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Abstract

Ovarian granulosa cells are fundamental for oocyte maintenance and maturation. Recent studies 

have demonstrated the importance of members of the JAK/STAT signalling pathway in the 

granulosa cell population of mouse and horse ovaries, with perturbation of JAK1 signalling in 

mouse shown to impair oocyte maintenance and cause accelerated primordial follicle activation. 

The presence and role of the JAK/STAT pathway in human granulosa cells has yet to be 

elucidated. In this study, the expression of JAK1, STAT1 and STAT3 protein was detected in the 

oocytes and granulosa cells of human ovarian sections from foetal (40 weeks of gestation) and pre-

menopausal ovaries (34 - 41 years of age) (N = 3). To determine the impact of JAK1 signalling, 

the human granulosa-like cell line, COV434 cells, was utilised with the JAK1 chemical inhibitor 

Ruxolitinib. Chemical inhibition treatment of COV434 cells with 100 nM of Ruxolitinib for 72 h, 

resulted in a significant increase in both STAT3 mRNA (p = 0.034) and pY701STAT1 protein (p = 

0.0025), demonstrating a role for JAK1 in modulating STAT in granulosa cells. This study 

implicates a conserved role for JAK/STAT signalling in human ovary development, warranting 

further investigation of this pathway in human granulosa cell function.
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Introduction

Infertility affects approximately 12% of couples of reproductive-age (Inhorn and Patrizio 

2015). In women, the intricate and dynamic nature of ovarian development makes infertility 

challenging to diagnose and treat effectively. Throughout development, the ovary is 

comprised of several cell types, including germ cells (oocytes) and the supporting somatic 

cells (granulosa and theca cells). While mature theca cells provide the components necessary 

for hormone synthesis in the post-natal ovary, granulosa cells develop alongside oocytes in 
utero. During gestation, pre-granulosa cells surround the diplotene oocyte and form 

primordial follicles (McLaughlin and McIver 2009; Fordet al. 2019). These follicles remain 

quiescent and form the ovarian reserve; the store from which all oocytes mature, which 

sustains fertility throughout a woman’s reproductive lifespan (Kallenet al. 2018). From this 

stage on, the granulosa cells remain in constant contact with the oocyte, either directly to the 

oocyte surface, or through transzonal processes that extend through the zona pellucida and 

attach to gap junctions on the oocyte membrane (Eppig 2018). This direct contact is 

essential to maintaining the meiotic quiescence of the oocyte, a requirement of pre-ovulatory 

follicle development (Norris et al. 2008).

Cross-talk from the granulosa cells is essential to the formation of a healthy oocyte, 

competent for fertilisation. A number of recent studies have highlighted the importance of 

granulosa cell function in oocyte maturation. In 2018, El-Hayek and colleagues 

demonstrated that the greater the number of granulosa cells in contact with the oocyte, the 

faster the oocyte is able to grow (El-Hayek et al. 2018). These granulosa cells supplement 

the oocyte with essential metabolic compounds required for their rapid growth (El-Hayek et 
al. 2018). Similarly, it has been demonstrated using a cyclophosphamide-induced mouse 

infertility model, that poor-quality granulosa cells reduce follicle quality (Xiong et al. 2017). 

Dissociated granulosa cells of cyclophosphamide-treated mice were unable to proliferate and 

entered senescence in vitro. In vivo, granulosa cells had high levels of p53 and cleaved 

caspase 3, contributing to the infertility phenotype of the mice (Xiong et al. 2017). 

Furthermore, in mice it has been demonstrated, using RNA-sequencing and gene deletion 

experiments, that granulosa cells utilise gap junctions to initiate crucial signalling events 

with the oocyte through the secretion of cytokines, such as KITL/KIT and the transferral of 

transcription factors (Zhang et al. 2014; Bonnet et al. 2015).

With the advent of in vitro fertilisation (IVF), many studies have identified important roles 

for granulosa cells after their release from the ovary with the egg during ovulation. However, 

our understanding of granulosa cell function within the human ovary remains limited. It has 

been shown that granulosa cells in other mammals have multiple roles, including 

maintaining cell fate and specifying theca cell differentiation, in parallel with aiding egg 

maturation (reviewed in (Rotgers et al. 2018)). It is difficult to examine these functions in 

humans, due to the unavailability of healthy ovarian tissue from young donors. Human 
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granulosa cell lines present a valuable alternative to investigate the signalling molecules and 

pathways important to cellular proliferation within the developing follicles. Here we utilise 

the COV434 human granulosa cell line, as it recapitulates properties that are observed in 

primary human granulosa cells (Zhang et al. 2000). In particular, COV434 cells are diploid, 

grow in small aggregates, form gap junctions when co-cultured with cumulus-oocyte 

complexes and display markers of apoptosis which are also present during follicular atresia 

in human granulosa cells (van den Berg-Bakker et al. 1993; Zhang et al. 2000). These 

properties of the COV434 cell line make it a suitable model for examining granulosa cell 

signalling pathways and interactions in the human ovary.

The JAK/STAT pathway is a well-understood cell proliferation pathway in many organs. 

Transcriptomic analyses of human follicles identified high abundance of STAT3 mRNA in 

early-stage follicles (Ernst et al. 2018b). Recent findings have demonstrated a key role for 

the JAK/STAT signalling pathway in the regulation of all stages of follicle development in 

the mouse and horse (Sutherland et al. 2012; Hall et al. 2017; Sutherland et al. 2018). The 

objective of the current study was to determine if selective JAK/STAT members were present 

in the granulosa cells of human ovarian tissue sections and to use the COV434 human 

granulosa cell line to examine changes in the JAK1 pathway with inhibition. To this end, we 

investigated the expression of JAK1, STAT1 and STAT3 in human ovarian tissue sections, 

both embryonically and in adulthood. JAK1, STAT1 and STAT3 were all expressed in 

granulosa cells, specifically in primordial follicles, indicating the JAK/STAT pathway as a 

conserved signalling pathway interacting in granulosa cell functions in mammals. Functional 

analysis using the COV434 cell line demonstrated that the JAK1 inhibitor, Ruxolitinib, 

increased the expression of STAT3 mRNA in COV434 cells and increased STAT1 activation. 

This demonstrates a role for JAK1 in modulating STAT proteins in granulosa cells. Taken 

together, our findings demonstrate the presence of JAK/STAT signalling in human ovarian 

follicles and present a novel role for this pathway in human granulosa cell function.

Materials and Methods

Ethical Approval

All studies were performed in accordance with the University of Newcastle’s Human Ethics 

Committee guidelines (Approval no. H – 2016-0441). Normal human foetal ovary sections 

(40 weeks of gestation) were obtained from Abcam (#ab4412). Human pre-menopausal 

ovary sections were supplied by the Hunter Cancer Biobank. Pre-menopausal non-cancerous 

human ovaries were removed from patients between 34 and 41 years of age, with oral and 

written consent. All ovary samples that were used were confirmed as histologically normal 

by pathologists.

Immunofluorescence on human ovary sections

Sections were received from the Hunter Cancer Biobank and were subjected to a series of 

xylene and ethanol washes. Heat-mediated antigen retrieval was performed on the slides 

using either 10 mM sodium citrate buffer (pH 6) or 10 mM TRIS buffer (pH 8) for 25 

minutes. After blocking, the following primary antibodies were used for 

immunofluorescence: JAK1 (ab47435 Abcam), STAT1 (ab2415 Abcam) and STAT3 (79D7 
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Cell Signalling Technologies). Goat-anti-rabbit Alexa 555 secondary antibody (ab150078, 

Life Technologies) was used at a concentration of 20 µg/mL for visualisation of the primary 

antibodies. After counter-staining with 4’-6-diamidino-2-phenylindole (DAPI) and mounting 

in Mowiol (13% Mowiol4-88, 33% glycerol, 66 mM Tris (pH 8.5), 2.5% 1,4 

diazobcyclo-[2.2.2]octane), the sections were imaged using an Axio Imager A1 fluorescent 

microscope (Carl Zeiss MicroImaging, Inc, Thornwood, NY). Images were taken using an 

Olympus DP70 microscope camera (Olympus America, Center Valley, PA) and post-image 

analysis was done using the fluorescence microscope software Zen (Carl Zeiss Ltd., 

Thornwood, NY). The stages of follicular development within the human ovarian tissue 

sections were determined according to the criteria outlined by Gougeon (Gougeon 1996). 

Images for all 3 biological replicates of JAK1, STAT1 and STAT3 proteins in human foetal 

and pre-menopausal ovarian tissues are shown in Supplementary Figures 1 and 2.

Cell culture

COV434 cells are an immortalised human granulosa carcinoma cell line, derived from a 

solid tumour of a 27-year-old female patient. COV434 cells were supplied through Sigma 

from the European Collection of Authenticated Cell Cultures (ECACC) and were thawed 

from frozen stocks. The cells were cultured in 1x Low Glucose Dulbecco’s Modified Eagle 

Medium (DMEM-low glucose, Sigma, Missouri, USA) with 10% foetal bovine serum (FBS) 

and 1% penicillin/streptomycin (PS, Thermofisher, Madison, USA) at 37 °C in 5% CO2. 

The medium was changed every four days, and the cells were passaged once a week.

Inhibitor treatment

The commercially available inhibitor Ruxolitinib (CAS 941678-49-5, Santa Cruz, Dallas, 

USA) was used for inhibition of JAK1 signalling in COV434 cells. The manufacturer’s 

mechanism of action for Ruxolitinib, involves competitive binding to the JAK1 receptor, 

disabling JAK phosphorylation and preventing downstream signalling to STAT proteins. The 

appropriate inhibitor concentrations and treatment length were based on the IC50 of 

Ruxolitinib and were optimised specifically for COV434 cells (data shown in 

Supplementary Figure 4). Cells were treated for 72 hr as COV434 cells are slow-growing 

and require time to cell cycle for proliferation effects to be examined (Pastuschek et al. 
2015). This treatment length also demonstrated the most robust decrease in JAK1 

phosphorylation, compared with 24 hr and 48 hr treatments (data not shown). COV434 cells 

to be treated with Ruxolitinib for collection were plated at a density of 400,000 cells/well in 

6-well plates and grown overnight. The next day, 4 mL of media containing 100 nM 

Ruxolitinib was added to the cells, and cells were treated for 72 hr. Following treatment, the 

cells were counted and were either centrifuged into cell pellets for RNA or protein extraction 

or fixed using paraformaldehyde and spotted onto glass slides for immunocytochemistry 

(ICC).

Cell fixation

COV434 cells following growth or treatment were trypsinised and washed in PBS to make a 

1 million cells/mL solution and transferred to a 1.5 mL tube. The cells were centrifuged and 

4% paraformaldehyde (PFA) was added to the tube. The cell pellet was re-suspended in the 

PFA and placed on the rotator for 15 minutes at room temperature. After washing in PBS, 
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the cells were re-suspended in PBS and 10 µL of cell suspension was spotted on each well 

on 12-well frosted slides (Thermofisher, Madison, USA) and stored at -20 °C until ICC was 

performed.

CCK-8 analysis

Cell proliferation was measured using a Cell Counting Kit-8 (CCK-8) assay (Sigma, 

Missouri, USA). COV434 cells to be treated for CCK-8 analysis were plated at a density of 

10,000 cells/well in 96-well plates and left to grow overnight. The cells were treated with 

DMSO or Ruxolitinib for 48 hours, and CCK-8 reagent was added to each well and 

incubated for 2 hours in standard culture conditions. The absorbance reading at 450 nm was 

taken for each sample, using a microplate imaging system (Biorad, CA, USA). All results 

obtained after Ruxolitinib treatments were compared with those obtained using dimethyl 

sulfoxide (DMSO) as a vehicle control and normalised against media only control readings.

RNA extraction and cDNA synthesis

Total RNA was extracted from COV434 cell pellets (2 x 106 cells per pellet) using an 

RNeasy-Mini Kit (Qiagen, Venlo, Netherlands). The cells were homogenised using a pestle 

and a 20 G needle. The sample was left on ice for 10 minutes before the total RNA was 

extracted from COV434 cell pellets according to the manufacturer’s instructions (Qiagen, 

Venlo, Netherlands). Following extraction, RNA concentration and sample purity were 

calculated using a spectrophotometer. Reverse transcription was performed on each sample 

with 2 µg of isolated RNA, 1 µL of oligo-dTs, 4 µL of 5x buffer, 2 µL DTT, 1 µL RNasin, 1 

µL 10mM dNTPs and 1 µL of M-MLV-reverse transcription (RT) enzyme (Promega, 

Madison, USA). Samples were pipette mixed and pulse spun 3 times and then incubated at 

42 °C for 2 hours. The samples were then incubated at 70 °C for 10 minutes to inactivate the 

enzyme, and then 80 µL of nuclease-free H2O was added to each tube. The presence of 

cDNA was confirmed using standard PCR using ribosomal protein L19 (RPL19) primers 

and RT samples were stored at -20 °C.

Quantitative PCR (qPCR)

Quantitative PCR was performed on the COV434 cell cDNA, using SYBR Green GoTaq 

qPCR Master Mix according to the manufacturer’s instructions (Promega, Madison, USA). 

cDNA equivalent to 100 ng of total RNA was used for each reaction, for 40 amplification 

cycles on the Roche Light Cycler 96 machine (Roche, Basel, Switzerland). For each sample, 

a replicate omitting the reverse transcription enzyme was utilised as a negative control. 

Specific primer sequences and annealing temperatures for each gene are available as 

supplementary data (Supplementary Table 1). All primers were tested using gradient 

temperatures and cDNA dilutions for efficiency values. Quantitative PCR data were 

analysed using the Light Cycler program, and the equation 2-ΔΔCT, where CT is the cycle 

that fluorescence was first detected above background fluorescence. Data were normalised 

to B-ACTIN and is presented as the mean ± SEM expression of each target gene, relative to 

the mean of B-ACTIN expression. B-ACTIN was chosen as the appropriate house-keeping 

gene as it maintained expression levels between control and treatment groups, and was more 

stable than GAPDH, HPRT1 and PPIA. This comparison was performed using the 
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NormFinder software (Andersen et al. 2004) and the data is shown in Supplementary Figure 

3.

Protein extraction and immunoblot

Protein was extracted from 2 x 106 COV434 cells using 150 µL of RIPA extraction buffer 

(150 mM sodium chloride, 0.5% sodium deoxycholate, 0.1% SDS, Protease/phosphatase 

inhibitor cocktail 100x). The BCA Protein Assay Kit (Thermo Scientific, Walthman, MA) 

was used to quantify the total extracted protein in the sample. Immunodetection was 

conducted using the following primary antibodies: JAK1 (1:1000 dilution, ab133666, 

Abcam), pJAK1 (1:1000 dilution, #3331, Cell Signalling Technologies), JAK2 (1:1000, ab 

ab68273, Abcam), STAT1 (1:1000, #9172, Cell Signalling Technologies), pSTAT1 (1:1000, 

333400, Thermofisher), STAT3 (1:1000, 79D7, Cell Signalling Technologies) and pSTAT3 

(1:1000, ab76315, Abcam). The next day following washing, the blot was incubated with 

either a goat-anti-rabbit HRP-conjugated secondary antibody (ab205718, Abcam) or a 

rabbit-anti-mouse (ab6728, Abcam) at a 1:1000 dilution for 2 hours at RT. Labelled 

antibodies were detected using an Amersham ECL Detection Kit (GE Healthcare UK 

Limited, Buckinghamshire, UK). GAPDH (G9545, Sigma–Aldrich) was used as a loading 

control. Densitometry was performed using the Amersham Imager 600 software (GE 

Healthcare). The protein expression was normalised to GAPDH and presented as the mean ± 

SEM expression of each target protein, relative to GAPDH.

Immunocytochemistry (ICC)

COV434 cell slides were prepared and probed with antibodies specific for JAK1 (ab47435, 

Abcam), pJAK1 (ab138005, Abcam), STAT1 (ab2415, Abcam) and STAT3 (79D7, Cell 

Signalling Technologies). Primary antibodies were visualised using either a goat-anti-rabbit 

Alexa 555 secondary antibody (ab150078, Life Technologies) or a goat-anti-mouse Alexa 

555 secondary antibody (a21422, Life Technologies) at a 1:100 dilution and 4′-6-

Diamidino-2-phenylindole (DAPI) was used as a nuclear counterstain. Slides were imaged 

using the Axio Imager A1 fluorescent microscope (Carl Zeiss MicroImaging, Inc, 

Thornwood, NY) and Olympus DP70 microscope camera (Olympus America, Center Valley, 

PA).

Statistical analyses

All statistical analyses were performed using GraphPad Prism (version 7, GraphPad 

Software, CA, USA). Data with less than three groups were analysed using the independent 

samples T-test for parametric data. Data with more than two groups were analysed using 

two-way analysis of variance (ANOVA). Datasets that showed a skewed distribution, either 

positive or negative, were analysed using non-parametric Wilcoxon/Kruskal-Wallis testing. 

Unless otherwise stated, all data is presented as mean ± standard error of the mean (SEM). 

Statistical significance was considered as p < 0.05. In figures, an asterisk(s) denotes 

statistical significance (*p < 0.05, **p < 0.01 and ***p < 0.001). All experiments were 

performed in biological triplicate unless otherwise stated.
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Results

JAK1, STAT1 and STAT3 are expressed in human foetal and pre-menopausal ovaries

To determine whether the JAK/STAT signalling pathway was indeed active in the human 

ovary, immunofluorescence was utilised to assess the protein localisation of the candidate 

members JAK1, STAT1 and STAT3 on foetal (40 weeks of gestation) and pre-menopausal 

(34 – 41 years old) human ovary sections. These three candidate JAK/STAT pathway 

members are known to be expressed in the granulosa cells of neonatal and adult mouse 

ovary (Sutherland et al. 2012; Sobinoff et al. 2013; Sutherland et al. 2018). Moreover, all 

three candidates have also been shown to functionally interact in multiple tissues including 

ovary (Sutherland et al. 2012; Sobinoff et al. 2013; Sakamoto et al. 2016; Liang et al. 2017).

Within the foetal human ovary, JAK1 protein was primarily localised to the oocytes of newly 

formed primordial follicles (Figure 1a , denoted by white asterisk). Faint JAK1 expression 

was also detected in the connecting stromal tissue, and surrounding interstitial cells (Figure 

1a , identified by green arrow). Interestingly, JAK1 expression was noticeably absent from 

the surrounding pre-granulosa cells of primordial follicles (Figure 1a , primordial follicles 

identified by asterisks, granulosa cells identified by white arrows). Similar to JAK1, both 

STAT1 and STAT3 localised to the primordial oocytes of the foetal ovary (Figure 1b and 1c , 

denoted by white asterisk). This expression manifested as distinct foci, shown by the intense 

pixels observed in the oocyte nucleus and cytoplasm (Figure 1b and 1c , denoted by white 

circles). Faint expression of STAT1 and STAT3 was detected in the granulosa cells of 

primordial and primary follicles (Figure 1b and 1c , denoted by white arrows).

In the adult pre-menopausal ovary, JAK1 protein expression was detected in the oocyte and 

pre-granulosa cells of primordial follicles (Figure 2a , oocyte shown by white asterisk and 

pre-granulosa cells shown by white arrow). In primary follicles, JAK remained localised to 

the granulosa cells of the follicle, however, JAK1 oocyte expression was undetectable 

(Figure 2a , oocyte indicated by white asterisk and granulosa cells indicated by white arrow). 

STAT1 expression in the adult pre-menopausal ovary was consistent with the expression 

seen in the foetal ovary. STAT1 protein was observed in the oocyte and granulosa cells of 

primordial and primary follicles (Figure 2b , oocyte shown by white asterisk and granulosa 

cells shown by white arrow). Aggregates of STAT1 protein were localised in the nucleus of 

the oocyte in both primordial and primary follicles (Figure 2b , shown circled in white). In 

the adult ovary, STAT3 localised largely to the granulosa cells of primordial and primary 

follicles (Figure 2c ), with only faint STAT3 expression detected in the cytoplasm of oocytes 

(Figure 2c , denoted by white asterisk). These data indicate a role for pivotal JAK/STAT 

pathway members, JAK1, STAT1 and STAT3, in early follicle development, warranting 

further investigation of these proteins in human granulosa cells.

JAK1, STAT1 and STAT3 are expressed in the human granulosa-like COV434 cell line

Due to the limitations of models to study early-stage human follicles, the COV434 human 

granulosa cell line was utilised. While this cell line is not representative of granulosa cells 

from primordial or primary follicles, it does allow the study of signalling dynamics to 

incorporate functional analyses and manipulation of the JAK/STAT pathway. The COV434 
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human granulosa cell line was chosen as an appropriate model as they recapitulate the 

properties observed in primary human granulosa cells (Zhang et al. 2000). Preliminary 

investigations to validate JAK1, STAT1 and STAT3 expression in COV434 cells were 

performed using quantitative PCR (qPCR), immunoblotting and immunolocalisation 

approaches.

All three candidates (JAK1, STAT1 and STAT3) were detected at the mRNA level in the 

COV434 cells and demonstrated comparable mRNA abundance as measured by qPCR 

relative to the steady-state housekeeping gene (B-ACTIN) (Figure 3a ). Subsequent 

immunoblot analysis validated that JAK1, STAT1 and STAT3 proteins were indeed 

expressed within the COV434 cells (Figure 3b ). Densitometric analysis determined that 

these proteins were also expressed at similar levels, relative to GAPDH (Figure 3c ).

Having confirmed the presence of the JAK1, STAT1 and STAT3 mRNA and protein in 

COV434 cells, we next sought to determine the subcellular localisation of these proteins via 

immunocytochemistry. JAK1 localised to both the cytoplasm and the nucleus of COV434 

cells, with intense staining specifically in the nucleus (Figure 4a , identified by white 

arrows). In a similar fashion to JAK1, STAT1 and STAT3 both demonstrated nuclear and 

cytoplasmic protein expression, however, the intensity of the signal was variable between 

cells indicating the heterogeneity of the sample (Figure 4b and Figure 4c , cytoplasm 

identified by green arrows). A summary table of JAK1, STAT1 and STAT3 expression can be 

found in Supplementary Table 2. This experiment identified that the same members of the 

JAK/STAT family, namely JAK1, STAT1 and STAT3, were expressed in both the human 

ovarian sections and the COV434 cells. Having validated the conserved expression of the 

pathway, subsequent investigations were undertaken using this cell line to gain a mechanistic 

understanding of the importance of the upstream regulator JAK1 on cellular activities.

JAK1 is inhibited by the chemical inhibitor Ruxolitinib in COV434 cells

To modulate the JAK/STAT pathway in COV434 cells, we employed an in vitro biochemical 

inhibition approach to limit the action of JAK1, as the upstream regulator. To this end, we 

utilised the established pan JAK1/2 inhibitor, Ruxolitinib, to disrupt cellular signalling. 

COV434 cells were treated with either a vehicle control (DMSO) or increasing doses of 

Ruxolitinib for 72 hours and collected for assessment. 100 nM of Ruxolitinib was 

determined as the lowest concentration of Ruxolitinib that inhibited the activation of JAK1, 

as measured by immunocytochemistry, while not inducing apoptosis, as measured by 

decreased cell number, and was consequently selected for use in all subsequent experiments 

(Supplementary Figure 4). To establish the phenotype of granulosa cells treated with 100 nM 

Ruxolitinib, post-treatment live cell counts and proliferation analysis using Cell Counting 

Kit-8 (CCK-8) were performed. There was no effect observed in COV434 cells subjected to 

Ruxolitinib treatment, in terms of total (live) cell number or cell proliferation rates, when 

compared to the vehicle only control (Figure 5a and 5b ).

To confirm the inhibition of JAK1 activity and verify the targets of Ruxolitinib, 

immunoblotting was conducted for JAK1, pY1034/35JAK1 and JAK2. A visible decrease in 

total JAK1 and phosphorylated JAK1 were observed at the 100 nM Ruxolitinib dose in 

COV434 cells and supported by immunocytochemistry (Supplementary Figure 5). 

Frost et al. Page 8

Reprod Fertil Dev. Author manuscript; available in PMC 2020 September 10.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Importantly, there was no significant difference in JAK2 expression following Ruxolitinib 

treatment, indicating that the subsequent downstream pathway members are affected as a 

direct result of JAK1 modulation (Figure 6).

STAT1 and STAT3 function downstream of JAK1 inhibition in COV434 cells

Having established the 72 h 100 nM Ruxolitinib treatment regime as an appropriate 

approach to directly inhibit JAK1, quantitative PCR (qPCR) was performed for the 

downstream candidates STAT1 and STAT3 on treated COV434 cells. No significant 

decreases in mRNA abundance were observed for STAT1 (Figure 7a ). Interestingly, STAT3 
mRNA expression increased with Ruxolitinib treatment (p = 0.034) (Figure 7b ).

We extended our examination of the impact of cell treatment by conducting immunoblotting 

on COV434 cell total protein lysates. No significant differences in total protein expression 

were observed for STAT1 or STAT3 (Figure 8a and 8b ). To determine the impact of 

Ruxolitinib inhibition on STAT1 and STAT3 activation via tyrosine phosphorylation, 

immunoblot analysis for phosphorylated Y701 STAT1 (pSTAT1) and phosphorylated Y705 

STAT3 (pSTAT3) was conducted. A significant increase was observed in pSTAT1 protein as 

a result of Ruxolitinib treatment (p = 0.0025) (Figure 8c ). Ruxolitinib treatment did not 

appear to affect (NS) pSTAT3 levels (Figure 8d ). These results suggest that Ruxolitinib 

inhibition of JAK1 primarily effects the activation of STAT1 with no effect on STAT3 

protein in the COV434 human granulosa cell line.

Discussion

It is well established that oocyte-granulosa cell signalling interactions facilitate and 

encourage proper maturation events at specific temporal windows (McLaughlin and McIver 

2009; Hsueh et al. 2015; Ford et al. 2019). Granulosa cells must provide the oocyte with a 

variety of metabolites and substrates throughout oocyte maturation (Laissue et al. 2008; 

Shelling 2010). In multiple species, the JAK/STAT pathway has been identified in oocyte 

and granulosa cells (Anderson et al. 2009; Sutherland et al. 2012; Monahan and Starz-

Gaiano 2013; Sobinoff et al. 2013; Yang and Fortune 2015; Hall et al. 2017; Sutherland et 
al. 2018). In this study, we have established the JAK/STAT pathway in the human ovary. We 

identified JAK1, STAT1 and STAT3 protein expression in both the human foetal and 

premenopausal ovary. The expression of JAK1 validates a single-cell RNA sequencing study 

that identified the upregulation of JAK1 in human primary follicles (Zhang et al. 2018). The 

pattern of foci within the nucleus of the oocyte for STAT1 and STAT3 is consistent with the 

mechanism of action of STATs, where they dimerise and bind to target genes to promote 

gene upregulation (Kisseleva et al. 2002). Our results are consistent with the recent large-

scale RNA profiling of human primordial follicles, which showed enrichment of STAT3 
transcript (Ernst et al. 2018a). We focused our investigations on the function of the JAK1, 

STAT1 and STAT3 cascade in human granulosa cells. This required the use of a human 

granulosa cell model, the COV434 cell line.

The COV434 cell line is responsive to LIF treatment, which is known to upregulate JAK1 

and STAT3 specifically (Pastuschek et al. 2015). We found that JAK1, STAT1 and STAT3 

proteins were all localised to the nucleus and cytoplasm of COV434 cells in a heterogeneous 
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manner. While conventional roles for the JAK proteins are cytoplasmic, there is increasing 

evidence to suggest that JAK proteins uncouple from their transmembrane receptor and 

become imported into the nucleus (Lobie et al. 1994; Gual et al. 1998; Zouein et al. 2011). 

This reveals multiple roles for JAK proteins, including binding to and regulating the 

expression of other target genes within the nucleus. While in this study, we observed no 

changes in JAK1 localisation with Ruxolitinib treatment, further studies identifying binding 

partners of JAK1 or the binding of JAK1 to DNA would further decipher JAK1 actions.

Using the COV434 cell line also allowed for the functional modulation of the JAK/STAT 

pathway. Having established that JAK1 is present in COV434 cells, we performed in vitro 
inhibition assays to examine the functional role of JAK1. This was achieved by using the 

JAK inhibitor Ruxolitinib (Quintas-Cardama et al. 2010). Ruxolitinib is a pan JAK1/JAK2 

inhibitor, used in the treatment of myelofibrosis, to inhibit the JAK/STAT pathway and 

prevent the proliferation of cancerous cells (Shaker et al. 2016; Gowin et al. 2017; 

Verstovsek et al. 2017). We optimised treatment of COV434 cells with varying doses of 

Ruxolitinib, finding 100 nM Ruxolitinib the optimal treatment dose for decreasing JAK1 

activity without causing cell death. The decrease in JAK1 activity was seen in the observable 

decrease in phosphorylated JAK1. We did not see a significant difference in total JAK1 

protein, and we hypothesise that this is due to the mechanism of the action of Ruxolitinib. 

The manufacturers report that Ruxolitinib acts through JAK1 inactivation, rather than JAK1 

degradation. This compound binds to the JAK1 protein located on the receptor, preventing 

phosphorylation. In contrast to our previous findings in the mouse ovary (Sutherland et al. 
2018), we observed that no changes in cell number or proliferation were seen with 100 nM 

Ruxolitinib treatment when compared to the vehicle control. This suggests that JAK1 may 

not play a role in regulating granulosa cell proliferation as predicted. One alternative role for 

JAK1 within the human granulosa cells may be as a nuclear regulator of other signalling 

cascades promoting proliferation, such as the PI3K pathway. In the mammary gland, cross-

talk between PI3K activation and JAK/STAT signalling is established (Radler et al. 2017). A 

second option is that the JAK/STAT pathway remains more critical for communication 

events between the oocyte and surrounding granulosa cells as opposed to solely in granulosa 

cell proliferation. Mouse studies to conditionally delete JAK1 in granulosa cells in vivo or 

the culture of oocytes with JAK1-deficient foetal granulosa cells in vitro may uncover the 

intracellular mechanisms of JAK1.

Besides JAK1, other JAK family members have regulatory roles in establishing the follicle 

pool in mice, and so redundancy between the JAK family members may be observed in 

ovarian follicles (Huang et al. 2018). JAK1, JAK2 and TYK2 share homology in their JAK 

insertion loops and GQM binding domain, which may allow their promiscuity in binding to 

multiple receptors (Babon and Nicola 2012). Ruxolitinib is reported to bind to JAK2, with 

decreased efficacy, and has a greater than 130-fold selectivity for JAK1 and JAK2 versus 

JAK3 (Quintas-Cardama et al. 2010). We have little evidence to suggest that a JAK2 

mechanism is occurring in our Ruxolitinib-treated COV434 cells. Western blotting 

confirmed that JAK1 is highly expressed in COV434 cells and is the principal JAK family 

member targeted by Ruxolitinib in the COV434 cells. Our data suggest that JAK2 is lowly 

expressed and not affected by Ruxolitinib-treatment, indicating a direct link between JAK1 

and the downstream STAT members investigated.
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Intriguingly, analysis of JAK1-inhibited COV434 cells revealed no significant changes in 

total protein for STAT1 and STAT3, while at the gene level, STAT3 mRNA was significantly 

increased following Ruxolitinib-treatment (Figure 9). Two papers have previously shown 

STAT3 expression in human granulosa cells, both in the transcriptome and proteome 

(Pastuschek et al. 2015; Ernst et al. 2018b). As STAT3 has been shown in the mouse ovary 

to be a direct target of JAK1 (Sutherland et al. 2012), we hypothesised that inhibition of 

JAK1 results in a decreased phosphorylation of STAT3, thus effectively switching off the 

JAK1/STAT3 signalling cascade. However, when we examined phosphorylated STAT1 and 

STAT3 in Ruxolitinib-treated COV434 cells, we saw no change in activated STAT3 protein. 

This may be due to the Ruxolitinib treatment time, where compensatory mechanisms and 

alternate signals are re-establishing STAT3 activation in the absence of the JAK1 activating 

signal. Although JAK1 is considered a key modulator of STAT3, STAT3 is a target of other 

epigenetic regulators, including PI3K (Bian et al. 2018). This compensation could explain 

the increase in the transcription of STAT3 transcript. Future experiments examining 

compensatory pathways including PI3K and ERK signalling, using live-cell imaging of 

GFP-tagged STAT3 protein (Cimica and Reich 2013; Khan et al. 2013), inhibition of nuclear 

export by inhibiting the CRM1 exportin (Cheng et al. 2014) or a change in treatment time 

may be more reflective of the dynamic pathway changes.

The family of STAT proteins are responsible for target gene activation by binding to the 

DNA and inducing gene expression. This action relies on stimulation of upstream proteins, 

like JAK1, to phosphorylate STATs and form homodimers to enter the cell nucleus (Hirahara 

et al. 2015). It is well known that functional redundancy exists in the activation of STAT 

signalling, particularly for STAT1 and STAT3 (Hirahara et al. 2015). JAK1 is described to 

stimulate cellular proliferation through the activation of STAT3 in numerous biological and 

pathological niches, including in the haematopoietic stem cells, astrocytes and gastric and 

colon carcinomas (Wei et al. 2013; Ceyzeriat et al. 2016; Kuepper et al. 2019; Wang et al. 
2019). Direct interactions between JAK1 and STAT1 have also been identified in colon 

cancer and immune system regulation (Jia et al. 2017; Liang et al. 2017; Peng et al. 2018). 

In the context of COV434 cells, our results show a robust increase in activated STAT1 

protein with 100nM Ruxolitinib treatment (Figure 8). In mouse embryonic fibroblasts, this 

phosphorylation at the same tyrosine residue Y701 of STAT1 results in the shuttling of 

STAT1 homodimers and STAT1 complexes to the nucleus (Sadzak et al. 2008). This 

suggests that with Ruxolitinib treatment, increased numbers of STAT1 homodimers are 

shuttled to the nucleus and initiate target gene expression. It is unclear what the 

consequences for the cells are, following this altered cell signalling, as we did not see an 

increase in proliferation or cell death (Figure 5). In human fibroblasts, increased levels of 

pSTAT1 are associated with increased levels of apoptosis, due to the activity of caspases 

(Kumar et al. 1997). Caspase activity has not previously been established in the COV434 

cell model, but would provide insights into the functional importance of pSTAT1 

upregulation. Increased amounts of pSTAT1 may also cause the recruitment of repressor 

complexes binding to the DNA. Future studies using ATAC-seq on Ruxolitinib treated 

COV434 cells would identify changes in activator or repressor functions on specific genes. 

Further work to untangle the mechanism, consequences and downstream targets of pSTAT1 

could yield deeper insights into granulosa cell signalling.
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Based on our inhibition data, we hypothesise that in the COV434 cells, STAT1 is activated 

by a compensatory pathway upon the loss of JAK1 activation. Both STAT1 and STAT3 are 

reported to be activated by JAK-independent mechanisms (Bousoik and Montazeri Aliabadi 

2018). These STATs also share homology and target genes of STAT3 can be transcribed by 

activated STAT1 in Stat3-/- MEFs (Schiavone et al. 2011). However, this does not necessarily 

reflect the capacity of STAT1 to compensate for all STAT3 actions and transcription targets 

in granulosa cells. Further studies, such as ChIP-Seq, examining the DNA binding sites of 

STAT1 and ChIP-Proteomics to find protein binding partners, will elucidate whether the 

activation of STAT1 is regulated by the Ruxolitinib treatment or by other complementary 

pathways. Future experiments to investigate the expression of known STAT1 transcriptional 

targets in somatic cells, such as BCL2 (Sanda et al. 2013), p27 (Wang et al. 2008; Wang et 
al. 2010) and SOCS1 (Chan et al. 2014) would be of significant benefit in determining the 

cellular consequences of increased STAT1 phosphorylation on gene regulation. In particular, 

these targets have defined cellular roles. BCL2 is well-characterised as an anti-apoptotic 

factor, that tightly regulates the cell’s intrinsic apoptosis pathway (Cui and Placzek 2018). 

Coupled with p27’s role as a cell cycle inhibitor, that is established in the granulosa cells of 

the mouse ovary (Rajareddy et al. 2007), we hypothesise that changes in these factors may 

contribute towards altering the balance between proliferation and apoptosis, causing 

dysregulated COV434 cell cytokine release and growth signalling.

This study has provided evidence for responsive JAK/STAT signalling within human 

granulosa cells, which contributes to oocyte-granulosa cell crosstalk. We have found that 

STAT1 and STAT3 are activated by JAK1, and regulate the expression of important genes for 

granulosa cell communication. Interactions with other signalling pathways and regulators 

provide the mechanistic pathway of JAK/STAT signalling in granulosa cells, and future 

studies may untangle the complexity of cell function at the various stages of 

folliculogenesis. Understanding the spatial and temporal control that granulosa cells provide 

will lead to a better understanding of oocyte maturation and ultimately female fertility.
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Summary text

The development of a healthy oocyte within the ovary is critical for human fertility. This 

study found that members of the JAK/STAT signalling pathway are expressed in the 

human ovary, specifically in the cells that support oocyte development. These results 

highlight the need for a greater understanding of ovarian signalling and what the 

consequences are for female fertility.
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Figure 1. Protein localisation of JAK1, STAT1 and STAT3 in human foetal ovarian sections
Representative protein localisation was analysed using immunofluorescence for JAK1, 

STAT1 and STAT3 in human foetal ovarian sections (Figure 1a , 1b and 1c ). JAK1 and 

STAT3 protein was expressed in both the oocyte (white asterisks) and the granulosa cells 

(white arrows) of primordial follicles. JAK1 was faintly detected in the stromal and 

interstitial cells of the foetal ovary (identified by green arrows). STAT1 showed weak protein 

expression in the surrounding granulosa cells, however distinct STAT1 foci were detected in 

the nucleus of oocytes (identified by white circles in Figure 1b ). Aggregates of STAT3 

protein were observed in the nucleus of the oocytes (identified by white circles in Figure 

1c ). All sections were counter-stained with DAPI (blue). Scale bar in all images is 20 μm.
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Figure 2. Protein localisation of JAK1, STAT1 and STAT3 in human pre-menopausal ovarian 
sections
Representative protein localisation was analysed using immunofluorescence for JAK1, 

STAT1 and STAT3 in human pre-menopausal ovarian sections (Figure 2a , 2b and 2c ). Both 

primordial and primary follicles were identified in the ovary sections (according to 

Gougeon’s criteria (Gougeon 1996)). JAK1 showed protein expression in both the oocyte 

(white asterisks) and the granulosa cells (white arrows) of primordial follicles (Figure 2a ). 

In primary follicles, however, JAK1 was restricted to the granulosa cells, and was 

undetectable in the oocyte (Figure 2a ). STAT1 showed weak protein expression in the 
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oocyte and surrounding granulosa cells (Figure 2b ). Aggregates of STAT1 protein were 

observed in the nucleus of the oocytes (identified by white circles in Figure 2b ). STAT3 

protein was intensely localised to the pre-granulosa and granulosa cells of both follicle types 

(Figure 2c ). All sections were counter-stained with DAPI (blue). Scale bar in all images is 

20 μm.
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Figure 3. Expression of JAK/STAT members in COV434 cells
Relative mRNA expression levels of JAK1, STAT1 and STAT3 in COV434 cells (Figure 

3a ). Data was normalised to the house-keeping gene B-ACTIN and is presented as mean ± 

SEM (n = 4). No changes in mRNA expression were observed between genes. Relative 

protein expression levels in COV434 cells for JAK1, STAT1 and STAT3, with representative 

blots (Figure 3b ) and the corresponding densitometry analysis (Figure 3c ). The density of 

each protein band was quantified relative to the GAPDH immunoblots, with no significant 

differences and is plotted as the mean ± SEM (n = 4). NS indicates no statistical 

significance.
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Figure 4. Protein localisation of JAK/STAT members in COV434 cells
Representative protein localisation was analysed for JAK1 (Figure 4a ), STAT1 (Figure 4b ) 

and STAT3 (Figure 4c ). Nuclear and cytoplasmic expression was seen for JAK1, STAT1 and 

STAT3. In the insert images, white arrowheads label the nucleus of cells, and the green 

arrowheads label the cytoplasm of cells. The scale bar in larger images is 20 μm, and in the 

insert images, the scale bar is 10 μm.
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Figure 5. Effects of Ruxolitinib treatment on COV434 cell death and proliferation dynamics
Cell counts of COV434 cells following 72 h treatment with 100 nM Ruxolitinib or vehicle 

control (Figure 5a ). No significant difference in cell number between the two treatment 

groups was observed and data is plotted as the mean ± SEM (n = 4). Cell counting kit-8 

(CCK-8) absorbance values were used as a measure of proliferation in COV434 cells (Figure 

5b ). COV434 cells were treated for 72 h with 100 nM Ruxolitinib or vehicle control. No 

significant difference in absorbance values was observed between the treatment groups. Data 

is presented as the mean ± SEM (n = 8) and NS indicates no statistical significance.
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Figure 6. Protein expression of JAK2 in COV434 cells following Ruxolitinib treatment
JAK2 protein expression is shown with representative blots and the corresponding 

densitometry analysis below (Figure 6). JAK2 protein expression levels in COV434 cells 

treated with 100 nM Ruxolitinib (black bars) or vehicle control (white bars) are shown in the 

densitometry graph. The density of each protein band was quantified relative to the GAPDH 

immunoblots and is plotted as mean ± SEM (n = 4). NS indicates no statistical significance.
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Figure 7. Expression of STAT1 and STAT3 mRNA in COV434 cells with Ruxolitinib treatment
COV434 cells were treated for 72 h with 100 nM Ruxolitinib (black bars) or vehicle control 

(white bars). The relative mRNA expression levels of STAT1 (Figure 7a ) and STAT3 
(Figure 7b ) are shown. STAT3 mRNA increased significantly with Ruxolitinib treatment (p 

= 0.034). Data was normalised to the house-keeping gene B-ACTIN and is presented as the 

mean ± SEM (n = 4). Asterisk (*) indicates p ≤ 0.05 and NS shows no statistical 

significance.
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Figure 8. Effects of Ruxolitinib treatment on STAT protein expression in COV434 cells
COV434 cells were treated for 72h with 100 nM Ruxolitinib (black bars) or vehicle control 

(white bars). Cells were collected following treatment for total protein analysis. The relative 

protein expression levels in treated COV434 cells for STAT1 (Figure 8a ), STAT3 (Figure 

8b ), phosphorylated Y701 STAT1 (Figure 8c ) and phosphorylated Y705 STAT3 (Figure 

8d ) are shown. Protein expression is shown with representative blots and the corresponding 

densitometry analysis below. A significant increase in pSTAT1 protein was found with 

Ruxolitinib treatment (p = 0.0025). For STAT1 and STAT3 blots, the density of each protein 

band was quantified relative to the GAPDH immunoblots and is plotted as mean ± SEM (n = 

4). For pSTAT1 and pSTAT3 blots, the density of each protein band was quantified relative 

to the GAPDH immunoblots and is plotted as mean ± SEM (n = 7). Asterisk (*) indicates p 

≤ 0.05 and NS shows no statistical significance.
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Figure 9. Summary of the effect of JAK1 inhibition on STAT signalling in COV434 cells
In untreated COV434 cells, JAK1, STAT1 and STAT3 proteins are expressed in both the 

nucleus and the cytoplasm of the cell (Figure 9a ). In cells treated with the JAK1-inhibitor 

Ruxolitinib, JAK1 protein is inhibited. This leads to an increase of STAT3 mRNA and 

phosphorylated STAT1 protein within the cell (Figure 9b ). Figure 9 was created with 

BioRender.com.
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Table I
Primer sequences for real-time PCR

Name Primer Sequence Annealing Temperature (°C) Efficiency in COV434 cells

JAK1
Forward AGACTTGTGAATACGTTAAAAGAAGGA

59 2.03
Reverse AAAGCTTGTCCGATTGGATG

STAT1
Forward CTTACCCAGAATGCCCTGAT

65 1.78
Reverse CGAACTTGCTGCAGACTCTC

STAT3
Forward GGTCTGGCTGGACAATATCATT

65 1.87
Reverse GAGGCTTAGTGCTCAAGATGG

B-ACTIN
Forward TGTGGCATCCACGAAACTACC

65 1.96
Reverse ACATCTGCTGGAAGGTGGACA
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Table II
Immunofluroescence results showing relative expression of candidate proteins in COV434 
cells

Name Cell compartment Relative expression (Immunofluroescence)

JAK1
Nucleus High expression

Cytoplasm Medium expression

STAT1
Nucleus High expression

Cytoplasm High expression

STAT3
Nucleus Medium expression

Cytoplasm Medium expression
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