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STUDY QUESTION: Does hypo-glycosylated human recombinant FSH (hFSH18/21) have greater in vivo bioactivity that drives follicle
development in vivo compared to fully-glycosylated human recombinant FSH (hFSH24)?

SUMMARY ANSWER: Compared with fully-glycosylated hFSH, hypo-glycosylated hFSH has greater bioactivity, enabling greater follicular
health and growth in vivo, with enhanced transcriptional activity, greater activation of receptor tyrosine kinases (RTKs) and elevated phos-
phatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) and Mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase
(ERK) signaling.

WHAT IS KNOWN ALREADY: Glycosylation of FSH is necessary for FSH to effectively activate the FSH receptor (FSHR) and promote
preantral follicular growth and formation of antral follicles. In vitro studies demonstrate that compared to fully-glycosylated recombinant hu-
man FSH, hypo-glycosylated FSH has greater activity in receptor binding studies, and more effectively stimulates the PKA pathway and ste-
roidogenesis in human granulosa cells.

STUDY DESIGN, SIZE, DURATION: This is a cross-sectional study evaluating the actions of purified recombinant human FSH
glycoforms on parameters of follicular development, gene expression and cell signaling in immature postnatal day (PND) 17 female CD-1
mice. To stimulate follicle development in vivo, PND 17 female CD-1 mice (n¼ 8–10/group) were treated with PBS (150ml), hFSH18/21
(1 mg/150ml PBS) or hFSH24 (1 mg/150ml PBS) by intraperitoneal injection (i.p.) twice daily (8:00 a.m. and 6:00 p.m.) for 2 days. Follicle
numbers, serum anti-Müllerian hormone (AMH) and estradiol levels, and follicle health were quantified. PND 17 female CD-1 mice
were also treated acutely (2 h) in vivo with PBS, hFSH18/21 (1 mg) or hFSH24 (1 mg) (n¼ 3–4/group). One ovary from each mouse was
processed for RNA sequencing analysis and the other ovary processed for signal transduction analysis. An in vitro ovary culture system was
used to confirm the relative signaling pathways.

PARTICIPANTS/MATERIALS, SETTING, METHODS: The purity of different recombinant hFSH glycoforms was analyzed using an
automated western blot system. Follicle numbers were determined by counting serial sections of the mouse ovary. Real-time quantitative
RT-PCR, western blot and immunofluorescence staining were used to determine growth and apoptosis markers related with follicle health.
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RNA sequencing and bioinformatics were used to identify pathways and processes associated with gene expression profiles induced by
acute FSH glycoform treatment. Analysis of RTKs was used to determine potential FSH downstream signaling pathways in vivo. Western
blot and in vitro ovarian culture system were used to validate the relative signaling pathways.

MAIN RESULTS AND THE ROLE OF CHANCE: Our present study shows that both hypo- and fully-glycosylated recombinant human
FSH can drive follicular growth in vivo. However, hFSH18/21 promoted development of significantly more large antral follicles compared to
hFSH24 (P< 0.01). In addition, compared with hFSH24, hFSH18/21 also promoted greater indices of follicular health, as defined by lower
BAX/BCL2 ratios and reduced cleaved Caspase 3. Following acute in vivo treatment with FSH glycoforms RNA-sequencing data revealed
that both FSH glycoforms rapidly induced ovarian transcription in vivo, but hypo-glycosylated FSH more robustly stimulated Gas and
cAMP-mediated signaling and members of the AP-1 transcription factor complex. Moreover, hFSH18/21 treatment induced significantly
greater activation of RTKs, PI3K/AKT and MAPK/ERK signaling compared to hFSH24. FSH-induced indices of follicle growth in vitro were
blocked by inhibition of PI3K and MAPK.

LARGE SCALE DATA: RNA sequencing of mouse ovaries. Data will be shared upon reasonable request to the corresponding author.

LIMITATIONS, REASONS FOR CAUTION: The observations that hFSH glycoforms have different bioactivities in the present study
employing a mouse model of follicle development should be verified in nonhuman primates. The gene expression studies reflect transcrip-
tomes of whole ovaries.

WIDER IMPLICATIONS OF THE FINDINGS: Commercially prepared recombinant human FSH used for ovarian stimulation in human
ART is fully-glycosylated FSH. Our findings that hypo-glycosylated hFSH has greater bioactivity enabling greater follicular health and growth
without exaggerated estradiol production in vivo, demonstrate the potential for its development for application in human ART.

STUDY FUNDING/COMPETING INTEREST(S): This work was supported by NIH 1P01 AG029531, NIH 1R01 HD 092263, VA I01
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Introduction
Ovarian follicles are the functional ovarian units responsible for ovum
maturation and sex steroid hormone production. The follicle consists
of an outer layer of theca interstitial cells, a basement membrane and
multiple layers of granulosa cells that surround the ovum. Follicular
growth can be divided into three stages (i) gonadotropin-independent
(primordial, primary and secondary follicles), (ii) gonadotropin-
responsive (transition from the preantral to early antral follicles) and
(iii) gonadotropin-dependent (beyond the early antral stage) (Orisaka
et al., 2009). The pituitary gonadotropin, FSH, is required for antral
follicular development and maturation (Allan et al., 2006; McDonald
et al., 2019). FSH binds to and activates its receptor, FSH receptor
(FSHR) (Ulloa-Aguirre et al., 2018), located on granulosa cells to
promote growth and survival signaling events that result in estrogen
production and granulosa cell proliferation, promoting the growth of
antral follicles (George et al., 2011). FSH also orchestrates granulosa
cell differentiation, priming the follicle to respond to endocrine and
paracrine signals that result in ovulation of a mature oocyte.

FSH is a heterodimeric glycoprotein hormone possessing 4 aspara-
gine (N)-linked, glycosylation sites: Asn52 and Asn78 in the FSHa
subunit and Asn7 and Asn24 in the FSHb subunit (Bousfield and
Harvey, 2019). Recent studies have identified several different FSH
glycoforms based on the location of one or two glycans in their FSHb
subunit, because the FSHa subunit invariably possesses both Asn52

and Asn78 N-glycans. Fully-glycosylated FSH (FSH24) (based on FSHb
molecular weight determinations) possesses N-glycans attached to
both Asn7 and Asn24 residues; whereas partially glycosylated FSH21
possesses only the b-subunit Asn7 glycan; and partially glycosylated

FSH18 possesses only the b-subunit Asn24 glycan (Davis et al., 2014;
Bousfield et al., 2018). Previous studies demonstrated that chemical
de-glycosylation of FSH adversely influenced its bioactivity and circula-
tory half-life (Meher et al., 2015). Recent evidence suggests that the
human pituitary synthesizes and secretes multiple FSH glycoforms and
FSH glycoform abundance is under physiological regulation (Walton
et al., 2001; Bousfield et al., 2014b). The pituitaries of young women
contain predominately hypo-glycosylated FSH, while FSH24 predomi-
nates in pituitaries of postmenopausal women, due to a decrease in
the abundance of hypo-glycosylated FSH21 (Bousfield et al., 2007).
Fully-glycosylated FSH24 is also the most abundant glycoform in post-
menopausal urinary human recombinant FSH (hFSH) preparations and
in recombinant hFSH preparations used clinically in ART approaches
for controlled ovarian stimulation (Bousfield et al., 2007, 2014b;
Butnev et al., 2015).

Hypo-glycosylated FSH was reported to be more active compared
with fully-glycosylated FSH24 in several receptor binding assays
(Bousfield et al., 2014a). Utilizing the KGN human granulosa cell line,
our group demonstrated that hypo-glycosylated FSH glycoforms
(FSH18/21) exhibited significantly greater ability to stimulate cAMP-
and protein kinase A (PKA)-dependent signaling, as well as estrogen
and progesterone synthesis, compared with fully-glycosylated FSH
(FSH24) (Jiang et al., 2015). Very recent studies verified that FSH18/
21 was more bioactive in primary cultures of porcine granulosa cells
(Liang et al., 2020) and HEK293 cells expressing the human FSHR
(Zari~nán et al., 2020). In studies employing the FSHb subunit null
mouse (Fshb null), both hypo- and fully-glycosylated FSH were able
rescue ovarian weight loss and promote antral follicle formation
(Wang et al., 2016). Furthermore, in vitro culture of secondary follicles
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isolated from pre-pubertal mice showed that both FSH glycoforms
were able to stimulate PKA and FSH-responsive gene expression
(Simon et al., 2019).

Recombinant hFSH preparations administered to patients
undergoing ART protocols are similar to fully-glycosylated FSH isoforms
observed in postmenopausal pituitaries and urine (Daya and Gunby,
1999). Women of advanced reproductive age often respond poorly to
FSH or require multiple ART cycles with increasing doses of FSH (van
Rooij et al., 2003). Despite studies indicating that FSH18/21 is more ef-
ficient than FSH24 in vitro, the clearance of FSH18/21 and FSH24, and
the bioactivity of differentially glycosylated recombinant hFSH glyco-
forms on folliculogenesis in vivo, as well as their downstream signaling
pathways and target gene networks remain to be described.

In the present study, we employed in vivo and in vitro experimental
mouse models to evaluate the actions of recombinant hFSH glycoform
preparations on ovarian signaling pathways, transcriptomic profiles and
follicular development. Although, both hypo-glycosylated FSH and fully-
glycosylated FSH stimulated follicular development, FSH18/21 treat-
ment resulted in greater numbers of large antral follicles. Compared to
FSH24, FSH18/21 more effectively activated multiple receptor tyrosine
kinase (RTK)-, phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(AKT) and Mitogen-activated protein kinase (MAPK)/extracellular sig-
nal-regulated kinase (ERK) signaling pathways that are crucial for follicle
growth and survival. Analysis of the ovarian transcriptome using RNA
sequencing revealed that FSH18/21 induced a more robust expression
of early response genes, including members of the Fos and Jun AP-1
transcription family, nuclear receptor 4a (Nr4a) family, and early growth
response (Egr) family. The current findings indicate that hypo-glycosy-
lated FSH (hFSH18/21) has greater bioactivity compared to fully-glyco-
sylated FSH (hFSH24) in a functional mouse model in vivo.

Materials and methods

Chemicals and reagents
The production, purification and characterization of recombinant
fully-glycosylated FSH and hypo-glycosylated FSH glycoforms were
described previously (Butnev et al., 2015) and glycoform analysis and
clearance studies are described in Supplementary Methods. The
RNeasy Mini Kit was from Qiagen (Hilden, Germany). qRT-PCR
reagents and RT-PCR reagents were from BioRad (Hercules, CA,
USA). Primary and secondary antibodies used for western-blotting or
immunofluorescent staining are listed in Supplementary Table SI.

Ovarian histology and serial follicle
counting
The prepubertal mouse model (17 day postnatal, PND17), which mini-
mizes endogenous FSH was selected for use in this study. After birth,
the endogenous plasma concentrations of FSH decline at 15 dpn and
are maintained at a very low level until puberty (Michael et al., 1980).
The hypothalamic–pituitary–gonadal axis is established in immature
mice at 2–3 weeks (Glanowska et al., 2014). Treatment of immature
mice (PND 14–17) with a GnRH receptor antagonist Ganirelix shows
significant decreases in endogenous FSH levels but no alterations in fol-
licular growth compared with controls (Francois et al., 2017), indicating

that endogenous FSH has minor effect on follicular development at
this period. Importantly, numerous follicles develop to the preantral/
early antral stage and ovarian FSH receptivity increases rapidly during
this period, emphasizing that growing follicles become sensitive to
gonadotropins (Francois et al., 2017). Collectively, these studies indi-
cated that the prepubertal mouse model (17 dpn), which minimizes
the endogenous FSH, is a reliable model to evaluate the effects of
exogenous hypo- and fully-glycosylated FSH on the follicular
development.

To stimulate follicle development female CD-1 mice (PND 17)
were treated with PBS (150ml), hFSH18/21 (1mg/150ml PBS) or
hFSH24 (1mg/150ml PBS) by intraperitoneal injection (i.p.) twice daily
(8:00 a.m. and 6:00 p.m.) for 2 days. All mice were euthanized 48 h af-
ter the first injection and ovaries were isolated. One ovary from each
mouse was immediately frozen in liquid nitrogen for subsequent ex-
traction of protein or RNA. The other ovary was immediately fixed in
modified Davidson’s fixative (Newcomer Supply, Middleton, WI, USA)
for 4–6 h and processed for paraffin embedding with a protocol estab-
lished in our laboratory (Lv et al., 2019). The samples were dehy-
drated, embedded in paraffin, and 5mm serial sections were cut.
Sections were placed in order onto positively charged glass slides fol-
lowed by Hematoxylin and Eosin staining (HE). Secondary, small antral,
and large antral follicles were counted in every 5th serial section. Only
follicles containing a clearly stained oocyte nucleus were counted.

Fluorescent immunohistochemistry
Fluorescence immunohistochemistry was used to determine the ex-
pression and localization of cell fate makers, Ki67 and cleaved Caspase
3 proteins, in mouse ovary sections. The paraffin sections, and the
immunostaining for Ki67, cleaved Caspase 3 proteins were performed
as described before (Hua et al., 2016). Slides were mounted by adding
Vectashield Vibrance Antifade mounting medium with DAPI (Vector
Laboratories, Inc., Burlingame, CA, USA). Images were captured using
a Zeiss 800 Meta Confocal Laser Scanning Microscope and analyzed
using Zeiss Zen 3.0 software (Carl Zeiss, Oberkochen, Germany).

AMH and estradiol measurements
Mice were euthanized and blood was collected, centrifuged, and the
serum was stored at �80�C. Measurements of AMH and estradiol
were performed at the Center for Research in Reproduction Ligand
Assay and Analysis Core, University of Virginia.

RNA sequencing
Postnatal day (PND) 17 female CD-1 mice were treated i.p. with PBS
(150ml), hFSH18/21 (1mg/150ml PBS) or hFSH24 (1mg/150ml PBS).
Ovaries were isolated 2 h after treatment and stored at �80�C. Total
RNA was extracted using RNeasy mini kit (QIAGEN) and subjected
to DNAase treatment using the RNase-Free DNase Set (QIAGEN)
according to the manufacturer’s instructions. RNA purity and integrity
were tested and scored between 8.3 and 10. RNA libraries were pre-
pared using the TruSeq V2 kit (Illumina). Libraries were sequenced on
the NextSeq550 on a high-output, 75 bp paired-end flow cell, at the
University of Nebraska Medical Center Genomics Core facility. The
software and details for RNA sequencing data bioinformatics analysis
are described in the Supplementary Methods.
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.Quantitative RT-PCR analysis
RNA-Sequencing data were confirmed by quantitative RT-PCR (qRT-
PCR). Reverse transcription was completed using iScript Reverse
Transcription Supermix (BioRad, Hercules, CA, USA). qRT-PCR was
performed on a BioRad CFX96TM Real-Time System (Bio-Rad
Laboratories, Inc., Hercules, CA) based on a protocol established in
our laboratory (Hua et al., 2016). qRT-PCR primers were designed
using Primerbank online software (https://pga.mgh.harvard.edu/pri
merbank/) and commercially synthesized by DharmaconTM Inc.
(Lafayette, CO, USA). The primer sequences are listed in
Supplementary Table SII.

Receptor tyrosine kinases analysis
RTK arrays were used to analyze potential FSH downstream signaling
pathways in vivo. PND 17 female CD-1 mice (5 mice/group) were
treated i.p. with PBS (150ml), hFSH18/21 (1mg/150ml PBS) or
hFSH24 (1mg/150ml PBS). Mice were euthanized 2 h after injection.
Ovaries were rapidly isolated and placed into liquid nitrogen. The
Proteome Profiler Mouse Phospho-RTK Array Kit (Cat.: ARY014,
R&D Systems) was used to determine the relative tyrosine phosphory-
lation levels of 39 RTKs according to the manufacturer’s protocol. The
intensities of different tyrosine phosphorylations were quantitated by
VisionWorks Image Acquistition and Analysis software (Upland, CA,
USA). The relative intensities of the averaged signal from each pair of
duplicated spots were normalized to control spots in each array.

Western blot analysis
Ovaries harvested from control, hFSH18/21 or hFSH24 treatment
groups were homogenized in RIPA buffer. Protein concentrations
were measured by Bio-Rad protein assay (Bio-Rad, CA, USA).
Western blotting and quantification were performed based on a pro-
tocol established in our laboratory (Plewes et al., 2019).

In vitro culture of mouse ovaries
Whole ovaries were collected from CD-1 female mice aged 3 to
5 weeks (Harlan, Shardlow, UK). Mice were housed in accordance
with the Animals (Scientific Procedures) Act of 1986 and associated
Codes of Practice, with 12-h light/dark cycle and ad libitum access to
standard chow and water. Once removed, ovaries were dissected into
four equal parts in Liebovitz L15 medium (Life Technologies, Paisley,
UK) supplemented with 1% (w/v) bovine serum albumin (Sigma,
Aldrich, St Louis, MO, USA). Ovary sections were then transferred
into a single well of a 24-well plate (one section per well) containing
500 lL Minimal Essential Medium alpha (MEM-a, Life Technologies,
Paisley, UK) supplemented with 0.1% (w/v) bovine serum albumin,
75 mg/mL penicillin (Sigma, Aldrich, St Louis, MO, USA), 100 mg/mL
streptomycin sulfate (Sigma, Aldrich, St Louis, MO, USA), and a cock-
tail of 5 mg/mL insulin, 5 mg/mL transferrin and 5 ng/mL sodium sele-
nite (ITS; Sigma, Aldrich, St Louis, MO, USA). Ovary sections were
incubated at 37�C in a humidified incubator in 5% CO2 in air. Ovary
sections were pre-treated with either media alone containing vehicle
(0.1% (v/v) DMSO), 100 nM Wortmannin (PI3K inhibitor) or 10 lM
U0126 (MEK inhibitor) for 60 min. Following pre-treatment, ovarian
sections were treated with media alone (control), 30 ng/ml FSH18/21
or FSH24 in the presence or absence of vehicle, 100 nM Wortmannin

or 10mM U0126 for 48 h. At the end of the culture period, the ovary
sections were snap frozen in dry ice.

Ovary sections were mechanically disrupted using a battery-oper-
ated pestle motor and lysed with TRI ReagentVR (93289; Sigma Aldrich,
St Louis, MO, USA). mRNA was extracted as per the manufacturer’s
protocol. The concentration of RNA in each sample was measured us-
ing a Nanodrop spectrophotometer and 400 ng of RNA was reverse
transcribed to cDNA using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA).
Quantitative RT-PCR (qRT-PCR) was performed using a 10ml reaction
mix containing 5ml QuantiFast SYBR Green PCR Kit (Qiagen,
Germany), 0.4ml of each primer, and 4.2ml of sample and H2O mix.
Plates were run in an ABI 7500 Fast Real-Time PCR machine (Life
Technologies, Carlsbad, CA, USA). The cycle parameters were as fol-
lows: Uracil N-glycosylase (UNG) activation was run for 2 min at
50�C, DNA polymerase activation for 5 min at 95�C, the melt cycle
was run for 10 s at 95�C and the annealing–extending cycle for 30 s at
60�C. A no-template control was run in each 384-well plate to con-
firm the absence of contamination. Each sample was normalized to ref-
erence gene Rpl-19 and to no treatment control using relative
quantification method. All primer sequences and concentrations are
outlined in Supplementary Table SII. The relative expression of each
gene was normalized to expression of Rpl-19, normalized as fold-
change in gene expression relative to the control group.

Statistical analysis
Statistical analyses were conducted using GraphPad Prism software
(GraphPad Software, LLC.). Following normality testing, parametric or
non-parametric testing was performed using one-way ANOVA with
subsequent multiple range tests. Data are presented as means § SEM.

Study approval
Female CD-1 mice were purchased from Charles River laboratories
(MA, USA). All mice were maintained under 12 h dark and 12 h light
cycles with food and water supplied ad libitum at University of
Nebraska Medical Center animal facility. The animal handling proce-
dures and all experimental protocols were approved by the
Institutional Animal Care and Use Committee at the University of
Nebraska Medical Center.

Results

FSH glycoforms used in this study
compared to gonal-fVR

Gonal-fVR (follitropin alfa for injection) is a commercial FSH preparation
of recombinant DNA origin, which is employed therapeutically to in-
duce ovarian follicular development in human ARTs (Saz-Parkinson
et al., 2009). To identify the glycoforms of hypo- and fully-glycosylated
recombinant FSH, an automated western blot system was employed
to analyze different FSH preparations. Recombinant hFSH glycoforms
were compared with a pituitary hFSH reference (for FSHb variant
mobilities only) and Gonal-fVR (Fig. 1a). Automated western blot results
showed that Gonal-fVR possessed 95% 24 kDa hFSHb. For hypo-glyco-
sylated recombinant FSH (FSH18/21), 89% migrated as 18 and 11% as
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.. 21 kDa hFSHb. Fully-glycosylated recombinant FSH was comprised of
91% 24 kDa hFSHb. These results demonstrate that the widely used
recombinant hFSH formulation is similar to fully-glycosylated FSH
(FSH24).

Recombinant hFSH18/21 has greater
bioactivity than hFSH24 in stimulating
in vivo follicle development
Because FSH is required for antral follicular development in vivo, we
performed experiments to evaluate the response to different FSH gly-
coforms using pre-pubertal CD-1 mice, which have low levels of en-
dogenous FSH (Michael et al., 1980). Treatment of PND 17 mice with
either hypo-glycosylated FSH (hFSH18/21) or fully-glycosylated FSH
(hFSH24) for 48 h resulted in a significant increase in follicle develop-
ment (Supplementary Fig. S1). Treatment with hFSH18/21 or hFSH24
induced similar numbers of growing follicles and antral follicles (Fig. 1b,
1c). Interestingly, hFSH18/21 treatment resulted in a two-fold increase
in numbers of large antral follicles when compared to hFSH24
(P< 0.01, Fig. 1d). Analysis of circulating hormone concentrations
revealed that both FSH18/21 and FSH24 treatment increased estradiol
(P< 0.05) when compared with control (Fig. 1e). Both FSH glycoforms
suppressed AMH when compared with the control group (P< 0.001),
but no differences were found between the treatment groups (Fig. 1f).

Follicles exhibiting apoptosis in a large portion of mural granulosa
cells are likely undergoing atresia (Regan et al., 2018). Follicles yielding
oocytes that fertilized have low levels of granulosa cell apoptosis, while
follicles from patients with poor oocytes have greater levels of apopto-
sis markers (Nakahara et al., 1997; Oosterhuis et al., 1998). To deter-
mine whether hFSH18/21 and hFSH24 differentially affected follicular
health, we measured the expression of transcripts for two Bcl-2 family
members, Bax and Bcl2, which either promote or inhibit apoptosis, re-
spectively. The Bax/Bcl-2 ratio acts as a rheostat that determines sus-
ceptibility to apoptosis (Raisova et al., 2001; Hsueh et al., 2015).
Transcripts for the pro-apoptosis activator Bax were upregulated in
the hFSH24 treatment group (P< 0.01) (Fig. 1g), and transcripts for
Bcl2, which prevents apoptosis, were upregulated in the hFSH18/21
treatment group (P< 0.05) (Fig. 1h). The ratio of Bax/Bcl2 was in-
creased significantly in the hFSH24 treatment group, suggesting a pro-
apoptotic phenotype (Fig. 1i). Western blot data confirmed that the
ratio of Bax to Bcl2 proteins was upregulated following hFSH24 treat-
ment group (Fig. 2a and b). Transcripts for cyclin D (Ccnd1), a granu-
losa cell proliferation marker, were upregulated in the FSH18/21
treatment group (Fig. 2c), although no changes in levels of ovarian cy-
clin D protein were observed in either treatment group (Fig. 2d). The
presence of Ki67 staining, as a marker of cell proliferation, confirmed
that both hFSH18/21 and hFSH24 stimulated follicle growth in vivo
(Fig. 2e and f). However, the apoptosis marker cleaved-Caspase 3 was
more abundant in granulosa cells of mice treated with hFSH24 as com-
pared with granulosa cells in the hFSH18/21 treatment group (Fig. 2g
and h). Together with the findings shown in Fig. 1, these data support
the idea that, while both FSH glycoforms promote follicle develop-
ment, hFSH18/21 has more favorable actions on follicular health.

Figure 1. The effects of hypo- and fully-glycosylated hu-
man recombinant FSH (hFSH) on follicular development
in vivo. (a) Automated western blot of recombinant hFSH prepara-
tions. The primary FSHb antibody was 7-13.B5 diluted 1:5000.
Lanes 1 and 2, 100 ng pituitary FSH AFP7298A; lanes 3 and 4,
100 ng Gonal-fVR (FSH used in clinical ART); lanes 5 and 6, 100 ng
hFSH18/21; lanes 7 and 8, 100 ng hFSH24. (b) Total growing fol-
licles, including pre-antral follicles, and antral follicles, 48 h after
treatment with hFSH18/21 and hFSH24. (c) Numbers of antral fol-
licles per ovary in control, hFSH18/21 and hFSH24 treatment
groups. (d) Number of large antral follicles per ovary in control,
hFSH18/21 and hFSH24 treatment groups. (e) Serum estradiol con-
centrations (pg/ml) in different treatment groups. (f) Serum anti-
Müllerian hormone (AMH) concentrations (ng/ml) in different
treatment groups. (g–i) Total RNA was extracted for qRT-PCR in
Control, hFSH18/21, and hFSH24 treatment groups. (g) Ovarian
transcripts for Bax. (h) Ovarian transcripts for Bcl2. (i) Bax versus
Bcl2 gene expression ratio. *P< 0.05; **P< 0.01; ***P< 0.001;
****P< 0.0001.

Hypo-glycosylated hFSH: potential for human ART 1895

https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deab135#supplementary-data


Figure 2. Apoptosis-related gene and protein expression in mouse ovaries. Mouse ovaries were isolated 48 h after PBS, hFSH18/21
or hFSH24 treatments. Total RNA and protein were extracted for qRT-PCR and western blot analysis. (a) Representative images of ovarian protein
expression levels of Bcl2, Bax and Cyclin D detected by western blot. (b) Quantification data showing the Bax versus Bcl2 protein ratio. (c) Ovarian
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.Differential expression of genes in response
to hFSH18/21 and hFSH24
Hypo-glycosylated hFSH was reported to exhibit 9�20-fold higher
FSHR binding activity compared with fully-glycosylated FSH (Bousfield
et al., 2014a). To better understand the actions of hypo- and fully-gly-
cosylated FSH in vivo, we used PND 17 CD-1 mice as a model to ex-
plore ovarian transcriptomes in response to hFSH18/21 and hFSH24
treatment. Principal component analysis (PCA) of the gene expression
data showed that hFSH18/21, hFSH24 and control (Fig. 3a) groups dif-
ferentially clustered with Principal Component 1 (PC1) explaining
44.7% of variability, separating hFSH18/21 and hFSH24 treatments
from the control group. Principal Component 2 (PC2) included 13.1%
of the total variance dividing control and hFSH24 treatment groups
from the hFSH18/21 group. A total of 411 genes were differentially
expressed in the hFSH18/21 treatment group compared with controls
(P� 0.01, abs(log2FC)�2); 62% (253) were upregulated and 38%
(158) were downregulated (Fig. 3b and c). Interestingly, we observed
approximately two-fold increase, a total of 878 genes, in differently
expressed genes in the hFSH24 group compared to hFSH18/21
treated mice. When compared with control (P� 0.01,
abs(log2FC)�2), the hFSH24 treatment group had 41% upregulated
genes and 59% downregulated genes (Fig. 3b and c), an inverse trend
compared to hFSH18/21 treated mice. Compared with the hFSH24
treatment group, 68 genes were upregulated, and 5 genes were down-
regulated in the FSH18/21 group (Fig. 3b). Among the differentially
expressed genes (DEGs), FSH-responsive candidate genes were se-
lected and validated by qRT-PCR, including Cyp19a1, Egr1, Fos and
Inhbb (Supplementary Fig. S2).

A heatmap displaying the top 50 DEGs showing the highest variance
across all the three groups is shown in Supplementary Fig. S3a.
Ingenuity pathway analysis (IPA) was performed to understand the un-
derlying molecular and cellular functions associated with the actions of
hFSH18/21 and hFSH24 (Fig. 3d and Supplementary Fig. S3b). There
were three common Molecular and Cellular Functions pathways enriched
in both hFSH18/21 and hFSH24 treatment groups, including Cellular
Movement, Cell-to-Cell Signaling, and Cellular Development. In addi-
tion to the three common pathways, cell cycle and gene expression
signals pathway were ranked in the top 5 pathways in the FSH18/21
group. Cell death and survival and molecular transport pathways were
enriched in the FSH24 group (Fig. 3d). The common upstream regula-
tors of FSH18/21 and FSH24 treatment groups included forskolin, tet-
radecanoylphorbol acetate, and IL1B (Supplementary Fig. S3c).
Additionally, CREB1 and TNF ranked in the top 5 of the FSH18/21
group, and bucladesine (a cAMP analog) and CG showed up in the
FSH24 treatment group. To better understand the relationship be-
tween DEGs in the control and FSH glycoform treatment groups, the

String database (https://string-db.org/) was used to construct an in-
teraction network. A total of 77 nodes/genes and 189 interactions
were included in the Protein–Protein Interaction (PPI) network gener-
ated by FSH18/21 treatment (degree> 2, indicated a high number of
relevant hub genes in the network) (Supplementary Fig. S4). Analysis
of DEGs following hFSH24 treatment revealed a PPI network contain-
ing 167 nodes and 493 interactions (Supplementary Fig. S5). Functional
enrichment analysis using Cytoscape also showed the top GO
Components, Functions, and Processes involved in hFSH18/21
(Supplementary Table SIII) and FSH24 (Supplementary Table SIV)
treatments.

A total of 301 overlapping DEGs were found between hFSH18/21
vs Ctrl and hFSH24 vs Ctrl groups (Fig. 3c). To identify commonality
between the two treatments versus control groups, we performed
core analysis of the common 301 DEG’s obtained in IPA
(Supplementary Fig. S6). Overlay of the expression profile revealed the
enriched top canonical pathways, upstream regulators, Molecular and
Cellular Functions, and overlapping DEGs and genes known to be af-
fected by FSHB in IPA (Supplementary Fig. S6a–d). Intriguingly, Actin
Cytoskeleton Signaling, P70S6K signaling etc. were enriched in the top
canonical pathways (Supplementary Fig. S6a); and Cellular
Development, Cellular Growth and Proliferation, and Cell Death and
Survival signaling pathways ranked top 3 in the Molecular and Cellular
Functions category (Supplementary Fig. S6c).

Hypo-glycosylated recombinant FSH
stimulates greater expression of early
response genes
When comparing the response to FSH24 with that to FSH18/21, the
top 50 DEGs included 47 (94%) upregulated and 3 downregulated
genes (Supplementary Fig. S7). Of the top 5 Molecular and Cellular
Functions identified by IPA, 3 were similar to those identified when
comparing either hFSH18/21 or hFSH24 to controls (Fig. 3d and e).
Cell growth and proliferation pathway and cell morphology functions
were elevated in the FSH18/21 vs. FSH24 group (Fig. 3e). Analysis of
the top 5 canonical pathways (absolute Z score> 3.0) with which
common genes were involved revealed (i) cAMP mediated signaling,
(ii) Gas signaling, (iii) HMGB1, (iv) synaptic depression, and (v) white
adipose tissue browning (Fig. 3f). To better understand the different
actions of hFSH18/21 and hFSH24, we generated networks by over-
lapping log2FC of DEGs known to be affected by FSHB using the Path
Explorer tool in IPA (Fig. 3g). The network analysis predicted differen-
tial activation of PI3K and MAPK signaling complexes. The modeling
also shows that the transcription factors including AP1, FOS and
NR4A1 were also significantly differentially regulated by hFSH18/21
(P< 0.05). Besides these, multiple transcripts for factors involved in

Figure 2. Continued
mRNA levels of Ccnd in Control, hFSH18/21 and hFSH24 treatment groups. (d) Quantification data showing the Cyclin D protein expression
level. (e) Immunofluorescence staining of the proliferation marker Ki67 in mouse ovaries isolated 48 h after PBS (Ctrl), FSH18/21 and FSH24
treatment. Neg: Primary antibody negative control. (f) Quantification of Ki67 immunosignal intensity (n¼ 6 ovaries). (g) Immunofluorescence
staining showing the apoptosis marker cleaved-Caspase 3 (Clv-Cas 3) in the ovaries. (h) Quantification of Clv-Cas 3 foci number (n¼ 6–11
ovaries). Scale bar: 200 lm. *P< 0.05; **P< 0.01; ****P< 0.0001.
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Figure 3. Bioinformatics analysis of early ovarian response genes induced by hypo-glycosylated hFSH18/21 and fully glycosylated
hFSH24. Mice were treated for 2 h with Control (PBS), hypo-glycosylated FSH (hFSH18/21) or fully-glycosylated FSH (hFSH24). Ovaries were iso-
lated and processed for RNA-sequencing. (a) Principal component analysis (PCA) of the RNA-sequencing data of ovaries. (b) Upregulated and
downregulated genes in response to FSH18/21 versus Control, FSH24 versus Control and FSH18/21 versus FSH24. (c) Venn diagram showing the
number of common or differentially expressed ovarian genes between FSH18/21 versus Control, FSH24 versus Control and FSH18/21 versus
FSH24. (d) Analysis of top 5 molecular and cellular functions determined by Ingenuity pathway analysis (IPA) for FSH18/21 versus Control treatment
(top) and FSH24 versus Control treatment (bottom) groups. Red text indicates the unique pathways in each group. (e) Top 5 molecular and cellular
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.the regulation of granulosa cell growth were also rapidly upregulated
within 2 h, e.g. the cell cycle marker Ccnd2 (Supplementary Fig. S8), in-
dicating that FSH18/21 is more likely to stimulate granulosa cell
growth in vivo.

To investigate the interactions among DEGs, PPI networks for the
DEGs in hFSH18/21 versus hFSH24 groups were constructed
(Supplementary Fig. S7b). The PPI network consisted of 16 hub genes
and 14 interactions (degree> 2). To examine the biological functions
of the identified DEGs, functional enrichment of GO pathways was
conducted (Supplementary Table SV). The top enriched GO
Processes included transcription, and response to the external/endog-
enous stimulus and hormone. The most enriched GO Function was
related to DNA-binding transcription factor activity, with the transcrip-
tion factor AP-1 complex as the top enriched GO Component. To
further confirm the result, the top 50 DEGs between hFSH18/21 and
hFSH24 (Supplementary Fig. S7) were selected and the STRING PPI
database was used for network connectivity analysis (Supplementary
Fig. S9a). Enrichment analysis revealed Transcription Factor AP-1
Complex (GO: 0035976) as the only significantly enriched (FDR ¼
0.0115) GO Cellular Component term (Supplementary Fig. S9b).

GO pathway analysis showed significant differences in DNA binding
and transcriptional regulation between hFSH18/21 and hFSH24 treat-
ments (Supplementary Table SV). A very large proportion of DNA-
interacting proteins (�1500) are presumed to act as transcription fac-
tors (Lambert et al., 2018). Therefore, we compared the expression
of 34 transcription factors in each group (Fig. 4). Early growth re-
sponse 1 and 2 (Egr1 and Egr2) were both significantly upregulated in
the hFSH18/21 group compared with control or hFSH24 groups (Fig.
4b). The expression level of nuclear receptor 4a1 (Nr4a1) was also
highly upregulated in the hFSH18/21 group compared with Control
and/or FSH24 treatment (Fig. 4c). However, there were no significant
differences in either Nfkb1 or Nfkb2 transcript levels between the
hFSH18/21 and hFSH24 treatment groups (Fig. 4d). The activator pro-
tein-1 (AP-1) transcription factor family consists of a number of mem-
bers including FOS and JUN. The expression levels of Fos, Jun and Junb
were significantly upregulated in the hFSH18/21 group compared with
hFSH24 treatment (Fig. 4e and f). Both hFSH18/21 and hFSH24 stimu-
lated the expression of Jund and Fosb, although no statistical differences
were observed between treatments.

Hypo-glycosylated recombinant FSH more
efficiently stimulates multiple RTKs and
their downstream MAPK/ERK and PI3K/
AKT pathways
Multiple RTKs are involved in the regulation of folliculogenesis
(Hsueh et al., 2015). To understand the ability of FSH glycoforms
to stimulate RTKs activity in vivo, a mouse Proteome Profiler

Phospho-RTK Array including 39 RTKs was used to evaluate the
protein pools derived from ovaries from 5 mice in each of 3 treat-
ment groups (Control, hFSH18/21 and hFSH24; 2 h after treat-
ment). These results showed that multiple RTKs were activated
within 2 h by FSH glycoforms, including EGFR, FGFR, Insulin R/
IGFR, PDGFR, NGFR, and VEGFR, etc. (Supplementary Figs S10
and S11). EGFR (Fig. 5a) and FGFR signaling (Fig. 5b) are 2 of the
abundant signals of the RTKs activated by FSH. Western blot was
performed to validate the effects of FSH on RTKs and downstream
signaling molecules (Fig. 5c). Based on western blotting with phos-
pho-specific EGFR and FGFR antibodies, hFSH18/21 significantly ac-
tivated EGFR and FGFR (Supplementary Fig. S12a and b). The
common signaling pathways induced by FSH and each of these RTK
pathways are PI3K/AKT and MAPK/ERK and both were signifi-
cantly activated in response to hFSH18/21 treatment when com-
pared with FSH24 (Fig. 5e, Supplementary Fig. S12c–e).
Furthermore, FSH18/21 stimulated p-P70S6K, which has been im-
plicated in the actions of FSH on follicle growth (Musnier et al.,
2009) (Supplementary Fig. S12f). The activation of p-P70S6K and p-
p44/42 MAPK stimulated by different FSH glycoforms were con-
firmed in primary cultured human granulosa cells (Fig. 5d). AP-1
was also significantly activated in the FSH18/21 treatment group as
indicated by the phosphorylation of JUN (Supplementary Fig. S12h).

MAPK/ERK and PI3K/AKT pathways are
involved in FSH induced follicle growth
FSH activates multiple signaling pathways in the follicle (Landomiel
et al., 2019; Johnson and Jonas 2020). An in vitro ovarian culture sys-
tem was used to examine the roles of MAPK/ERK and PI3K/AKT sig-
naling during FSH-induced follicular growth. Wedge sections of mouse
ovaries were pretreated for 1 h in the presence or absence of selective
inhibitors of PI3K (Wortmannin) or MEK (U0126) before culturing for
48 h with hFSH18/21 or hFSH24. Transcripts for the cell proliferation
marker Pcna were clearly induced in response to hFSH18/21 but not
hFSH24 (Fig. 6a, upper panel). The stimulatory responses to FSH21/
24 on Pcna expression were abrogated by pretreatment with the MEK
inhibitor (Fig. 6a) or the PI3K inhibitor (Fig. 6d). A high Bcl2 to Bax ra-
tio is indicative of follicle health. Like previous in vivo observations (Figs
1 and 2), in vitro treatment with hFSH18/21 but not hFSH24 (Fig. 6b)
induced a favorable ratio of Bcl2/Bax expression. The response to
FSH18/21 was prevented by pretreatment with either inhibitor (Fig.
6b and e). Treatment with FSH18/21 had reduced levels of Caspase 3
transcripts compared to treatment with FSH24 (Fig. 6c). Apoptosis-re-
lated expression of Caspase 3 transcripts was increased following treat-
ment with either U0126 (Fig. 6c) or Wortmannin (Fig. 6f). In the
Wortmannin treated group, treatment with FSH24 had relatively

Figure 3. Continued
functions determined by IPA between the FSH18/21 versus FSH24 treatment groups. (f) Top 5 canonical pathways (absolute Z score > 3.0,
-log P-value< 1.3, exclude Degradation/Utilization/Assimilation and Disease Specific Pathways) between FSH18/21 versus FSH24 treatment.
Red color indicates upregulated genes in each pathway; white color indicates no overlap with dataset. (g) Overlay of protein coding DEGs of
FSH18/21 versus FSH24 treatment on the FSH pathway using the Path Explorer tool in IPA.
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Figure 4. Differential effects of hFSH18/21 and hFSH24 glycoforms on expression of transcription factors. (a) Heatmap of tran-
scripts for 34 differentially expressed transcription factors. (b–e) Relative expression of groups of transcription factors following treatment with
FSH18/21 or FSH24 compared to control. *P< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001.
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higher levels of Caspase 3 transcripts compared with the hFSH18/21
(Fig. 6f).

Half-life and glycan clearance analysis of
different FSH glycoforms
Recombinant hFSH18/21 and hFSH24 clearance patterns following in-
traperitoneal injection (10mg) revealed differential clearance patterns
(Supplementary Fig. S13). FSH18/21 serum concentrations reached a

maximum 20 min after i.p. injection, decreased rapidly thereafter, and
were 10% of maximum within 3 h and 4% at 4 h. Circulating hFSH24
reached maximum concentrations at 40 min post-injection, remained
at that level for an additional 20 min, then decreased slowly to 27% of
maximum concentration by 4 h. The area under the curve for hFSH24
was 4 times that of hFSH18/21 (P< 0.01, n¼ 3). When 1mg samples
of both glycoforms were tested, the uptake and clearance patterns
were similar, with rapid uptake and disappearance of hFSH18/21 in
contrast to prolonged measurable hFSH24 (Supplementary Fig. S13b).

Figure 5. Screening of hypo- and fully-glycosylated human recombinant FSH (hFSH) crosstalk with receptor tyrosine
kinase (RTK) signaling and downstream signaling pathways. PND 17 mice (n¼ 5) were treated i.p. with PBS (Ctrl), or 1 mg of either
FSH18/21 or FSH24 for 2 hrs. Ovaries were isolated and total proteins were prepared. (a) Total protein pool from each group (n¼ 5) was used to
perform the RTK assay. Selected image of Mouse RTK array showing the differentially activated EGFR signaling responding to the different FSH
glycoform treatments (upper panel). Quantification data showing the relative phosphorylation levels of various EGFR family members (lower panel).
(b) Selected image of the RTK array (upper panel) and quantification data (lower panel) showing the differential activation levels of the FGFR
family. The immunosignal intensity was normalized to the control spot on each array. Each bar represents the mean immunosignal intensity § SEM of
duplicates of each RTK. (c) Protein extracts from one ovary from each mouse was prepared for Western blot analysis. The image shows the
activation of RTKs and downstream pathways. (d) Human granulosa cells were treated with increasing concentrations of either FSH18/21 or
FSH24 for 30 min. Western blot image showing the activation of pathways in human primary granulosa cells. Forskolin (FSK, 10 mM) was used as
positive control.
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Figure 6. The effect of PI3K and MEK inhibitors on FSH glycoform-dependent regulation of apoptotic and proliferative gene ex-
pression in ovarian wedge sections. Ovary sections were pre-treated with either media containing vehicle (Control), 10 lM U0126 (MEK inhibi-
tor) (a–c) or 100 nM Wortmannin (Wort, PI3K inhibitor) (d–f) for 60 min. Following pre-treatment, ovarian sections were treated with media alone
(Control), 30 ng/ml FSH18/21 or FSH24. Ovary wedge sections were snap-frozen and analyzed by quantitative RT-PCR. (a and d) Proliferating cell
nuclear antigen (Pcna) gene expression is increased in ovary wedge sections treated with FSH18/21. (b and e) Bcl2/Bax ratio of ovary wedge sec-
tions, a high Bcl2 to Bax ratio is indicative of follicle health as seen in the FSH18/21 treatment group. (c and f) Apoptosis related expression of
Caspase3 transcripts is increased following treatment with Wortmannin and U0126. Ovarian sections treated with FSH18/21 expressed reduced lev-
els of Caspase 3 transcripts compared to sections treated with FSH24. Data was analyzed using one-way ANOVA with Dunnett’s post hoc test. Bars
represent means § SEM for six individual ovarian wedge sections. Bars marked a indicate a significant difference from Control (open bar).
Comparisons among indicated treatments, *P< 0.05, **P< 0.01, ***P< 0.001.

1902 Hua et al.



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
Discussion
Since the first IVF baby was born in 1982, it is estimated that more
than 400,000 babies from 1.6 million ART cycles are born around the
world every year (Sadeghi 2018). Patient response to exogenous hor-
mone stimulation is the first critical step that determines whether IVF
clinics achieve a successful outcome. The annual success rate of IVF
clinics varies from 10% to 40% (Kushnir et al., 2017). The widely used
recombinant FSH preparations employed in ART are largely fully-glyco-
sylated FSH24 (Jiang et al., 2015), which is the predominant FSH glyco-
form produced in the pituitaries of advanced reproductive age and
peri-menopausal women, who experience reduced rates of ART suc-
cess (van Rooij et al., 2003). By employing an in vivo mouse model,
our present data clearly show that hypo-glycosylated hFSH, despite its
rapid clearance, has greater potential to drive follicular growth in vivo.
In addition, hypo-glycosylated FSH treatment did not dramatically influ-
ence circulating estradiol levels when compared with fully-glycosylated
FSH. The observation of enhanced follicle growth without exaggerated
estradiol production may be useful clinically because overstimulation of
follicle development and elevated estradiol levels may lead to lower
endometrial receptivity and thus reduced pregnancy rates (Khalaf
et al., 2000; Ocal et al., 2004), as well as increasing the risk of under-
weight infants, and preeclampsia (Imudia et al., 2012).

Apoptosis of patient follicle granulosa cells is among the factors that
will determine IVF outcomes (Baka and Malamitsi-Puchner, 2006).
Low levels of apoptotic cells are associated with better fertilization
rates and higher-quality embryos (Høst et al., 2000; Regan et al.,
2018). The Bax protein is more abundant in granulosa cells of atretic
follicles, whereas the Bax protein is extremely low in healthy follicles
(Kugu et al., 1998). Our findings demonstrate that fully-glycosylated
hFSH24 induces a significantly higher pro-apoptotic index (Bax/Bcl2 ra-
tio) than hFSH18/21. Immunofluorescence staining further supports
this idea, showing that granulosa cells of mice treated with fully-glyco-
sylated FSH also displayed elevated cleaved caspase 3, another pro-ap-
optotic marker. Furthermore, hypo-glycosylated FSH also exhibited
greater activity in enhancing follicle growth and maintaining granulosa
cell survival compared with control or fully-glycosylated FSH in vivo and
in an in vitro ovarian culture system. The anti-apoptotic actions of FSH,
in addition to direct intracellular actions, could be mediated by estra-
diol and other growth factors/hormones (Regan et al., 2018). Our
data show that hypo-glycosylated FSH induced significantly higher levels
of serum estradiol compared with control, while no significant differ-
ence was found between fully-glycosylated FSH and the control group.
Collectively, these data indicate that estradiol increases in response to
hypo-glycosylated FSH may promote healthy follicle development.

Previous studies identified a number of FSH responsive genes in var-
ious model systems, including human (Perlman et al., 2006), bovine
(Sugimura et al., 2017; Nivet et al., 2018), porcine (Liang et al., 2020)
and avian granulosa cells (Du et al., 2018). However, little is known
about the early induction of networks of genes induced by FSH glyco-
forms in vivo. In the present study, global ovarian transcriptomics
showed that in addition to the traditional cAMP signaling (Riccetti
et al., 2018), hypo-glycosylated FSH18/21 provokes much greater ex-
pression of early response genes after 2 h compared with control and
fully-glycosylated FSH. This finding is consistent with our previous
in vitro study showing that FSH18/21 binds and activates FSHRs more
rapidly than FSH24 (Bousfield et al., 2014a). The ability to induce

expression of multiple DNA binding transcription factors may be im-
portant for the greater ability of hFSH18/21 to induce follicular devel-
opment compared to hFSH24. Prominent among the transcription
factors is the activator transcription factor AP-1 complex (FOS/JUN
family), which has been implicated in cellular proliferation, differentia-
tion, transformation, follicular development, ovulation and luteal forma-
tion (Rodrı́guez-Berdini et al., 2020). FSH stimulates expression of
multiple AP-1 family genes in in vitro cultures of ovarian granulosa cells
via Gs/cAMP/PKA-mediated signaling, including Junb, Jun, Fos and Fra2
(Sharma and Richards, 2000). Research from the Eppig laboratory
(Wigglesworth et al., 2015) revealed that Fos, Fosb, Jun, and Junb tran-
scripts expressed at higher levels in cumulus cells versus mural granu-
losa cells of both small and large antral follicles from mouse ovaries
treated with eCG. Besides, the induction of transcripts for Egr and Btg
family members, which were expressed at higher levels in mice treated
with FSH18/21 compared to FSH24, are important for follicular devel-
opment and the ovulatory response (Espey et al., 2000; Russell et al.,
2003; Sayasith et al., 2006; Hou et al., 2008). Taken together, all these
data suggested that FSH18/21 has greater ability to drive expression
of early response genes correlated with follicular development and
differentiation.

Crosstalk of GPCRs like gonadotropin receptors with RTKs are in-
trinsically linked to folliculogenesis (El-Hayek et al., 2014) and ovulation
(Hsieh et al., 2007). Further, FSH can stimulate tyrosine kinase recep-
tor (RTK) signaling with or without activating the PKA pathway in
granulosa cells (Sharma and Richards, 2000; Wayne et al., 2007;
Gloaguen et al., 2011). Our study indicated that hFSH18/21 and
hFSH24 have differing abilities to activate RTKs in vivo, such as EGFR,
FGFR, etc. RTK activation leads to the recruitment of scaffold proteins,
in addition to downstream activation of MAPK and PI3K (Wayne
et al., 2007).

The PI3K/AKT and MAPK/ERK signaling pathways are involved in
the regulation of follicle development (Donaubauer et al., 2016;
Grosbois and Demeestere, 2018). In addition, two of the central sig-
naling pathways activated by FSH via PKA are PI3K/AKT and MAPK/
ERK (Casarini and Crepieux, 2019). Furthermore, canonical PKA-de-
pendent (Riccetti et al., 2018) and PKB/AKT signaling are required for
full FSH biological activity (Wayne et al., 2007). PI3K/mTOR/p70S6K
signaling plays an important role in FSH-induced actions including pro-
liferation, gene transcription, and protein translation (Gloaguen et al.,
2011). FSH can also activate MAPK/ERK signaling in a PKA-dependent
or PKA-independent manner (Donaubauer et al., 2016; Kahnamouyi
et al., 2018). Our short-term in vivo data document that FSH18/21
rapidly stimulates both PI3K/AKT/p70S6K and MAPK/ERK pathways.

Taken together, our current study indicates that, hFSH18/21, when
compared with hFSH24, has greater bioactivity to promote follicular
development in vivo, and rescue follicle granulosa cell apoptosis both
in vivo and in vitro. Hypo-glycosylated FSH, which has higher FSHR
binding affinity (Bousfield et al., 2014a), by either activation of PKA
(Jiang et al., 2015; Liang et al., 2020) or activation of multiple RTKs,
more effectively stimulates PI3K/AKT and MAPK/ERK signaling, which
is required for optimal follicular development. In addition, hypo-glyco-
sylated FSH stimulates greater induction of early response transcription
factors, especially AP-1 and EGR factors, which can promote gene
expression related with follicular growth. Evidence in the present
study suggests the potential of hypo-glycosylated FSH application in
clinical ART.
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