in both 349 

untreated or treated cells (data not shown herein). Taking into account these parallel findings, for 350 
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the herein presented experiments in cumulus cells, we decided to focus exclusively on YAP1 351 

expression transcriptional regulation. To better elucidate its interaction with TEADs in this context, 352 

we have also described results for CTGF, a classic YAP1-TEAD transcriptional target gene (Lai, et 353 

al., 2011). 354 

The present study clearly shows that YAP1 and CTGF are regulated in cumulus cells at the 355 

transcriptional level following direct activation of EGFR with recombinant EGF or, indirectly, 356 

through FSH stimulation. In the latter scenario, the results from the groups pretreated with EGFR 357 

inhibitor indicated that both YAP1 and CTGF mRNA levels increase following FSH are dependent 358 

on EGFR activity. Interestingly, in these FSH-treated cumulus cells, YAP mRNA levels increase (at 359 

6 h) preceded CTGF mRNA levels augmentation (at 12 h). Instead, the results presented in the 360 

Figure 2 indicate an EGF-induced CTGF mRNA levels increase (at 6 and 12 h) prior to YAP 361 

mRNA augmentation, which was verified only at 18 h. Taking into account that CTGF is a classic 362 

target gene of the interaction of YAP1 with transcription factors of the TEAD family, these latter 363 

results clearly suggest the existence of a transitory accumulation of YAP1 in the nucleus before 6 h. 364 

Although we did not assess YAP1 phosphorylation pattern and intracellular localization in cumulus 365 

cells following EGF treatment (particularly in the first 6 h post-treatment), our first study (Figure 1) 366 

indicated, even at basal levels, a gradual accumulation of YAP1 in the nucleus of cumulus cells 367 

along the IVM. In spite of the fact that it must be better elucidated, these results strongly suggest the 368 

existence of a YAP1 post-translational regulation mechanism in cumulus cells along the IVM.  369 

One obvious question raised by all our regulatory studies was the physiological relevance of 370 

both basal and EGF- or FSH-induced YAP and CTGF mRNA levels increase in cumulus cells 371 

subjected to our IVM protocol. Hippo is an evolutionarily conserved signaling pathway with 372 

established roles in cell differentiation, proliferation and apoptosis in a variety of tissues, 373 

particularly during embryogenesis (Halder, et al., 2011, Meng, et al., 2016). However, recent 374 

studies (mainly using mice models), however, have reported some of the physiological roles of 375 
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Hippo effectors in the ovarian physiology in the adult life (Hu, et al., 2019, Lv, et al., 2019, 376 

Nagashima, et al., 2011, Plewes, et al., 2019). Nevertheless, studies showing the importance of 377 

Hippo effectors to cumulus functions and to cumulus expansion-related events are, to our 378 

knowledge, extremely scarce. A recent study in mice also tested the effects of the YAP1-TEAD 379 

inhibitor VP on cumulus expansion events in COCs subjected to IVM (Sun, et al., 2019). 380 

Intriguingly, COCs pretreated with VP presented not only increased expression for cumulus 381 

expansion-related genes in a dose-dependent manner (PTGS2, HAS2 and PTX3) as well increased 382 

cumulus expansion in comparison to controls (Sun, et al., 2019). These data are the opposite of 383 

what we are demonstrating in the present study, in which we clearly show that VP inhibits in a 384 

dose-dependent manner critical genes for cumulus expansion and oocyte maturation. Although such 385 

discrepancies may be explained by eventual species-specific differences, other functional studies in 386 

mice suggest that the interaction of YAP1 with TEADs may be important to allow and/or even 387 

modulate the preovulatory cascade that leads to cumulus expansion and ovulation. It has been 388 

demonstrated that knockdown of YAP1 dramatically suppressed expression of EGFR in mouse 389 

granulosa cells (Lv, et al., 2019). Moreover, there is also evidence in tumor cells that Hippo 390 

signaling effectors, YAP1 and TAZ, can modulate the two main EGFR-downstream signaling 391 

pathways, ERK and AKT, at least in part, regulating the EGFR expression and activity (Andrade, et 392 

al., 2017, Yang, et al., 2016). Based on these reports and other reports, we then hypothesized that 393 

the YAP1-TEAD interaction is also critical for the EGFR signaling that regulates cumulus cells 394 

function. Indeed, the results presented herein (Figure 4) confirm that VP decreases significantly in 395 

a dose-dependent manner EGFR mRNA levels in cumulus cells from COCs cultured at 12 and 24 h. 396 

Such decline in EGFR can explain, at least in part, the decrease of mRNA levels for ADAM17 (at 397 

12, 18 and 24 h), EREG (at 18 and 24 h) and PTGS2 (at 24 h), as for HAS2 and PTX3 mRNA 398 

levels from 12 h on, once all these genes are classic targets of EGFR downstream signaling 399 

(Ochsner, et al., 2003, Park, et al., 2004, Portela, et al., 2011, Salustri, et al., 2004, Su, et al., 2003). 400 
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On the other hand, we did not find a consistent VP-induced decrease of EGFR mRNA levels at 6 h, 401 

even so, ADAM17 EREG and PLAT levels were decreased by VP treatment at the same timepoint 402 

suggesting an event independent to EGFR mRNA levels downregulation. One possible explanation 403 

is that EGFR expression pattern could be transiently affected by the VP treatment between 0 and 6 404 

h (not evaluated herein), what would explain such results. Nevertheless, we cannot exclude the fact 405 

that VP may decrease the expression of some of these genes in a mechanism independently of the 406 

EGFR reduction. 407 

For many authors, the data with VP should be interpreted with some caution, since YAP1-408 

TEAD independent effects of the drug are reported in cancer cells (Zhao, et al., 2018). In our 409 

model, however, the pharmacological effects of VP seem to be specific, once CTGF was 410 

downregulated in cumulus cells in a dose-dependent manner following VP treatment, while some 411 

genes as FSHR and YAP1 itself were not affect by VP at any dose or timepoints tested. In terms of 412 

mechanism of action, we strongly believe that most of the results observed herein following VP 413 

treatment are consequence of its effect on EGFR. As mentioned previously, it has been shown in 414 

distinct human cell types that YAP1 positively regulates EGFR transcription through the interaction 415 

with an intact TEAD binding site at the EGFR promoter (Song, et al., 2015) and that TEAD1 is a 416 

critical regulator of EGFR transcription in vitro (Tome-Garcia, et al., 2018). On the other hand, 417 

CTGF levels decrease post-VP may contribute to the altered expression profiled observed in 418 

cumulus cells herein. CTGF knockout mice showed disrupted follicle development and decreased 419 

ovulation rates, through of significant downregulation of the disintegrin and metalloproteinase 420 

Adamts1, which is critical for remodeling of extracellular matrix surrounding granulosa cells of 421 

preovulatory follicles (Nagashima, et al., 2011). These latter findings may explain the herein 422 

observed decrease in ADAM17 and PLAT mRNA levels already 6 h post-VP treatment. In addition, 423 

it has been demonstrated that supplementation of culture media with CTGF recombinant protein 424 

benefits ovine oocyte IVM and in vitro embryo production (Wang, et al., 2018). Briefly, CTGF 425 



18 
 

 
 
 

and/or its combination with other factors significantly promoted cumulus cell expansion, inhibited 426 

oocyte/cumulus apoptosis, induced oocyte nuclear maturation and improved early embryo 427 

developmental competence.  428 

In summary, the data presented herein in cattle provide, for the first time, considerable 429 

insight into the regulation and functional relevance of a completely novel signaling pathway 430 

underlying cumulus expansion and oocyte maturation in mono-ovulatory species, as the women. 431 

The present study allowed us to define YAP1 and/or CTGF as potential targets to improve the 432 

efficiency of in vitro maturation (IVM) systems. Future studies involving the manipulation of the 433 

post-translational regulation of YAP1 in COCs undergoing IVM can represent a potential tool to 434 

increase rates of fertilization, subsequent cleavage and blastocyst development in existent IVM 435 

protocols used by the industry of reproductive biotechnology in both humans and animals. 436 
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Figure Legends 648 

 649 

Figure 1. COCs subjected to IVM were collected from control groups at 0 and 12h of IVM. 650 

Immunofluorescence signals obtained from antibodies against total YAP or phospho-YAP (Ser127) 651 

are shown (A, D, G, J). The nuclei are labeled with Hoechst (B, E, H, K). The merge of YAP or 652 

phospho-YAP (Ser127) and Hoechst are shown on C, F and I, L, respectively. Arrows (F) indicate 653 

cumulus cells with clear total YAP protein accumulation in the nucleus. Photomicrographs were taken 654 

at 1000x magification and zoomed 2x; bars = 20 µm. 655 

 656 

Figure 2. COCs were randomly divided into groups (n= 5 COCs/group), subjected to IVM and then 657 

pretreated for 1 h with 0 or 6 μM of AG 1478 (a selective inhibitor of EGFR) before adding 0 or 10 658 

ng/mL of EGF. (A) Cumulus area (µm²) was measured in each COCs at 0 and 24 h post-EGF to assess 659 

cumulus expansion  EGF 0 ng/mL + AG 1478 0 uM,  EGF 10 ng/mL + AG 1478 0 uM,  660 

EGF 10 ng/mL + AG 1478 6 uM. (B, C, D) Messenger RNA abundance was measured by real-time 661 

PCR. Data represent the mean ± SEM of three-four replicate cultures and different letters or asterisk 662 

(*) represent statistical difference (P<0.05). 663 

 664 

Figure 3. COCs were randomly divided into groups (n= 5 COCs/group), subjected to IVM and then 665 

pretreated for 1 h with 0 or 6 μM of AG 1478 (a selective inhibitor of EGFR) before adding 500 666 

ng/mL of FSH. (A) Cumulus área (um²) was measured in each COCs at 0 and 24 h post-EGF to assess 667 

cumulus expansion,  FSH 0 ng/mL+AG 1478 0 uM,  FSH 500 ng/mL+AG 1478 0 uM,  668 

FSH 500 ng/mL+AG 1478 6 uM. (B, C, D) Messenger RNA abundance was measured by real-time 669 

PCR. Data represent the mean ± SEM of three-four replicate cultures and different letters or asterisk 670 

(*) represent statistical difference (P<0.05). 671 

 672 
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Figure 4.  COCs were randomly divided into groups (n= 5 COCs/group), subjected to IVM and then 673 

pretreated with distinct concentrations of Verteporfin (VP; a small molecule inhibitor that interferes 674 

with YAP binding to TEAD family transcription factors) 0.1, 0.3, 0.5 μM of VP before adding 500 675 

ng/ml of FSH. Messenger RNA abundance was measured by real-time PCR. Data represent the mean 676 

± SEM of three-four replicate cultures and different letters represent statistical difference (P<0.05). 677 
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