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Abstract 

Polycystic ovarian syndrome (PCOS) is a complex multi-factorial syndrome associated with androgen excess and ano‑
vulatory infertility. In the current study, we investigated the role of dihydrotestosterone-induced exosomal miR-379-5p 
release in determining the destiny of the developing follicles. Our hypothesis was that androgen regulates granulosa 
cell miR-379-5p content by facilitating its exosomal release in a follicular-stage dependent manner, a process which 
determines granulosa cell fate. Compared to human non-PCOS subjects, individuals with PCOS exhibit higher follicu‑
lar fluid free testosterone levels, lower exosomal miR-379-5p content and granulosa cell proliferation. Androgenized 
rats exhibited lower granulosa cell miR-379-5p but higher phosphoinositide-dependent kinase-1 (PDK1; a miR-379-5p 
target) content and proliferation. Androgen reduced granulosa cell miR-379-5p content by increasing its exosomal 
release in preantral follicles, but not in antral follicles in vitro. Studies with an exosomal release inhibitor confirmed 
that androgen-induced exosomal miR-379-5p release decreased granulosa cell miR-379-5p content and proliferation. 
Ovarian overexpression of miR-379-5p suppressed granulosa cell proliferation, and basal and androgen-induced pre‑
antral follicle growth in vivo. These findings suggest that increased exosomal miR-379-5p release in granulosa cells is 
a proliferative response to androgenic stimulation specific for the preantral stage of follicle development and that dys‑
regulation of this response at the antral stage is associated with follicular growth arrest, as observed in human PCOS.
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Significance
Using human derived samples and rat PCOS models, 
as well as granulosa cell and follicle cultures, we tested 
the hypothesis that androgen regulates granulosa cell 
miR-379-5p content by facilitating its exosomal release 
in a follicular-stage dependent manner, a process which 
determines granulosa cell fate and follicle destiny. Our 
studies demonstrate for the first time that granulosa 
cell exosomal miR-379-5p release in response to andro-
genic stimulation is specific to the preantral stage of 
follicle development but absent during the antral folli-
cle growth. Our studies shed light on the cellular basis 
for the androgen-induced regulation of ovarian follic-
ular growth in follicular stage-dependent manner and 
how its dysregulation could result in antral follicular 
growth arrest in PCOS.

Introduction
Polycystic ovarian syndrome (PCOS) is a multi-fac-
torial syndrome with complex pathology. PCOS is 
associated with androgen excess, increased ovarian 
preantral follicular growth, antral follicle growth arrest 
and chronic anovulation [1]. Whereas a balanced level 
of androgen is important in normal ovarian follicu-
lar development [2–4], PCOS subjects exhibit andro-
gen excess and suffer from anovulatory infertility [1]. 
Studies with cell-specific androgen receptor knockout 
mice, indicate that granulosa cells are the main target 
cells for androgen. Reduced preantral follicle develop-
ment in these mice demonstrates that androgen signal-
ling is mainly involved in preantral follicle development 
[5, 6], potentially through proteasomal degradation and 
reduced androgen receptors in antral follicle granulosa 
cells [7–9]. To study the pathological basis of PCOS, we 
and others have established a chronically androgenized 
rodent model with a relatively similar reproductive and 
metabolic phenotypes of human PCOS [9–17].

MicroRNAs (miRNAs) are small non-coding RNAs 
which play important roles in the regulation of various 
physiological and pathological processes by post-tran-
scriptionally down-regulating target gene expression 
[18]. Abnormal miRNA expression has been linked to 
diseases, including PCOS [18–26]. We and others have 
demonstrated that androgen regulates cell fate (prolif-
eration versus apoptosis) via up- or down-regulation of 
miRNAs [18, 26–30]. However, most miRNA functional 
studies have been conducted in cancer cells [31–34] 
and less is known about the roles of androgen-regu-
lated miRNAs (e.g. miR-379-5p [18]) in reproductive 
endocrinopathies.

We have previously assessed the changes in the 
ovarian miRNA profile associated with PCOS in a 

androgenized rat PCOS model [18]. Our results indi-
cate that 89 miRNAs, including miR-379-5p, are dif-
ferentially expressed between dihydrotestosterone 
(DHT)-treated and control rats. MiR-379-5p is a mem-
ber of the miRNA cluster DLK1-DIO3 [35]. Up-regu-
lation of miR-379-5p in granulosa cells from subjects 
with premature ovarian insufficiency is associated with 
suppressed cell proliferation [36], suggesting that miR-
379-5p is involved in ovarian follicular development. 
However, further studies are needed to determine 
its function and regulation during ovarian follicular 
growth and development.

Extracellular vesicles, including small (exosomes) and 
large (microvesicles) vesicles, are involved in cell–cell 
communication [37–39] by selectively packaging and 
transferring bioactive materials (e.g., miRNAs [40, 41]). 
Exosomes are vesicles of approximately 30–150  nm 
in size. These vesicles are formed within endosomes 
by membrane invagination. Microvesicles (size; 0.1 to 
1.0 μm) are produced via membrane blebbing in response 
to cell stress [42]. It has been demonstrated that andro-
gen attenuates follicular atresia through miR-125b-medi-
ated suppression of granulosa cell pro-apoptotic protein 
expression [30], suggesting that granulosa cell miRNAs 
may have a direct regulatory role in ovarian follicular 
growth [43]. MiRNA profiling studies have identified sev-
eral differentially expressed miRNAs in follicular fluid 
from PCOS women [25, 44, 45]. MiRNAs are present in 
both extracellular vesicles and extracellular vesicle-free 
media [44] and these miRNAs are regulators of repro-
ductive, endocrine, and metabolic processes [25, 44]. Ear-
lier hypotheses suggested that exosomes may function 
by expelling unusable cellular constituents from cells. 
However, the role of exosome secretion in regulating the 
cellular content of miRNAs and the function of exosome-
secreting cells is largely unexplored.

In the current study, our specific objectives were to exam-
ine (1) the regulation of granulosa cell-extracellular vesicle 
release in response to androgen exposure; (2) if and how 
androgen regulates the cellular and extracellular content of 
miR-379-5p in granulosa cells; and (3) whether regulation 
of these processes is follicular stage-specific. Our overall 
hypothesis was that androgenic regulation of ovarian folli-
cular development is follicular stage-specific, a phenomenon 
which is dependent on exosomal miR-379-5p release. In this 
study, we have demonstrated, for the first time, that andro-
gen regulates ovarian exosome dynamics and their miRNA 
content in the control of follicle growth, and how this pro-
cess may be compromised in PCOS. Our findings indicate 
that androgen regulates follicle growth in a stage-dependent 
manner via changes in the cellular and extracellular content 
of miR-379-5p, with phosphoinositide-dependent kinase-1 
(PDK1) being its molecular target and responsible for the 
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activation of the AKT pathway. Results from our animal 
studies were supported in part by our clinical observations 
that PCOS subjects at the preovulatory stage had lower exo-
somal miR-379-5p content and attenuated granulosa cell 
proliferation. These findings suggest that increased exosomal 
miR-379-5p release is a proliferation stimulus that is specific 
for preantral follicle granulosa cells, and this is subject to 
androgenic regulation.

Results
Human studies
Human PCOS subjects had a lower exosomal miR‑379‑5p 
content in follicular fluids and granulosa cell proliferation 
from large dominant follicles
To investigate the possible role of mir-379-5p in PCOS 
pathogenesis, its exosomal and extracellular vesicle-
depleted follicular fluid content as well as granulosa cell 
proliferation in PCOS and non-PCOS subjects were com-
pared. Dominant follicles (≥ 20  mm) of PCOS subjects 
had significantly higher ovarian follicular fluid free tes-
tosterone levels compared with that of non-PCOS. PCOS 
subjects also exhibited a lower exosomal miR-379-5p 
content (relative to miR-92a-3p, the content of which 
remained constant through the current study; Supple-
mentary Fig. 1A) and granulosa cell proliferation (Supple-
mentary Fig. 1B,C). MiR-379-5p was detected in follicular 
fluid depleted of extracellular vesicle, but its levels were 
not different from those from non-PCOS subjects (Sup-
plementary Fig.  1A), suggesting that androgen excess 
in PCOS subjects dysregulates the association between 
cellular and exosomal content of miR-379-5p and subse-
quently cell proliferation in large dominant follicles.

Rat studies
DHT reduced miR‑379‑5p and induced AKT pathway in rat 
granulosa cells
To investigate if and how androgen excess regulates 
miRNA expression in granulosa cells, several candidate 

miRNAs (miR-24, miR-9, miR-379-5p, and let-7d) were 
selected based on our previous miRNA profile analysis 
of the whole ovary of androgenized rat PCOS model 
[18]. Expression of candidate miRNAs in granulosa 
cells isolated from immature rats and those treated 
with DHT for 24  h and 36  h in  vitro were compared 
with controls. DHT significantly reduced the cellular 
content of miR-379-5p (Fig.  1A) but not that of miR-
24, miR-9, let-7d (Supplementary Fig.  2). Using the 
bioinformatics website (TargetScan and RNA22 v2 
microRNA target detection) and based on published 
findings [33], transforming growth factor beta receptor 
I (TGFBR1) and phosphoinositide-dependent kinase-1 
(PDK1, responsible to activate AKT by phosphoryla-
tion of Thr 308) were identified as potential down-
stream targets of miR-379-5p. PDK1 protein content 
was significantly increased 24  h and 36  h post-DHT 
treatment and was associated with higher granulosa 
cell proliferation, as evidenced by increased MCM2 
(Minichromosome Maintenance Complex Compo-
nent 2) content (Fig.  1A). However, TGFBR1 protein 
content was not affected by DHT treatment (Supple-
mentary Fig.  3). Therefore, we focused on PDK1 as a 
potential target gene regulated by miR-379-5p in sub-
sequent studies.

Androgen‑induced exosomal miR‑379‑5p release reduces its 
granulosa cell content, resulting in higher PDK1‑mediated 
cell proliferation in rat preantral but not in antral follicles
DHT significantly reduced granulosa cell miR-379-5p 
content 24  h post-treatment at the preantral but not 
in at the antral follicle stage (Fig.  1A). The reduction 
of granulosa cell miR-379-5p content was accompa-
nied by increases in PDK1 and P-PDK1 content at 24 h 
and 36  h in preantral follicles, but not in antral follicle 
in vitro (Fig. 1A). Moreover, DHT treatment significantly 
increased P-AKT, P-AKT/AKT ratio and proliferation 
(MCM2, Fig. 1A) in preantral but not antral follicle gran-
ulosa cells.

(See figure on next page.)
Fig. 1  DHT reduces mir-379-5p content, increases its exosomal release and PDK1 content in granulosa cells from rat preantral but not antral 
follicle in vitro. A Reduced granulosa cell mir-379-5p content was associated with increased PDK1 and P-PDK1 protein levels and activation of 
Akt-mediated cell proliferation in preantral (increased P-AKT/GAPDH, P-AKT/AKT ratio and MCM2/GAPDH protein levels) but not antral follicle 
stage in vitro. B DHT treatment reduced microvesicles concentration at 36 h in both pre- and antral follicular stages. Exosomes concentration 
was reduced at 36 h post-DHT treatment in granulosa cells from antral follicles, but not in that of preantral follicle. Microvesicles/exosomes ratio 
was reduced at 36 h post-DHT treatment in granulosa cells from preantral follicles, but not in that of antral follicles. C DHT increased exosomal 
mir-379-5p level (normalized to U6), but not that of microvesicles in the conditioned medium in vitro. Granulosa cells were isolated from preantral 
follicles (Diethylstilbestrol-primed 21 day old rats; 1 mg/d, subcutaneous injection for 3 consecutive days) and antral follicles (Equine chorionic 
gonadotropin–injected 22-day old rats; 10 IU intraperitoneal injection, animals sacrificed 48 h post-injection) and cultured without or with ± DHT 
(1 µM, 24 h and 36 h). Exosomes and microvesicles were isolated from granulosa cell-conditioned medium by differential centrifugations, and 
sizing and concentration of extracellular vesicles were determined by nanoparticle tracking analysis. Protein extraction and Western blotting were 
performed as described previously [15]. Signal intensities generated on the film were measured densitometrically using Image J and normalized 
over that of GAPDH. U6 RNA was used to normalize miR-379-5p content. Results are expressed as means ± SEM (n = 3 replicates, each from 2 rats). 
Data were analyzed by three-way ANOVA and tukey post hoc. *P < 0.05; **P < 0.01, ***P < 0.001



Page 4 of 20Salehi et al. Journal of Ovarian Research           (2023) 16:74 

To investigate if changes in granulosa cell miR-379-5p 
content is regulated by changing its cellular synthe-
sis or through its packaging and release from cell, and 

whether these responses are follicular stage-specific, we 
assessed cellular content of pri-miR-379 (precursor of 
miR-379-5p), the number of microvesicles, exosomes and 

Fig. 1  (See legend on previous page.)
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their miR-379-5p content in the conditioned medium 
from preantral and antral follicle granulosa cells at 24 h 
and 36  h post-DHT treatment in  vitro. The baseline 
levels of pri-miR-379-5p were higher in the antral folli-
cle granulosa cells compared with that of the preantral 
regardless of the time of culture (Supplementary Fig. 4). 
DHT increased granulosa cell pri-miR-379 content (Sup-
plementary Fig. 4) in both preantral and antral granulosa 
cells, indicating that miR-379-5p is an androgen-respon-
sive miRNA. Antral follicle granulosa cells also had 
higher cellular pri-miR-379 content post-DHT treatment 
than that of preantral follicle stage. However, there were 
no significant interactions between follicle stage and 
DHT treatment (stage x DHT) nor between follicle stage, 
DHT treatment and culture duration (stage x DHT treat-
ment x culture duration). DHT treatment had no influ-
ence on the size of granulosa cell-derived microvesicles 
and exosomes irrespective of follicle stage or culture 
duration (Supplementary Fig. 5). DHT treatment for 36 h 
reduced microvesicle release from both preantral and 
antral follicular granulosa cells (Fig.  1B), and reduced 
exosome release in antral but not preantral follicle granu-
losa cells (Fig. 1B). The ratio of microvesicle to exosome 
released was reduced 36 h post-DHT treatment in prean-
tral follicle granulosa cells (Fig. 1B). miR-379-5p content 
in exosomes but not in microvesicles was increased 36 h 
following exposure of preantral follicle granulosa cells 
with androgen in vitro (Fig. 1C). DHT had no significant 
influence on the microvesicle and exosomal content of 
miR-379-5p from antral follicle granulosa cells (Fig. 1C). 
miR-379-5p was not detectable in extracellular vesicle-
depleted conditioned media of preantral and antral fol-
licular granulosa cells (data not presented). These results 
suggest that preantral follicle granulosa cells selectively 
package and release miR-379-5p through exosomes in 
response to androgen, rather than increasing the number 
of exosome release.

To determine if androgen regulates exosomal miRNA 
release and if this response is miR-379-5p-specific, exo-
somal miR-24, miR-9, and let-7d contents were also 
assessed in preantral follicle granulosa cell cultures for 
24  h and 36  h in the absence or presence of DHT. Our 

results indicate that DHT treatment did not affect their 
exosomal contents, suggesting that the androgenic regu-
lation of exosomal miRNA contents in preantral granu-
losa cells is miR-379-5p-specific (Supplementary Fig. 2).

Androgenized rats had lower granulosa cell miR‑379‑5p 
content and higher cellular PDK1 content and proliferation
To investigate if androgen excess is associated with 
down-regulation of granulosa cell miR-379-5p content 
in  vivo, its expression was evaluated in granulosa cells 
isolated from preantral follicles of androgenized PCOS 
rats. One month of DHT treatment in vivo significantly 
reduced granulosa cell miR-379-5p content (P < 0.05; 
Fig.  2). This response was associated with increased 
PDK1 and P-PDK1 contents (Fig. 2). Although total AKT 
content was not altered by androgen treatment in  vivo, 
DHT-treated rats exhibited higher P-AKT (Thr308) lev-
els and a higher P-AKT/AKT ratio (Fig. 2). Furthermore, 
activation of the AKT pathway was accompanied by 
increased granulosa cell proliferation, as indicated by an 
increased cellular MCM2 content in granulosa cells from 
DHT-treated rats (Fig. 2).

miR‑379‑5p regulates rat granulosa cell proliferation 
through PDK1 suppression
To determine whether miR-379-5p directly regu-
lates PDK1 expression, we first examined its binding 
to the 3ʹ UTR section of PDK1 mRNA, using a dual-
reporter luciferase assay with a reporter vector con-
taining a complementary miR-379-5p sequence in its 
3ʹ-UTR (Fig. 3A). The binding of miR-379-5p mimic to 
the PDK1 3′-UTR, but not to its mutant (binding site 
deleted; Fig. 3A), significantly reduced luciferase activ-
ity in preantral follicle granulosa cells transfected with 
the reporter vector, confirming binding of the miRNA 
to the PDK1 mRNA (Fig.  3A). Further studies with 
miR-379-5p mimic and inhibitor demonstrate that miR-
379-5p mimic significantly suppressed granulosa cell 
PDK1 protein content and proliferation (Fig. 3B,C), two 
down-stream responses readily attenuated by its inhibi-
tor (Fig.  3B,C), suggesting that miR-379-5p reduces 
granulosa cell proliferation through PDK1 suppression.

Fig. 2  Reduced granulosa cell mir-379-5p content is associated with increased PDK1-mediated cell proliferation in an androgenized PCOS rat 
model. Lower cellular mir-379-5p content in dihydrotestosterone (DHT)-induced PCOS rat model was associated with increased granulosa cell 
protein content of PDK1 and P-PDK1, and P-PDK1/PDK1 ratio. Increased PDK1 protein content was accompanied by activation of Akt pathway 
(increased P-Akt/Akt ratio) and increased granulosa cell proliferation (higher MCM2 protein content). Granulosa cells were isolated from 21 day old 
rats randomly divided into two experimental groups (Non-PCOS and PCOS), and subcutaneously implanted for 28 days with a capsule without 
and with DHT respectively, as per Materials and Methods. Protein extraction and Western blotting were performed as described previously [15]. 
Signal intensities generated on the film were measured densitometrically using Image J and normalized over that of GAPDH. U6 RNA was used to 
normalize miR-379-5p content in granulosa cells. Results are expressed as means ± SEM (n = 3 replicates, each from 1 rat). Data were analyzed by 
Student “t” test. *P < 0.05, **P < 0.01

(See figure on next page.)
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miR‑379‑5p exosomal release is a cellular mechanism 
through which androgen up‑regulates granulosa cell PDK1 
content and proliferation in rat preantral follicles
The role of exosomal miR-379-5p release on its cellular 

content and those of PDK1 was studied in vitro, using the 
exosome release inhibitor GW4869 (chemical inhibitors 
of N-sphingomyelinase, nSMase) [46, 47]. To determine 
the optimal concentration of GW4869 for inhibition of 

Fig. 2  (See legend on previous page.)
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exosome release, preantral follicle granulosa cells were 
pre-treated with different concentration of GW4869 (0, 
10 and 20 nM) for 24 h and then cultured in the absence 
and presence of DHT (1  µM; 36  h). Concentration–
response studies indicate GW4869 treatment at 20  nM 
significantly suppressed basal and DHT (1  μM; 36  h)-
induced exosome release from preantral follicle granu-
losa cells, as evidenced by increased granulosa cell CD63 
content (exosome marker; Fig. 4A), and its reduction in 
culture conditioned medium (Supplementary Fig.  6). 
Inhibition of exosome release increased granulosa cell 
miR-379-5p content in the presence of DHT (Fig. 4A). To 
further investigate if exosomal miR-379-5p release regu-
lates granulosa cell proliferation, preantral follicle granu-
losa cells were pre-treated with GW4869 (20 nM; 24 h), 
and then treated with or without DHT (1  µM; 36  h). 
Inhibition of exosome release suppressed DHT-induced 
granulosa cell proliferation (Fig.  4B), supporting our 
hypothesis that exosomal miR-379-5p release is a regula-
tory mechanism by which androgen increases granulosa 
cell proliferation in preantral follicles.

The induction of exosome release reduces granulosa cell 
miR‑379‑5p content in the rat antral follicle stage
Cortactin is involved in exosome docking and release 
and its overexpression induces exosome release without 
affecting its content [48]. In contrast to the more respon-
sive granulosa cells from preantral follicles, DHT failed 
to influence granulosa cell cortactin content (Fig.  4C) 
and proliferation in antral follicles in  vitro, suggesting 
that the failure of androgen to induce granulosa cell pro-
liferation in antral follicles could be due to dysregulated 
or non-responsive granulosa cell cortactin-mediated 
exosome release. To test this possibility, cortactin was 
overexpressed in granulosa cells from antral follicles to 
determine if cortactin-induced exosome release increases 
exosomal miR-379-5p release and reduces its cellular 
content. The overexpression of cortactin increased exo-
some release by antral follicular granulosa cell 24 h and 
36 h post-DHT treatment in vitro (Cttn + DHT; Fig. 4D). 
Exosome release induction in Cttn + DHT increased 
exosomal miR-379-5p release and reduced its cellular 
content at 24  h (Fig.  4D), suggesting that the failure of 

androgen to induce granulosa cell proliferation in antral 
follicles could be due to lack of cortactin activation and 
miR-379-5p exosomal release.

Inhibition of exosome release suppresses DHT‑induced rat 
preantral follicular growth
To determine if androgen-induced preantral follicu-
lar growth is mediated through exosomal miR-379-5p 
release, preantral follicles pre-treated with and without 
GW4869 (20  nM; 24  h) were cultured in the absence 
and presence of DHT (1  µM). Follicular growth in the 
four experimental groups: control, GW4869, DHT and 
DHT + GW4869 was assessed on days 2 and 4 post-
DHT treatment. Our results indicate that, although there 
was no difference in follicular volume between control 
and GW4869 on days 2 and 4, inhibition of exosomal 
release suppressed the DHT-induced follicular growth 
(DHT + GW4869) compared to control, GW4869 or 
DHT treatment, alone (Fig. 5A).

MiR‑379‑5p suppresses the follicular growth of rat preantral 
follicles
To determine the role of miR-379-5p in follicular growth, 
preantral follicles were transfected with miR-379-5p 
mimic and cultured with or without DHT (1  µM), and 
follicular growth in  vitro was assessed on days 2 and 4 
post-treatment. Alexa-647-labelled miR-379-5p mimic 
was used to confirm successful transfection of granu-
losa cells in preantral follicles. Image analysis of the 
transfected preantral follicles indicates that a subset of 
granulosa cells was successfully transfected with Alexa-
647-labelled miR-379-5p mimic (Fig.  5B), which signifi-
cantly suppressed the follicle growth compared to that of 
control and DHT groups (Fig. 5C).

Reconstitution of DHT‑treated rat granulosa cells 
with miR‑379‑5p‑enriched exosomes attenuates 
the DHT‑induced proliferative response in vitro
As we showed earlier, DHT-induced exosomal miR-
379-5p release reduces its granulosa cell content and 
increases PDK1 content and proliferation in rat pre-
antral follicle granulosa cells in  vitro. In addition to the 
increased exosomal miR-379-5p release in response 

(See figure on next page.)
Fig. 3  mir-379-5p regulates rat granulosa cell proliferation through PDK1 suppression in vitro. A Binding of mir-379-5p mimic to PDK1 3’UTR mRNA, 
but not to its mutant (binding site deleted) significantly reduced luciferase activity; B & C mir-379-5p mimic reduced PDK1 protein content and 
cell proliferation (MCM2 protein content) but, miR-379-5p inhibitor, like DHT, increased these responses in vitro. Granulosa cells were isolated from 
preantral follicles (Diethylstilbestrol-primed 21-day old rats; subcutaneous injection for 3 consecutive days) and either transfected with (A) the 
reporter vector containing a complementary mir-379-5p sequence in the 3ʹ-UTR of the PDK1 (or its mutant as control) or (B & C) with mir-379-5p 
mimic (mirVana Mimics, MC10316, Thermo-Fisher) and inhibitor (mirVana inhibitor, MH10316) for 24 h before culture without or with DHT (1 µM; 
24 h and 36 h). Protein extraction and Western blotting were performed as described previously [15]. Signal intensities generated on the film were 
measured densitometrically using Image J and normalized over that of GAPDH or β-Actin. Results are expressed as means ± SEM (n = 3 replicates, 
each from 2 rats). Data were analyzed by t-test: **P < 0.001 (A); one-way ANOVA & tukey post hoc (B); three-way ANOVA and tukey post hoc (C). 
*P < 0.05; **P < 0.01, ***P < 0.001
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Fig. 3  (See legend on previous page.)
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to androgen, the decreased granulosa cell miR-379-5p 
content could be due to decreased exosome uptake. To 
address this possibility, we investigated whether DHT 
alters granulosa cell exosome uptake by assessing if 
reconstitution of DHT-treated granulosa cells (miR-
379-5p down-regulated) with miR-379-5p-enriched 
exosomes (DHT-exo) could attenuate the DHT-induced 
proliferative response in  vitro (Supplementary Fig.  7A). 
Proliferation assays indicate that androgen increased cell 
proliferation in granulosa cells treated with exogenous 
control exosomes (CTR-exo). However, this response was 
attenuated by reconstitution of miR-379-5p by utilizing 
exosome-enriched in miR-379-5p isolated from DHT-
treated donor granulosa cells (DHT-exo; Supplementary 
Fig. 7B,C). Exosome uptake was assessed by flow cytome-
try. Our results indicate that, while exosomes were effec-
tively taken up by recipient granulosa cells, this response 
was not affected by DHT treatment of either donor or 
recipient granulosa cells (Supplementary Fig.  7C). This 
suggests that, despite the stimulatory role of androgen 
on granulosa cell exosomal miR-379-5p secretion, it plays 
minimal or no role in the regulation of exosome uptake 
in recipient cells.

MiR‑379‑5p overexpression suppresses the basal 
and androgen‑induced rat preantral follicle growth 
by reduced granulosa cell proliferation
To further examine the role of miR-379-5p in follicular 
growth in vivo and whether miR-379-5p overexpression 
could suppress DHT-induced preantral follicle devel-
opment, lentiviral miR-379-5p mimic was introduced 
under the ovarian bursa of control and androgenized rats 
(Fig.  6A). Ovarian growth (weight and length), follicu-
lar stage, number of follicles and their cell proliferation 
(Ki67) at each stage were compared between sham-
control and DHT-treated rats. Our results indicate that 
ovarian miR-379-5p overexpression suppressed ovarian 
growth (length and weight; Fig. 6B,C) in control rats. In 
addition, ovarian miR-379-5p overexpression reduced 

the number of preantral follicle (Fig.  6B,C) and their 
granulosa cell proliferation (Fig. 6D,E) and total number 
of follicles (Fig. 6B,C) in both control and androgenized 
rats. These results provide further support that miR-
379-5p is mainly involved in the growth and development 
of preantral follicles.

Discussion
Androgen promotes both follicular growth and atresia 
in a follicular stage-dependent manner [6, 9, 11, 49] pos-
sibly through changes in the cellular content of miRNAs 
[18]. Emerging evidence suggests that exosomes con-
tribute to many aspects of reproductive physiology and 
disorders through intercellular communication [42, 47]. 
However, the role of exosome secretion in determining 
miRNA content, and their down-stream consequences, 
in exosome-secreting cells remains relatively unexplored. 
In the current study, we have demonstrated if and how 
androgen-induced exosomal miR-379-5p release in 
granulosa cells determines the destiny of a growing fol-
licle. Our results indicate that androgen regulates follicu-
lar growth in a stage-dependent manner, and this is via 
differential changes in cellular and extracellular content 
of miR-379-5p. Mechanistic studies indicate that PDK1, 
responsible for phosphorylation and activation of AKT, 
is a downstream target of miR-379-5p; and that andro-
genic stimulation of preantral follicles increases exoso-
mal miR-379-5p release and reduces its granulosa cell 
content, resulting in enhanced PDK1-mediated granu-
losa cell proliferation. These responses appear to be spe-
cific to preantral follicles, since DHT failed to stimulate 
proliferation of granulosa cells from antral follicles, nor 
did it increase exosomal miR-379-5p release or decrease 
granulosa cell content. These findings may offer impor-
tant mechanistic insight into developmental differences 
in the follicle growth dynamics associated with PCOS, a 
condition often associated with androgen excess.

Exosomes play important roles in intercellular com-
munication by serving as vehicles for transferring various 

Fig. 4  Androgen-induced exosomal mir-379-5p release as a determinant of rat granulosa cell mir-379-5p content and proliferation. A & 
B Irrespective of DHT treatment, GW4869 at 20 nM effectively inhibited exosome release, as evident by increased granulosa cellular content 
and reduced conditioned medium level of CD63 protein (exosome marker; Supplementary Fig. 3). The inhibition of exosome release increased 
granulosa cell mir-379-5p content (normalized to U6; DHT/control ratio) and down-regulate cell proliferation (MCM2) induced by DHT; C DHT 
increased granulosa cell cortactin protein content in granulosa cells from preantral, but not antral follicle; D cortactin overexpression in 
combination with DHT significantly increased exosome release in antral follicle granulosa cells and reduced granulosa cell mir-379-5p content 
(normalized to U6). Granulosa cells were isolated from preantral follicles (Diethylstilbestrol-primed 21-day old rats;1 mg/d, subcutaneous injection, 
for 3 consecutive days) or antral follicles (Equine chorionic gonadotropin–injected 21-day old rats; 10 IU, intraperitoneal injection, animals sacrificed 
48 h post-injection). Exosome release was inhibited with GW4869 pre-treatment (0, 10 and 20 mM, 24 h) before DHT (0 to 1 µM, 24 h and 36 h). 
Exosomes were isolated from granulosa cell conditioned medium by differential centrifugations. To induce exosome release in antral follicle stage, 
granulosa cells were infected with adenoviral sense full-length cortactin cDNA or adenoviral control vector at 50 MOI (24 h), and then cultured with 
DHT (0 to 1 µM, 24 h and 36 h). Protein extraction and Western blotting were performed as described previously [15]. Signal intensities generated 
on the film were measured densitometrically using Image J and normalized over that of GAPDH or β-Actin. U6 RNA was used to normalize 
miR-379-5p content. Results are expressed as means ± SEM (n = 3 replicates, each from 2 rats). Data were analyzed by (A & B) two-way ANOVA and 
tukey post hoc; (C & D) three-way ANOVA and tukey post hoc. *P < 0.05; **P < 0.01, ***P < 0.001

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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Fig. 5  mir-379-5p suppresses rat preantral follicular growth. A Inhibition of exosomal release suppressed DHT-induced follicular growth compared 
to DHT and control on day 2 and 4 of culture. There were no difference in follicular volume between control and GW4869. B, C Transfection of 
preantral follicle with mir-379-5p mimic significantly suppressed the follicle growth compared to control and DHT. Alexa-647-labelled mir-379-5p 
mimic was used to confirm successful transfection of granulosa cells in preantral follicle. Preantral follicles (110 to 150 mm diameter) were 
mechanically isolated from 13- to 14-day old rats and individually cultured in 96 well dish. Exosome release was inhibited with GW4869 treatment 
(20 mM) for 24 h before DHT treatment (0 to 1 µM, 4 days). Preantral follicles was transfected with mir-379-5p mimic and cultured without or 
with DHT (1 µM, 4 days), and follicular growth was assessed on day 2 and 4 post-treatment. Results are expressed as change in mean follicular 
volume ± SEM (n = 15 follicles each). Data were analyzed by two-way ANOVA and tukey post hoc. *P < 0.05; **P < 0.01, ***P < 0.001

Fig. 6  mir-379-5p suppresses the basal and androgen-induced rat preantral follicle growth through reduced granulosa cell proliferation in vivo. 
A A schematic image of experimental design and how rats received different treatments; B Histological images of ovaries which received the 
following treatments, lentivirus-RFP, lentivirus-RFP-mir-379-5p, DHT + lentivirus-RFP, DHT + lentivirus-RFP-mir-379-5p; C, D & E Ovarian mir-379-5p 
overexpression reduced ovarian growth (length and weight) in control group and suppressed granulosa cell proliferation and preantral follicle 
number in both control and androgenized rats. Lentivirus particles (2 μl) were injected under the ovarian bursa. The dosage and successful 
transduction was confirmed in Supplementary Fig. 10. *P < 0.05; **P < 0.01, ***P < 0.001

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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cellular constituents, such as proteins, lipids and nucleic 
acids, between cells. However, very little is known about 
the role of exosome release in determining the cellu-
lar miRNA content from exosome-releasing cells. It has 
been suggested that exosome release plays a crucial role 
in maintaining cellular homeostasis in exosome-releasing 
cells and inhibition of this process induces reactive oxy-
gen species-dependent DNA damage and apoptosis in 
normal human cells [50]. In the present studies, we have 
demonstrated that androgen upregulates exosomal miR-
379-5p release and proliferation of rat granulosa cells 
from preantral, but not antral follicles. The androgen-
induced miR-379-5p release from preantral granulosa 
cells appears to be specific to miR-379-5p and is medi-
ated by exosomes but not by microvesicles or simple 
diffusion (evident by its absence in extracellular vesicle-
depleted conditioned medium). This may represent an 
androgen-induced proliferative mechanism to reduce its 
cellular content in preantral follicle granulosa cells. Our 
findings support the concept that miRNAs are selectively 
packaged into exosomes [51–53]. Based on an miRNA’s 
motif sequence, RNA-binding proteins can bind to the 
specific miRNA molecules, and assist the miRNA sort-
ing process into exosomes. Heterogeneous nuclear 
ribonucleoprotein A2B1 (hnRNPA2B1) is one such 
RNA-binding protein capable of targeting specific miR-
NAs to control their sorting and loading into exosomes 
[54]. Recently, it has been shown that hnRNPA2B1 pro-
tein recognizes and specifically packages miRNA-17 and 
-93 into exosomes through binding into their AGG/UAG 
motifs [55, 56]. These binding motifs could provide a 
potential mechanism whereby hnRNPA2B1 exerts regu-
latory control over miRNA sorting. Interestingly, we also 
identified that miR-379-5p has a similar motif sequence 
and hence hnRNPA2B1 may be involved in selective 
packaging of miR-379-5p into exosomes in response to 
androgen. However, further investigations are required 
to confirm if this is indeed the case. Our current find-
ings support the notion of exosomal packaging of miR-
379-5p as a key regulator of granulosa cell proliferation. 
Specifically, inhibiting exosomal release with GW4869 
during preantral follicular development resulted in the 
accumulation of intracellular miR-379-5p, leading to 
reduced granulosa cell proliferation.. Collectively, these 
results suggest that it is not the release of exosomes, but 
increased exosomal content of miR-379-5p released from 
granulosa cells in response to androgenic stimulation is 
a proliferative mechanism specific for the preantral stage 
of follicle development.

The reason (s) for the observed reduction in the granu-
losa cell content of mir-379-5p in the control after 36 h 
in the preantral stage is not known, but could be due to 
several factors including differential miRNA turnover 

in preantral and antral follicles and packaging of miR-
379-5p into alternative extracellular vesicles not assessed 
in this study. miRNA turnover and degradation are 
a highly contested topic in the literature with studies 
reporting wide ranges of stability (28  h – 220  h) [57]. 
Furthermore, these dynamic changes are dependent on 
cell type, stress response, culture conditions, to name a 
few. In addition to altered stability, selective packaging of 
miR-379-5p into other extracellular vesicles not assessed 
in this study is possible, which is a limitation due to sam-
ple input constraints. Thus, the storage and packaging 
of cargoes in cells could be changed under certain con-
ditions. It’s possible that the packaging of miRNA could 
be redirected from exosomes at 24  h to another vesicle 
type at 36  h. This, along with possible altered turnover 
dynamics, potentially explains why miR-379-5p content 
in the preantral stage granulosa cell decreased at 36  h 
with no increase in the exosomal miR-379-5p content. 
However, further studies are required to determine the 
potential pathway(s) involved in this mechanism. The 
androgen receptor (AR) plays important regulatory roles 
in ovarian follicular development and AR cellular content 
determines the capability of the target cell to respond to 
androgen stimulation. Ring finger protein 6 (RNF6), a 
member of E3 ligase family, induces AR ubiquitination 
[9]. In previous studies, we have observed that andro-
gen induced ovarian follicular growth is dependent on 
RNF6-mediated, lysine site-specific, AR polyubiquitina-
tion, thus determining AR transcriptional activity, sta-
bility and abundance. Also, the androgenized rat PCOS 
model exhibits increased RNF6-mediated AR ubiquit-
ination (K48), enhanced AR degradation, and decreased 
granulosa cell proliferation in the antral but not preantral 
follicle stage [9, 11]. In this study, and in contrast to the 
more responsive preantral follicle granulosa cells, granu-
losa cells in antral follicles failed to respond to DHT with 
increased cortactin expression and proliferation in vitro. 
On the other hand, cortactin overexpression in the antral 
follicle stage, increases its exosomal miR-379-5p release 
and reduces granulosa cell content in response to andro-
gen, suggesting that the failure of androgen-induced 
granulosa cell proliferation in antral follicle could be 
due to AR degradation, lack of cortactin activation and 
miR-379-5p exosomal release. In preantral follicle stage, 
whereas DHT significantly increased cortactin protein 
content, it did not change that of exosome release. There-
fore, exosome release may possibly be regulated differen-
tially in preantral and antral follicle stages.

The content of cellular constituents, such as miRNAs 
and proteins, is determined by a balance between exo-
some release and uptake. Preferential uptake of extracel-
lular vesicles derived from follicular fluid of small antral 
follicles, compared to those isolated from large follicles, 
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stimulated granulosa cell proliferation through Src, PI3K/
AKT, and MAPK signaling pathways [58]. The prolif-
erative response could be explained by both the differ-
ential cellular contents and by the preferential uptake of 
extracellular vesicles [58]. In the current study, andro-
gen treatment of donor and recipient cells did not alter 
exosome uptake. However, exosomal uptake was not 
assessed between different follicle stages, an aspect being 
considered for future studies. Although exosome uptake 
did not differ in response to androgen, a higher exosomal 
miR-379-5p content of DHT-exo (exosomes derived from 
DHT-treated granulosa cells), suppressed androgen-
induced proliferation by increasing its cellular content 
in preantral follicle granulosa cells. In breast cancer cells, 
miR-379 has been reported to be a tumor suppressor, and 
its expression is significantly lower in cancer compared 
with healthy breast tissues [59]. Recently, mesenchymal 
stem cells stably transduced to express miR-379 and exo-
some-enriched with miR-379-5p have been developed for 
breast cancer therapy. Systemic administration of exo-
some enriched with miR-379 has been shown to have 
therapeutic effect, with a significant reduction in tumor 
activity in animals [59]. These results support the regu-
latory role of exosomes in the determination of cellular 
miR-379-5p content and proliferation.

Recently, we have demonstrated that one-month of 
DHT treatment reduces ovarian weight and length, but 
without affecting pre-antral follicles atresia and systemic 
changes, including body weight and the insulin sensitiv-
ity index [14]. Although all stage of follicles and corpus 
luteum can be found in control ovaries, DHT ovaries 
mainly contain pre- and early antral follicles. In the cur-
rent study, overexpression of miR-379-5p in ovaries using 
lentiviral injection allowed us to further evaluate its func-
tion in follicular development. MiR-379-5p injection sup-
pressed preantral follicle granulosa cell proliferation and 
development without affecting other stages of follicular 
development in both control and androgenized model, 
suggesting that miR-379-5p is mainly involved in the 
development of preantral follicles.

MiR-379-5p content in follicular fluid from PCOS 
subjects was significantly reduced in exosomes with no 
changes in extracellular vesicle-depleted follicular fluid, 
whereas androgen-induced miR-379-5p changes in rat 
granulosa cells was exosome-specific and was not detect-
able in extracellular vesicle-depleted condition medium.

Although, androgen did not influence exosomal miR-
379-5p content in antral follicles stage in rat, human 
PCOS significantly had lower exosomal miR-379-5p con-
tent. This is important to consider that human granulosa 
cells and follicular fluids were collected at the preovula-
tory follicle stage; however those of rat collected from 
antral follicles. Therefore, the differences of exosomal 

miR-379-5p content could have be resulted from differ-
ences in follicular stage between the rat and the human 
models.

In conclusion, our findings suggest that increased 
exosomal miR-379-5p release from granulosa cells in 
response to androgen action is a proliferative mecha-
nism specific to preantral follicle development. To facili-
tate future investigation into the role and regulation of 
miR-379-5p in the androgenic control of ovarian fol-
licular development, the following hypothetical model 
is proposed (Supplementary Fig.  8). In preantral folli-
cles, androgen excess reduces granulosa cell miR-379-5p 
content by increased exosomal release. Reduced cellular 
miR-379-5p up-regulates PDK1, which phosphorylates 
and activates AKT, and induces cell proliferation. In con-
trast, these cellular mechanisms were not evident at the 
antral follicle stage, resulting in attenuation of the prolif-
erative response of granulosa cells to androgenic stimu-
lation and of antral follicle growth. Although it is well 
established that exosomes facilitate miRNA-mediated 
cell–cell communication, whether and how target cell 
uptake of exosomes enriched in miR-379-5p within the 
ovarian microenvironment regulates follicular growth in 
normal ovarian physiology, and in the etiology of PCOS, 
is unknown and requires further investigation.

Materials and methods
Reagents and antibodies
Cell culture media (M199), fetal bovine serum (FBS), 
penicillin and streptomycin, L-glutamine, sodium pyru-
vate, and trypsin were purchased from Invitrogen 
(Burlington, Canada). Diethylstilbestrol (DES), equine 
chorionic gonadotropin (eCG), HEPES, bovine serum 
albumin (BSA), bovine insulin, transferrin, ascorbic acid, 
and sodium selenite anhydrous were from Sigma (St. 
Louis, MO). 5α-dihydrotestosterone (DHT) was obtained 
from Steraloids (Newport, RI). Anti-rabbit and -mouse 
IgG conjugated with horseradish peroxidase and reagents 
for SDS-PAGE were purchased from Bio-Rad Laborato-
ries (Mississauga, Ontario, Canada). Enhanced chemi-
luminescent reagent was from Thermo Fisher Scientific 
(Rockford, IL).

Animals and DHT implant in vivo
Female Sprague Dawley rats (Charles River, Montreal, 
Canada) were maintained on 12 h cycle (light and dark) 
and given food and water ad  libitum. Immature female 
rats at 21  days of age were implanted subcutaneously 
with silicone capsules without (control, sham control) or 
with DHT (DHT, Steraloids Inc., Newport, USA), as pre-
viously described [12, 15] to continuously release 83  μg 
DHT/day for 28  days. Sham control animals received 
identical pellets lacking the steroid. As ovaries of 
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androgenized rats contain mainly preantral follicles, we 
only isolated preantral follicle granulosa cells from con-
trol and DHT-treated rats in this experiment. Granulosa 
cells (n = 3 replicates, each from 1 rat) from both control 
and DHT-treated rats were isolated by follicular puncture 
and were kept frozen in -80 ̊C until analysis.

Primary culture of rat follicles, granulosa cells, miRNA 
transfection and exosome release inhibition
Granulosa cells from preantral follicles (Diethylstilbes-
trol [DES]-primed 21-day old rats; 1 mg/d, subcutaneous 
injection [s.c.]for 3 consecutive days) and antral follicles 
(Equine chorionic gonadotropin [eCG]–injected 22-day 
old rats; 10  IU, intraperitoneal injection [i.p.], animals 
sacrificed 2 days post-injection) were isolated by follicu-
lar puncture as described previously [9, 15].

Granulosa cells were plated (1 × 106 per well in a 6 
well plate) overnight in M199 with 10% FBS under a 
humidified atmosphere of 95% air and 5% CO2. After 
culture overnight in serum-free medium, granulosa 
cells were treated with or without DHT (1  µM; 24  h 
and 36  h; (n = 3 replicates, each from 2 rats)). DMSO 
and alcohol were added to the control group (final con-
centration of 0.001% and 0.005%, respectively) as they 
were used as a vehicle for DHT. Our laboratory has 
previously examined different concentrations of DHT 
on various ovarian parameters in  vitro [10], including 
follicular growth, granulosa cell proliferation, apop-
tosis, steroidogenesis, androgen receptor content. We 
found that 1 μM is the optimal concentration, and this 
concentration was used in the current study. In some 
experiments, granulosa cell (n = 3 replicates, each from 
2 rats) cultures were transfected with miR-379-5p 
mimic (50 and 100 nM) or inhibitor (100 nM; mirVana 
Mimics & Inhibitors, Life Technologies, Inc.) or scram-
bled sequence using Lipofectamine 2000 (Life Tech-
nologies, Inc.) for 24 h before DHT treatment in vitro 
[47]. To inhibit exosome release, granulosa cells (n = 3 
replicates, each from 2 rats) were treated with GW4869 
(0, 10 and 20 mM, Cayman Chemical, Ann Arbor, MI) 
for 24 h before DHT treatment [47].

Preantral follicles (110 to 150  mm diameter) were 
mechanically isolated from 13- to 14-day-old rats, indi-
vidually cultured in Leibowitz L-15 medium with BSA 
(0.1%, wt/vol; 96 well dish) and their growth assessed as 
described previously [9, 15]. Briefly, only round follicles 
with intact basement membrane and theca layer were 
selected for the present studies. Follicles were cultured 
individually for 4 d in a 96-well plate in 100 μl of α-MEM 
supplemented with HEPES (10 mM), BSA (0.1%, wt/vol), 
bovine insulin (5  μg/ml), transferrin (2  μg/ml), ascor-
bic acid (25  μg/ml), sodium selenite anhydrous (2  ng/
ml), L-glutamine (3 mM), sodium pyruvate (100 μg/ml), 

streptomycin (100 μg/ml), penicillin (100 U/ml), and FSH 
(10 ng/ml). The culture medium was changed every other 
day. Follicular diameter was measured daily as the aver-
age distance between the outer edges of the basement 
membrane in two perpendicular planes, and results were 
expressed as change in follicular volume [9, 15].

Exosome release inhibition and miRNA transfection 
in preantral follicles were carried out by using n = 15 
follicles in each experimental group as described above. 
Alexa-647-labelled miR-379-5p mimic was used to con-
firm successful transfection of granulosa cells in prean-
tral follicles. Transfected preantral follicles were imaged 
by Zeiss LSM880 with AiryScan FAST at the Cell Biology 
and Image Acquisition of the University of Ottawa. Con-
trol group received unlabeled scrambled sequence using 
Lipofectamine 2000 (Life Technologies, Inc.).

Human samples
Human ovarian follicular fluids (FF) were collected from 
pre-ovulatory follicle of lean PCOS (based on Rotterdam 
criteria; BMI < 30; Supplementary table 2) and non-PCOS 
subjects (premenopausal, 18–40 years) with normal thy-
roid function and prolactin levels, undergoing assisted 
reproduction treatment at the CReATe Fertility Centre, 
Toronto, Canada. Exclusion criteria include: (1) known 
causes of oligomenorrhea other than PCOS; and (2) use 
of hormone treatment, birth control pill, insulin sensi-
tizers, lipid lowering agents, or medications known to 
influence insulin sensitivity or serum androgens, within 
3  months of the study onset. Moreover, follicular fluids 
were collected individually from pre-ovulatory follicle 
of right or left ovary without buffer and those contami-
nated with visible blood were excluded (Supplementary 
Fig.  9). All FF (PCOS, n = 13 & non-PCOS, n = 25) and 
granulosa cell (Ki67: pre-ovulatory follicle; PCOS, n = 12 
& non-PCOS, n = 11) specimens were obtained from the 
CReATe Biobank, CReATe Fertility Centre [60].

Adenovirus infection
Granulosa cells were infected with adenoviral sense full-
length cortactin cDNA or control adenoviral vector at 50 
MOI, as previously described [10]; and then treated with 
or without DHT (1 µM; 24 h and 36 h; n = 3 replicates, 
each from 2 rats).

Protein extraction and western blotting
Granulosa cell cultures were harvested by trypsin treat-
ment and lysed using Cell Lysis Buffer (Cat#: 9803; Cell 
Signaling Technology, Inc; Beverly, Massachusetts). Pro-
tein extraction and western blotting were performed as 
described previously [15]. Antibodies and their dilutions 
are summarized in the Supplementary table 1.
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Exosome and microvesicle isolation and nanoparticle 
tracking analysis
Extracellular vesicles in granulosa cell conditioned 
medium and human follicular fluids were isolated 
by differential centrifugation [47] [Apoptotic bodies: 
2500 × g, 10 min, 4˚C; Microvesicles: 20,000 × g, 20 min, 
4˚C; Exosomes: granulosa cell conditioned medium 
(100,000 × g for 90  min at 4˚C) and human follicular 
fluids (ExoQuick; System Biosciences [61])]. Extracellu-
lar vesicles were characterized by nanoparticle tracking 
analysis (Zetaview) and western blotting (CD63) [47].

Extracellular vesicles in phosphate-buffered saline 
(PBS) were analyzed for size and number by using the 
ZetaView PMX110 Multiple Parameter Particle Track-
ing Analyzer (Particle Metrix, Meerbusch, Germany), 
and ZetaView software version 8.02.28 as previously 
described [62, 63]. Extracellular vesicles were captured by 
11 camera positions at 21 °C, and the pellet size and con-
centration was evaluated.

miRNA isolation, real‑time PCR, luciferase assay
Total RNA, inclusive of the small RNA fraction, was 
extracted using the miRNeasy Mini Kit (Qiagen Inc., 
Toronto, ON, Canada). The TaqMan MicroRNA Reverse 
Transcription Kit (Life Technologies, Inc.) and TaqMan 
Advanced miRNA cDNA Synthesis Kit (Life Technolo-
gies, Inc.) were used for cDNA preparation, as per the 
manufacturer’s instructions. Real-time PCR reactions 
were performed by TaqMan Advanced miRNA Assays 
and Taqman miRNA assay from Thermo Fisher (Life 
Technologies, Inc.) on human and rat samples, respec-
tively in an Applied Biosystems 7500 sequence detection 
real-time PCR system (Foster City, CA) (See Supplemen-
tary Table S3). Since miR-92a-3p level in human follicu-
lar fluids are not influenced by PCOS (based on miRNA 
profiling results from Next Generation Sequencing; Wyse 
et al., Unpublished). miR-92a-3p and U6 RNA were used 
to normalize miR-379-5p content in human and rat sam-
ples, respectively. The relative amount of miR-379-5p 
to U6 and miR-92a-3p RNA was expressed using the 
2-ΔΔCt method [64].

Transfection studies were conducted using firefly lucif-
erase as a reporter gene and normalized using Renilla 
Luciferase (GeneCopoeia, Rockville, MD) [47]. The 
pEZX- MT06-PDK1 3ʹUTR-f/rLuc or mutant PDK1 
3ʹUTR vectors (100  ng, GeneCopoeia) were transfected 
into preantral granulosa cells with miR-379-5p mimic or 
scrambled sequence (100 nM; n = 3 replicates, each from 
2 rats; mirVana Mimics & Inhibitors, Life Technologies, 
Inc.). After 24  h, luciferase activity was assayed using a 
Dual Luminescence assay kit (GeneCopoeia) and read on 
an Orion II microplate luminometer (Berthold Detection 
Systems, Pforzheim, Germany).

Exosomal uptake analysis
Preantral granulosa cells (donor cells) were cultured 
(60 mm dishes at 2 × 106 cells/ dish) without (CTR-exo) 
or with DHT (DHT-exo) and exosomes were isolated 
from conditioned medium after 36 h. To prepare recipi-
ent cells, preantral follicle granulosa cells were plated 
(M-199 containing 10% FBS, 18  h, 12-well dishes at 
3 × 105 cells per well; n = 3 replicates) and pre-treated 
with or without DHT for 12 h (M-199, 18 h). Exosomes 
were isolated by using ultracentrifugation, re-suspended 
in PBS and incubated with recipient granulosa cells 
(10  μg protein/100,000 granulosa cells for 24  h; Brad-
ford protein assay [15, 65]. Proliferative response (CCK-8 
assay; Sigma) and exosome uptake were assessed in the 
following 4 experimental groups: (1) CTR recipient 
cells + CTR-exo, (2) DHT recipient cells + CTR-exo, (3) 
CTR recipient cells + DHT-exo, and (4) DHT recipient 
cells + DHT-exo.

To evaluate exosome uptake, exosomes from donor 
cells were labeled with the red fluorescent dye PKH26 
(Sigma) for 5  min at room temperature and then 
incubated with recipient granulosa cells (10  μg pro-
tein/100,000 granulosa cells) for 24 h [47, 66, 67]. Granu-
losa cells were washed with PBS once before detaching 
by cell scraper (Corning™ Falcon™). Granulosa cells (105 
cells) were stained with viability dye eFluor 450 in PBS 
(Biolegend, San Diego, USA; 30 min, 4◦C), washed with 
FACS buffer (PBS with 1% BSA), and re-suspended in 
1% of paraformaldehyde. To compare exosome uptake 
among treatments, flow cytometric acquisition was per-
formed and analyzed as described previously [12].

Production of recombinant lentiviral particles, injection 
and immunofluorescence
The lentiviral gene transfer plasmids pLV-[hsa-miR-
379-5p] (Cat.no. miR-p209m) and pLV-[miR-control] 
(Cat.no. mir-p000) were purchased from the BioSettia 
Company (San Diego, California, USA); production of 
recombinant lentiviral particles was performed as per 
manufacturer’s protocol. Briefly, HEK 293  T cells were 
co-transfected with the transfer vector and the helper 
plasmids pMD2.G (Addgene) and psPAX2 (Addgene), 
using the calcium phosphate co-precipitation method. 
Prior to transfection, a total of 6 × 106 293  T cells were 
seeded in 10  cm plates for 24  h in modified Dulbecco’s 
culture medium containing FBS (10%), penicillin (100 IU/
ml), and streptomycin (100 mg/ml) in 5% CO2. The cul-
ture medium was changed one hour prior to transfec-
tion and a total of 18 μg of plasmid DNA was added per 
dish: [envelope plasmid pMD2.G (3 μg), packaging plas-
mid psPAX2 (6  μg) and transfer vector plasmid (9  μg)]. 
The precipitate, formed from adding the plasmids to 
a final volume of 540  μl and 60  μl of 2.5  M CaCl2 and 
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then dropwise 600  ml of 2 × HEPES-buffered saline, 
was added immediately to the cultures. The medium 
was then replaced every 24  h with fresh medium for 
high-concentration virus production. The high-titered 
virus was achieved through serial ultracentrifugation, as 
previously described [68]. Briefly, the viral supernatant 
was collected and filtered through a 0.45  µm filter and 
transferred into sterilized Ultra-Clear centrifuge tubes 
(Beckman cat. no. 344058). The viral supernatant was 
centrifuged (16,500 × g, 90 min, 4°C), pooled, and stored 
in aliquots at -80°C.

Animals were randomly divided into 2 groups (control 
and DHT implants) and left and right ovaries in each 
animal were injected with RFP virus particles and miR-
379-5p mimic, respectively, sacrificed 28 days post-injec-
tion, and ovarian growth (weight and length), number of 
follicles at each stage, and their cell proliferation (Ki67) at 
each stage, were compared. Viral particles containing RFP 
or miR-379-5p were injected using a syringe with a glass 
micro-injection needle (50  μm diameter), as described 
previously [69]. Effective transduction of the granulosa 
cells with lentivirus particles (2 µl) was confirmed seven 
days post-injection by assessing the RFP signal in ovarian 
sections with the IVIS Spectrum system (PerkinElmer). 
Additionally, RFP mRNA expression in the granulosa 
cells was also assessed. Our results indicate that all four 
experimental groups expressed RFP mRNA (Supplemen-
tary Fig.  10), supporting the notion that granulosa cells 
were successfully transduced by lentivirus.

To confirm the lentivirus transduction efficiency of 
granulosa cells, we assessed the mRNA expression of red 
fluorescent protein (RFP; Forward: cccgtaatgcagaagaaga; 
Reverse: ggccttgtaggtggtcttga; Supplementary Fig.  10) 
in granulosa cells isolated from control and lentivirus 
treated rats. Total RNA was extracted with Trizol and 
reverse transcribed into cDNA using a High-Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems), 
as per the manufacturer’s instructions. Real-time PCR 
reactions were performed by Fast SYBR Green Mas-
ter Mix (Applied Biosystems) in an Applied Biosystems 
7500 sequence detection real-time PCR system (Foster 
City, CA) [70]. Melting curve analyses were performed 
at the end of each run to ensure specificity of the ampli-
fication. RFP primer efficiency was determined with a 
standard curve (with at least five serial dilutions) in a 
pool of all samples. Data were analyzed by the 2-ΔΔCT 
method [64].

At the time of animal sacrifice, the ovaries were sam-
pled and trimmed according to guidelines for organ sam-
pling in rats and mice published by RITA (Registry of 
Industrial Toxicology Animal-data) and NACAD (North 
American Control Animal Database) group (Kittel B. 
et al. Revised guides for organ sampling and trimming in 

rats and mice – Part 2. Exp Toxic Pathol 2004; 55: 413–
431). Ovaries were fixed in 4% formalin, dehydrated, and 
embedded in paraffin. After trimming off 400–500  μm 
of the tissue, 4 µm longitudinal sections were made from 
the central part of each ovary. Since rat follicles are rela-
tively big structures (around 100–300 μm), a middle sec-
tion represents about 60–70% of all follicles in the ovary. 
Therefore, the number of preantral, early antral, antral, 
preovulatory follicles, and corpus luteum was counted on 
a middle section. The ovarian histopathological assess-
ment and follicle counting were performed with hema-
toxylin and eosin (H&E) staining [71] on whole slide 
images based on Goldman et  al. (PNAS 2017; PMID: 
28,270,607) and our previous publication [47, 66, 67]. For 
immunofluorescence studies, sections were deparaffi-
nized in xylene and rehydrated through a 100–70% etha-
nol gradient. Antigen retrieval was achieved by boiling 
slides in TRIS/EDTA (pH 9.0) or citrate (pH 6.0) buffer in 
a microwave for 15 min. Sections were blocked with 10% 
donkey serum in 1% BSA in phosphate-buffered saline 
(40  min) before incubation with rabbit anti-Ki67 (over-
night, 4°C, Abcam, ab16667; 1:200). Donkey anti-rabbit 
Cy3 as secondary antibody (Jackson Immunoresearch, 
AB-2307443; 1:100) was incubated for 1 h at room tem-
perature. The fluorescent dye Hoechst 33,342 (1:10,000; 
Molecular Probes) was used for nuclei detection. Sec-
tions were protected with VectaShield mounting medium 
(Vector Labs), scanned by Axio Scan.Z1 (Carl Zeiss, Got-
tingen, Germany) and recorded with the Axion Vision 
program (Axion Vision software, Zeiss). The macro 
(FIJI software) was used to apply colour threshold based 
selection for the respective signals/channels which then 
counted the selected particles. 

Human granulosa cell proliferation (Ki67)
Human granulosa cells (2 × 105 cells) were fixed, per-
meabilized, stained for Ki67 and flow cytometric 
acquisition was performed and analyzed as described 
previously [12].

Statistics
T-tests, and one-, two-, or three-way analyses of variance 
(ANOVA) were used to assess the effects of, and interac-
tions between variables, followed by multiple comparison 
by the Tukey post hoc test, using Prism v.7 (GraphPad, 
San Diego, CA) and Sigma plot v.12 (Systat Software, San 
Jose, CA). P < 0.05 was considered statistically significant.

Study approval
All FF and granulosa cell specimens were obtained from 
the CReATe Biobank, CReATe Fertility Centre. The 
CReATe Biobank (banking protocols approved by Veri-
tas IRB), collects biological materials from consenting 
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patients, according to the best practice-based stand-
ards of biobanking [60]. All samples from the Biobank 
were approved for use in this study by the University of 
Toronto REB (Protocol#29,236) and The  Ottawa Hospi-
tal REB (Protocol #20,170,453-01H)]. All animal proce-
dures were carried out in accordance with the Guidelines 
for the Care and Use of Laboratory Animals, Canadian 
Council on Animal Care, and were approved by the Uni-
versity of Ottawa Animal Care Committee.
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Additional file 1: Supplementary Figure 1. Androgen excess in human 
PCOS subjects is associated with reduced follicular fluid-derived exosomal 
mir-379-5p content and granulosa cell proliferation. (A) Follicular fluids 
from the dominant follicles (≥ 20 mm; n = 25 Non-PCOS and 13 PCOS 
subjects) of PCOS subjects exhibited significantly higher free testosterone 
level and lower mir-379-5p contents (relative to mir-92a-3p, determined 
by Next Generation sequencing) in exosomes. mir-379-5p was detected 
in extracellular vesicle (EV)-depleted follicular fluid (FF) but its levels was 
not different between PCOS and Non-PCOS subjects. (B & C) Granulosa 
cells from PCOS subjects had significantly lower proliferation (n = 12 Non-
PCOS and 11 PCOS subjects) than those of non-PCOS subjects. MiRNA 
expression was assessed by TaqMan Advanced miRNA Assays (Thermo 
Fisher). Results are expressed as means ± SEM. Data were analyzed by 
t-test and Pearson correlation. *P < 0.05, **P < 0.01 and ****P < 0.0001. 
Supplementary figure 2. Androgen does not influence cellular and exo‑
somal contents of mir-24, mir-9 and let-7d in rat pre-antral follicle granu‑
losa cells.  Granulosa cells were isolated from preantral follicles (Diethyl‑
stilbestrol-primed 21-day old rats; 1 mg/d, subcutaneous injection for 3 
consecutive days). Granulosa cells were cultured with DHT (0 and 1 µM, 
24 h and 36 h). Exosomes were isolated from granulosa cell-conditioned 
medium by differential centrifugation and their size and concentrations 
were determined by nanoparticle tracking analysis. miRNA expression 
was assessed by TaqMan miRNA Assays (Thermo Fisher) and normalized 
to U6. Results are expressed as means ± SEM (n = 3 replicates, each from 
2 rats). Data were analyzed by two-way ANOVA and tukey post hoc. Sup‑
plementary figure 3. DHT treatment did not affect granulosa cell TGFBR1 
protein content in rat preantral and antral follicles in vitro. Granulosa cells 
were isolated from preantral follicles (Diethylstilbestrol-primed 21-day old 
rats; 1 mg/d, subcutaneous injection for 3 consecutive days) and antral 
follicles (Equine chorionic gonadotropin –injected 22-day old rats; 10 IU 
intraperitoneal injection; animal sacrificed 48 h post-treatment). Granulosa 
cells were cultured with DHT (0 and 1 µM) for 24 h and 36 h. Supplemen‑
tary figure 4. Androgen increased the cellular content of pri-miR-379 in 
rat granulosa cells. Granulosa cells were isolated from preantral follicles 
(Diethylstilbestrol-primed 21-day old rats; 1 mg/d, subcutaneous injection 
for 3 consecutive days) and antral follicles (Equine chorionic gonadotropin 
–injected 22-day old rats; 10 IU intraperitoneal injection; animal sacrificed 
48 h post-treatment). Granulosa cells were cultured with DHT (0 and 1 
µM) for 24 h and 36 h. miRNA expression was assessed by TaqMan miRNA 
Assays (Thermo Fisher) and normalized to 𝛽-actin. Results are expressed 
as means ± SEM (n = 3 replicates, each from 2 rats). Data were analyzed 
by two-way ANOVA and tukey post hoc. Supplementary figure 5. The 
median size of exosomes and microvesicles isolated from rat pre-antral 
and antral follicle granulosa cell-conditioned medium. Granulosa cells 
were isolated from preantral follicles (Diethylstilbestrol-primed 21-day old 
rats; 1 mg/d, subcutaneous injection for 3 consecutive days) and antral 
follicles (Equine chorionic gonadotropin –injected 22-day old rats; 10 IU 
intraperitoneal injection; animal sacrificed 48 h post-treatment). Granulosa 
cells were cultured with DHT (0 and 1 µM) for 24 h and 36 h. Exosomes 
and microvesicles were isolated from granulosacell-conditioned medium 
by differential centrifugation as described in Materials and Methods. 
Results are expressed as means ± SEM (n = 3 replicates, each from 2 

rats). Data were analyzed by three-way ANOVA and tukey post hoc. 
Supplementary figure 6. Exosome release is inhibited by GW4869 at 
20 nM. (A) CD63 protein is an exosome marker and is expressed only in 
exosome fraction of granulosa cell conditioned medium. (B) GW4869 (20 
nM) effectively suppressed exosome release, as evident by reduced CD63 
protein content in conditioned medium. Granulosa cells were isolated 
from preantral follicles (Diethylstilbestrol-primed 21-day old rats; 1 mg/d, 
subcutaneous injection for 3 consecutive days). Exosomes were isolated 
from granulosa cell-conditioned medium by differential centrifugation as 
described in Materials and Methods. Supplementary Figure 7. Recon‑
stitution of DHT-treated (mir-379-5p down-regulated) rat granulosa cells 
with mir-379-5p-enriched exosomes attenuates the DHT-induced prolif‑
erative response in vitro. (A) Experimental design: Preantral granulosa cells 
(donor cells) were treated without (CTR-exo) or with DHT (DHT-exo), and 
exosome were isolated from spent culture medium 36 h post-treatment. 
To prepare recipient cells, granulosa cells from preantral follicles were 
pre-treated without or with DHT for 12 h. Exosomes were labeled with 
the red fluorescent dye PKH26 by incubating with granulosa cell (10 μg 
protein/100,000 granulosa cells) for 24 h. Granulosa cells (105 cells) were 
stained with viability dye eFluor 450. (B) Exosomal uptake was assessed 
in viable granulosa cells by flow cytometry in the following 4 experimen‑
tal groups: (1) CTR recipient cells + CTR-exo, (2) DHT recipient cells + 
CTR-exo, (3) CTR recipient cells + DHT-exo, and (4) DHT recipient cells 
+ DHT-exo; (C) While androgen excess failed to alter exosomal uptake,  
culture of DHT-treated granulosa cells (mir-379-5p down-regulated) with 
mir-379-5p-enriched exosomes (DHT-exo) attenuates the DHT-induced 
proliferative response in vitro. Granulosa cells were isolated from preantral 
follicles (Diethylstilbestrol-primed 21-day old rats; 1 mg/d, subcutaneous 
injection for 3 consecutive days). Results are expressed as means ± SEM 
(n = 3 replicates). Data were analyzed by two-way ANOVA and tukey post 
hoc. *P < 0.05. Supplementary Figure 8. A hypothetical model illustrat‑
ing androgen-induced exosomal mir-379-5p release from granulosa cells 
removes its inhibitory action on PDK1, a proliferative mechanism specific 
for preantral follicle granulosa cells. Androgen excess reduces granulosa 
cell mir-379-5p content by increasing its exosomal release in preantral fol‑
licles, but not in antral follicles. Reduced granulosa cell mir-379-5p content 
increases PDK1-mediated cell proliferation. Consequently, androgen 
excess promotes preantral but suppresses antral follicular development, 
as observed in PCOS. (Created in BioRender.com). Supplementary 
figure 9. Guide for inclusion or rejection of follicular fluid samples for 
study. Supplementary figure 10. Validation of lentivirus transduction 
following intrabursal injection. (A) Red fluorescent protein (RFP) signal in 
rat ovarian sections was detectable 7 days following intrabursal injection 
of lentivirus-RFP and saline (control), demonstrating successful delivery 
and transduction; (B) RFP mRNA expression was detectable (normalized 
to β-actin) in granulosa cells isolated from rats injected with lentivirus. 
Granulosa cells isolated from untreated rats were considered as Control. 
Results are expressed as means ± SEM; n = 3 per group, each from 2 rats. 
Data were analyzed by one-way ANOVA and tukey post hoc. **P < 0.01, 
***P < 0.001. Supplementary Table 1. List of antibodiesand their dilution 
used in this study. Supplementary Table 2. Patient characteristics. Sup‑
plementary Table 3. List of TaqMan Advanced miRNA Assays and Taqman 
miRNA assay (Life Technologies, Inc.) used in this study.
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