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Effects of Cyanobacterial Harmful Algal Bloom Toxin Microcystin-LR on
Gonadotropin-Dependent Ovarian Follicle Maturation and Ovulation in Mice
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BACKGROUND: Cyanobacterial harmful algal blooms (CyanoHABs) originate from the excessive growth or bloom of cyanobacteria often referred to
as blue-green algae. They have been on the rise globally in both marine and freshwaters in recently years with increasing frequency and severity
owing to the rising temperature associated with climate change and increasing anthropogenic eutrophication from agricultural runoff and urbanization.
Humans are at a great risk of exposure to toxins released from CyanoHABs through drinking water, food, and recreational activities, making
CyanoHAB toxins a new class of contaminants of emerging concern.

OBJECTIVES: We investigated the toxic effects and mechanisms of microcystin-LR (MC-LR), the most prevalent CyanoHAB toxin, on the ovary and
associated reproductive functions.

METHODS: Mouse models with either chronic daily oral or acute intraperitoneal exposure, an engineered three-dimensional ovarian follicle culture
system, and human primary ovarian granulosa cells were tested with MC-LR of various dose levels. Single-follicle RNA sequencing, reverse tran-
scription—quantitative polymerase chain reaction, enzyme-linked immunosorbent assay, western blotting, immunohistochemistry (IHC), and bench-
mark dose modeling were used to examine the effects of MC-LR on follicle maturation, hormone secretion, ovulation, and luteinization.

RESULTS: Mice exposed long term to low-dose MC-LR did not exhibit any differences in the kinetics of folliculogenesis, but they had significantly fewer
corpora lutea compared with control mice. Superovulation models further showed that mice exposed to MC-LR during the follicle maturation window had
significantly fewer ovulated oocytes. IHC results revealed ovarian distribution of MC-LR, and mice exposed to MC-LR had significantly lower expression
of key follicle maturation mediators. Mechanistically, in both murine and human granulosa cells exposed to MC-LR, there was reduced protein phospha-
tase 1 (PP1) activity, disrupted PP1-mediated PI3K/AKT/FOXO1 signaling, and less expression of follicle maturation-related genes.

DiscussioN: Using both in vivo and in vitro murine and human model systems, we provide data suggesting that environmentally relevant exposure to
the CyanoHAB toxin MC-LR interfered with gonadotropin-dependent follicle maturation and ovulation. We conclude that MC-LR may pose a nonne-
gligible risk to women’s reproductive health by heightening the probability of irregular menstrual cycles and infertility related to ovulatory disorders.
https://doi.org/10.1289/EHP12034

cyclo-(p-Ala'-X?-p-MeAsp-Z*-Adda’-p-Glu®-Mdha’). With two
varying L-amino acids at positions X2 and Z* and modifications in
other amino acids, MCs contain nearly 280 different congeners.*
MCs persist in the environment owing to their high physiochemical
stability.> Humans are exposed to MCs via drinking water, food,

Introduction

Cyanobacterial harmful algal blooms (CyanoHABs) are the exces-
sive growth or bloom of cyanobacteria, which are often referred to
as blue-green algae, in both marine and freshwater ecosystems that
produce toxins associated with adverse health effects in humans and

wildlife animals.! Each decade, CyanoHABs increase globally in
both severity and frequency, primarily owing to the global tempera-
ture rise caused by the climate change and the anthropogenic eutro-
phication associated with agricultural runoff and urbanization.?
Microcystins (MCs), the most common class of CyanoHAB toxins,>
are a family of cyclic heptapeptides with a general structure of
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algal dietary supplements, and recreational activities in polluted
waters.®® In addition, high-exposure levels of MCs in humans have
been reported through contaminated medical solutions, such as the
dialysis fluid used in hemodialysis.’

With the X? and Z* positions occupied by leucine (L) and argi-
nine (R), respectively, MC-LR is one of the most common and
potent MC congeners. MC-LR has been reported to be hepato-
toxic,'® neurotoxic,!! and carcinogenic,'? and several molecular
mechanisms underlying these toxicities include the inhibition of
protein phosphatases, oxidative stress, and cytoskeletal disrup-
tion.!3~!5 A key molecular initiating event of MC-LR is the selec-
tive inhibition of serine/threonine protein phosphatase 1 or 2A
(PP1 or PP2A).!%17 By interacting with the catalytic subunits of
PP1/PP2A through irreversible covalent bonds, MC-LR blocks the
access of substrates to PP1/PP2A and inactivates their dephospho-
rylation activities.!” The inhibition of PP1/PP2A has been shown
to cause an imbalance of substrate protein phosphorylation, includ-
ing in kinases,'® cell cycle regulators,'® and ribonucleoproteins,°
and their dysregulations can lead to oxidative stress, DNA damage,
apoptosis, or tumorigenesis, for example.2!-?2
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Previously published results in both in vitro** and in zebra-
fish®* models revealed that MC-LR might exhibit endocrine dis-
rupting effects, resulting in reproductive toxicities. Regarding the
ovary, the female gonad, MC-LR was found to reduce the num-
bers of primordial or growing follicles in mice, depending on the
exposure route, dose, and treatment window.?>?° In nonmamma-
lian species, such as zebrafish?’ and medaka fish,® MC-LR inter-
fered with oocyte maturation, as well as the interconnections
between the oocyte and surrounding somatic cells. Although the
observed ovarian toxicities of MC-LR have been related to oxida-
tive stress,?? endoplasmic reticulum stress,* and autophagy?! in
mice, as well as cytoskeletal destruction in porcine oocytes,*? the
underlying mechanism remains poorly understood. To date, no
human studies regarding the female reproductive toxicities of
MC-LR have been reported. However, with CyanoHABs becom-
ing increasingly prevalent and the lack of routine monitoring of
CyanoHAB toxins owing to the lack of federal/state regulatory
guidelines, there is an urgent need to determine the ovarian toxic-
ities of MCs and the molecular mechanisms involved.

The ovary is a dynamic female reproductive organ housing var-
ious stages of follicles as the functional unit. The earliest staged
primordial follicles are activated to develop into the primary, sec-
ondary, and antral follicles for maturation and ovulation until men-
opause.®> The early phase of follicle development from the
primordial to the secondary stage is largely gonadotropin inde-
pendent; in contrast, the progression of the late phase requires
follicle-stimulating hormone (FSH) to support an early antral fol-
licle to the preovulatory stage to reach maturation and become
ready for ovulation.>* Central to FSH-dependent follicle matura-
tion is the activation of the cyclic adenosine monophosphate/pro-
tein kinase A (cAMP/PKA) and phosphatidylinositol 3-kinase/
protein kinase B/forkhead box protein O1 (PI3K/AKT/FOXO1)
signaling pathways and their cross-talk in the granulosa cells of
early antral follicles.>>-*® The cross-talk involves the following key
events. FSH activates PKA, which phosphorylates the regulatory
subunit of PP1 at Ser®® for activation. Activated PP1 promotes the
dephosphorylation of inhibitory serine residues (Ser’'®, Ser’*¢,
Ser®'?, and Ser’®) of insulin receptor substrate 1 (IRS1), permit-
ting the activation of insulin-like growth factor (IGF)-dependent
PI3K/AKT/FOXO1 signaling.3®3” The activation of this FSH/
PP1-dependent signaling cascade up-regulates a suite of genes that
are critical for ovarian hormone secretion and follicle maturation.

Because MC-LR selectively inhibits the phosphatase activity
of PP1,'® and PP1 critically mediates FSH-dependent follicle
maturation, we hypothesize that MC-LR inhibits PP1 in granu-
losa cells to disrupt follicle maturation and associated female
reproductive outcomes. In the present study, we aimed to test this
hypothesis and investigate the ovarian toxic effects and mecha-
nisms of MC-LR using in vivo mouse exposure models, a three-
dimensional (3D) in vitro follicle culture model, and in vitro cul-
ture of human primary granulosa cells.

Materials and Methods

Animals

All animal procedures in this study were performed according to
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals®® and were approved by the Rutgers
University Institutional Animal Care and Use Committee. The
CD-1 mouse breeding colony (Envigo) was housed in a tempera-
ture- and humidity-controlled animal facility at Rutgers with a
12-h light/dark cycle and provided with food and water ad libi-
tum. Female mice were checked daily for the birth of pups to
ensure accuracy of the date of birth recorded. Both male and
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female pups were weaned on postnatal day 20 and females were
housed in groups of 3—5 mice per cage.

Long-Term Low-Dose Oral Exposure to MC-LR in Vivo

In this study, we administered MC-LR (item no. 10007188; Cayman
Chemicals) to 4-wk-old young adult CD-1 female mice by oral ga-
vage at 10 pg/kg per day for 6 wk to recapitulate the exposure to
MC-LR in humans. We chose oral gavage because humans are pri-
marily exposed to CyanoHAB toxins, including MC-LR, through
oral ingestion.® The MC-LR exposure dose of 10 pg/kg per day and
the treatment duration of 6 wk were selected based on two previous
key studies that demonstrated liver toxicities of MC-LR in
rodents.?>#° In the first study, by Heinze et al., the authors examined
the changes of liver weight, histology, and serum enzymes; the lowest
observed adverse effect level of MC-LR was found to be
50 pg/kg per day in a 4-wk rat study, with the no observed adverse
effect level (NOAEL) estimated as 17 pg/kg per day to be used in
risk assessment.>® In the second study, by Fawell et al., the authors
investigated the pathological changes of the liver; the NOAEL was
determined as 40 pg/kg per day ina 13-wk mouse study.*®

The NOAELSs obtained from these two studies were used as the
basis to calculate the reference doses (RfDs) of 50 ng/kg per day
and 40 ng/kg per day for the derivation of drinking water health
advisories of 1.6 ng/L and 1 pg/L for adults by the U.S.
Environmental Protection Agency (EPA; EPA-820r15100)*! and
the World Health Organization (WHO; WHO-HEP/ECH/WSH/
2020.6),*? respectively. The study in mice was also used as the ba-
sis of the RfD of 10ng/kgper day in deriving the recreational
health advisory of 2 pg/L by the New Jersey Department of
Environmental Protection (NJDEP).** Indeed, the human esti-
mated daily intake (EDI) of MC-LR in the real world has been
reported to be ~25.68 ng/kg per day in residents who lived in the
townships located in a joint area of the Yangtze River and the Wu
River in China that provided drinking water and served as an
aquatic food resource but had various degrees of CyanoHAB con-
tamination.** Based on the standard body weight of 80 kg and the
daily drinking water intake volume of 2.4 L/d given in the U.S.
EPA Exposure Factors Handbook,* the EDI of 25.68 ng/kg per day
is equivalent to exposure through drinking water containing MC-LR
at 0.86 pg/L for a young adult woman, which is similar to the U.S.
EPA and the WHO guidance values.

Given that the human RfDs of 10-50 ng /kg per day established
by regulatory agencies for development of drinking water guidance
based on the NOAEL of 1740 pg/kg per day in rodents, the real-
world human exposure level of ~25.68 ng/kg per day, and the
high proliferation of cyanobacteria during peak bloom seasons that
makes CyanoHAB toxin levels 10 to > 1,000 times higher than the
WHO/U.S. EPA standards,*® the in vivo dose (10 pg/kg per day)
we used here is considered environmentally relevant to humans.
Specifically, CD-1 female mice at 4-wk-old (n =5 per group) were
treated with 1 X phosphate-buffered saline (PBS) or MC-LR at
10 pg/kg via daily oral gavage for 6 wk. MC-LR was dissolved in
1 x PBS and stored at —20°C. During the vehicle and MC-LR
treatment period, a daily oral gavage of 100 pL of 1 X PBS or MC-
LR solution was performed using a straight 20-G stainless steel
animal feeding needle with a 2-mm ball (Pet Surgical). The mouse
body weights were measured and recorded daily before the vehicle
or MC-LR administration (Figure 1A).

Estrous Cyclicity Examination

In the last 2-wk treatment window, the estrous cycle of vehicle-
or MC-LR-treated mice was determined by daily vaginal smear.
The vaginal cells were flushed by introducing 80 pL of 1 x PBS
through multiple pipetting, and the stage of estrous cycle
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was determined by the microscopic examination of vaginal cell
cytology and the appearance and proportion of leukocytes, corni-
fied epithelial cells, and nucleated epithelial cells.

Ovarian Histology and Counting of Follicles and Corpora
Lutea

At the end of the 6-wk treatment, the mice were sacrificed by carbon
dioxide (CO,) inhalation on diestrus, which was determined by vag-
inal smear, and the ovaries were harvested. We collected ovaries on
diestrus to minimize the potential influence of ovarian hormonal
changes on counting the various stages of follicles and corpora lutea
(CL). The harvested ovaries were fixed in Shandon Formal-Fixx
10% Neutral Buffered Formalin solution (ThermoFisher Scientific),
embedded in paraffin, and serially sectioned at 5 pm with an
RM2165 microtome (Leica Microsystems). The ovarian histology
and counting of follicles and CL were performed as we have previ-
ously described.*” Briefly, every fifth ovarian section throughout
each entire ovary was stained with hematoxylin and eosin (H&E;
ThermoFisher Scientific), and the counting of follicles and CL was
performed blindly. A primordial follicle was defined as a central
oocyte surrounded by single layer of squamous pregranulosa cells.
A primary follicle was characterized as an oocyte surrounded by
one layer of cuboidal granulosa cells. A secondary follicle was
defined as an oocyte surrounded by two or more layers of cuboidal
granulosa cells with no visible antrum. An antral follicle was identi-
fied as an oocyte surrounded by five or more layers of granulosa
cells with a clearly defined antrum. Meanwhile, considering the ori-
entation of the sectioned follicles, a follicle with an oocyte sur-
rounded by more than five layers of granulosa cells with no visible
antrum also was defined as an antral follicle. Late-stage antral fol-
licles or preovulatory follicles were defined as type 7 or 8 follicles,
with a single antral cavity and formed cumulus oophorus or stalk,
according to the classification of Pedersen and Peters.*® Atretic fol-
licles were characterized by the appearance of >10% of pyknotic
granulosa cells surrounding with or without degenerated oocytes.
CL were identified by hypertrophic luteal cells and highly vascular-
ized structures between luteal cells. To avoid repeated counting of
CL, when a CL was present for the first time in an ovarian section, it
was marked and tracked in the following sections until it disap-
peared. This procedure was repeated for each CL, and the total num-
ber of CL in each ovary was recorded.

Mouse Superovulation, Acute MC-LR Exposure, and Oocyte
Collection

An in vivo mouse superovulation model was used to investigate the
toxic effects and mechanisms of MC-LR on gonadotropin-
dependent follicle maturation and ovulation. Three MC-LR expo-
sure regimens were performed to distinguish whether MC-LR
interferes with FSH-dependent follicle maturation or luteinizing
hormone (LH)-dependent follicle ovulation, including the first ex-
posure regimen covering both windows of follicle maturation and
ovulation (Figure 2A), the second exposure regimen covering the
ovulation window only (Figure 3A), and the third exposure regi-
men covering the FSH-dependent follicle maturation window only
(Figure 3B). For the first exposure regimen, 21-d-old CD-1 female
mice were treated with 1x PBS (N=9) or 10 pg/kg MC-LR
(N=10) through intraperitoneal (IP) injection daily for
5 d (Figure 2A). The MC-LR treatment through IP injection
was demonstrated to be ~30-100 times more potent than oral
ingestion in mice.*® Thus, the IP injection of 10 pg/kg MC-LR
likely recapitulated the scenario of accidental acute high-dose
(300-1,000 pg/kg) exposure to MC-LR during peak CyanoHAB
seasons in human. On day 3, mice from the vehicle and MC-LR
treatment groups were IP injected with 5 U of pregnant mare
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serum gonadotropin (PMSG; ProSpec) to stimulate early antral fol-
licles to grow to the preovulatory stage to reach maturation. On day
5 (46 h post-PMSG), the mice were IP injected with 5 IU of human
chorionic gonadotropin (hCG; Sigma-Aldrich), an LH analog, to
trigger the ovulation of preovulatory follicles. The mice were sacri-
ficed by CO; inhalation 16 h post-hCG injection on day 6, and
oocytes were harvested from the ampulla region of both sides of
the oviducts. The numbers of ovulated oocytes and the percentages
of metaphase II (MII) oocytes with visible first polar bodies were
examined by light microscopy and recorded. The ovaries from
hCG-treated mice were collected for ovarian histology and count-
ing of un-ovulated late-stage antral follicles (type 7 and 8).*8

For the second and third MC-LR exposure regimens, the
PMSG and hCG treatment methods were the same as the first ex-
posure regimen. However, the mice were treated only with 1 X
PBS (N=12) or 10 pg/kg MC-LR (N = 14) through IP injection
on day 5 (1 h before hCG injection) for the second exposure regi-
men (Figure 3A), and the mice were treated with 1x PBS
(N=8) or 10 pg/kg MC-LR (N =9) daily through IP injection
on the first 4 d for the third exposure regimen (Figure 3B).

Measurement of the Size of Late-Stage Antral Follicles and
Immunohistochemistry

To examine the effects of MC-LR on follicle growth and matura-
tion in vivo, CD-1 female mice at 21-d-old were treated with 1 X
PBS (N =3) or MC-LR (N =4), as we described in the first expo-
sure regimen except that the mice were not treated with hCG for
ovulation induction. Ovaries were collected and processed at the
end of day 5 (46 h post-PMSG), and ovarian sections were
obtained as described above. We first measured the size of late-
stage healthy antral follicles to investigate the effects of MC-LR
on follicle growth. To ensure the accuracy of measurements, only
the type 7 or 8 antral follicles with a single cavity and formed cu-
mulus oophorus and/or stalk, as well as a clearly visible oocyte
nucleus, were included. Collectively, 91-95 antral follicles from
6-8 ovaries in the PBS or MC-LR group were assessed using
Imagel software (version 1.53).*° The antral follicle diameter
was calculated based on the average of two perpendicular meas-
urements from one side to another side of basement membrane
per follicle, with the first measurement detecting the widest diam-
eter and the second measurement originating at a right angle
from the midpoint of the first measurement.

The ovarian accumulation of MC-LR and the expression of
follicle maturation-related protein LH receptor (LHCGR) and
pregnancy-associated plasma protein A (PAPPA) were determined
by immunohistochemistry (IHC). Ovarian sections were deparaffi-
nized in xylene and rehydrated in graded ethanol baths (100%,
95%, 80%, 70%, and 50%). Antigen retrieval was performed by
microwaving slides in 0.01 M sodium citrate medium (pH = 6) for
15 min (min). The slides were then incubated in 3% hydrogen per-
oxide (ThermoFisher Scientific), followed by incubating in the
blocking buffer [2% bovine serum albumin (BSA) diluted in PBS]
for 1 h at room temperature (RT). Then the slides were incubated
in the specific primary antibody diluted in 2% BSA in PBS for 3 h
at 4°C, rinsed using PBS for three times, and incubated with the
secondary antibody [1:500, goat antimouse IgG H&L (horseradish
peroxidase; HRP), ab6789, or goat antirabbit IgG (HRP), ab6271;
Abcam] for 1 h at RT. Moreover, to detect the nonspecific anti-
body binding of target primary antibodies, the specific primary
antibody was replaced by normal rabbit IgG (1:200, #2729S; Cell
Signaling Technology). Protein signals were detected using the
DAB substrate kit (Abcam) according to the manufacturer’s
instructions, and counterstaining was performed using hematoxy-
lin. The staining intensities of LHCGR and PAPPA were quanti-
fied using Image] Fiji software as previously described.>® Primary
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antibody against MC-LR (1:200, NBP2-89072) was purchased
from Novus Biologicals. Primary antibodies against PAPPA
(1:200, ab203683) and LHCGR (1:200, ab125214) were pur-
chased from Abcam.

Follicle Isolation, Encapsulation, Encapsulated in Vitro
Follicle Growth, and MC-LR Exposure

Ovaries were removed from 16-d-old CD-1 female mice and multi-
layered secondary follicles were enzymatically isolated using an en-
zymatic solution containing Leibovitz’s L-15 medium (Gibco) with
Liberase TM (30.8 pg/mL; Roche) and DNase I (200 pg/mL;
Worthington Biochemicals). Morphologically normal follicles with
diameters of 130-160 um were selected, encapsulated with alginate
hydrogel for encapsulated in vitro follicle growth (eIVFG), and ran-
domly distributed into different groups, as we have previously
described, with minor modifications.>'->2 Briefly, follicles were indi-
vidually encapsulated in 0.5% alginate hydrogel (Sigma-Aldrich),
and the alginate beads containing follicles were incubated in the
maintenance media containing minimum essential medium («MEM
Glutamax; Gibco) with 1% FBS for 30 min at 37°C in 5% CO,.

Follicles encapsulated within the alginate hydrogel were indi-
vidually cultured in 96-well plates, with each well containing
100 pL of growth media for 6 d at 37°C in a humidified environ-
ment of 5% CO,. The follicle growth media consisted of 50%
oMEM Glutamax and 50% F-12 Glutamax supplemented with
3 mg/mL BSA (Fisher Scientific), 1 mg/mL bovine fetuin
(Sigma-Aldrich), 5 pg/mL insulin, 5 pg/mL transferrin, and
5ng/mL selenium (ITS; Sigma-Aldrich), as well as 5mIU/mL
(day 0-4) or 10 mIU/mL (day 4-6) of recombinant human FSH
(r-hFSH; from A.F. Parlow, National Hormone and Peptide
Program, National Institute of Diabetes and Digestive and Kidney
Diseases, Bethesda, MD). During eIVFG, the follicles were treated
with MC-LR at various concentrations (0—10 puM) from day 2 to
day 6. For the PI3K activator co-treatment experiment from day 2
to day 6 of eIVFG, the follicles were pretreated with PI3K activator
740 Y-P peptide (SelleckChem) for 1 h before the MC-LR treat-
ment, and the follicles were then co-treated with 10 uM MC-LR
from day 2 to day 6. For each in vitro exposure experiment using
elVFG, the follicles were imaged at each media change to examine
follicle survival and assess diameter using an Olympus inverted
microscope with a 10 X objective (Olympus Optical Co Ltd.). The
follicles were considered dead if they had unhealthy-appearing
oocytes and/or granulosa cells or if the integrity of the oocyte and
somatic cell interface was visibly compromised. The follicle diam-
eter was calculated by averaging two perpendicular measurements
from one side to another side of basement membrane per follicle
using Image]J software (version 1.53).4°

Ovulation Induction in Vitro

Antral follicles from day 6 of eIVFG were removed from the algi-
nate beads by incubating the alginate beads in L.15 media contain-
ing 1% FBS and 10 IU/mL alginate lyase (Sigma-Aldrich) at 37°C
for 10 min. The follicles were then treated with tMEM-based ovu-
lation induction media containing 10% FBS and 1.51U/mL hCG
(C1063; Sigma-Aldrich) at 37°C in 5% CO,. At 14 h post-hCG
treatment, the follicles were imaged with a 10 X objective to exam-
ine the follicle rupture and oocyte meiosis. Follicles with a follicu-
lar wall broken from one side and an expanded cumulus—oocyte
complex were defined as ruptured follicles; follicles with an intact
follicular wall were defined as unruptured follicles.

Human Granulosa Cell Culture and MC-LR Treatment

Human luteinizing mural granulosa cells were aspirated during
oocyte retrieval from patients undergoing in vitro fertilization
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(IVF) at the Colorado Center for Reproductive Medicine. To elimi-
nate the confounding effects of disease-associated dysfunctional
granulosa cells, samples were collected from egg donors with male
factors of infertility as the reason for IVF who signed the consent
forms to donate discarded biological materials for research with
institutional review board approval (Western Institutional Review
Board no. 20142468). After the retrieval of the cumulus—oocyte-
complex, luteinizing mural granulosa cells were collected from re-
sidual follicular aspirates and washed three times with 1 X PBS. To
decrease intervariability between women, luteinizing granulosa
cells from three different patients were pooled together. ACK lys-
ing buffer (ThermoFisher Scientific) was used to lyse the red blood
cells. Granulosa cells were separated from the blood cells using a
Percoll gradient (P4937; Sigma-Aldrich). Purified cells were then
plated in 24-well plates (100,000 cells/well) and cultured in
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F12; Gibco) supplemented with 10% FBS (Sigma-
Aldrich) and 1% penicillin/streptomycin (Gibco) at 37°C in a
humidified atmosphere of 5% CO,. After 36 h, the medium was
replaced with DMEM/F12 medium containing 1% penicillin/strep-
tomycin, 10 mIU/mL FSH, and MC-LR at 0 or 10 pM. Granulosa
cells were harvested 24 h posttreatment for PP1 and PP2A phos-
phatase activity measurement, western blotting, and reverse tran-
scription—quantitative polymerase chain reaction (RT-qPCR).

Hormone Measurements

To investigate the effects of MC-LR on ovarian steroidogenesis,
the concentrations of 17-estradiol (E2) and testosterone (T) in the
conditioned culture media from day 6 of e[VFG was measured
using E2 and T enzyme-linked immunosorbent assay (ELISA) kits
(Cayman Chemical Company) according to the manufacturer’s
instructions. To evaluate the effects of MC-LR treatment during
the follicle maturation window on the subsequent luteinization, af-
ter ovulation induction, hCG-treated follicles were continuously
cultured for 48 h to allow for luteinization and progesterone secre-
tion. The conditioned culture media was collected to measure the
concentration of progesterone (P4) using the progesterone ELISA
kit (Cayman Chemical Company) according to the manufacturer’s
instructions. The reportable ranges of the E2, T, and P4 assays
were 0.61-10,000, 3.9-500, and 7.8-1,000 pg/mL, respectively.
The interassay coefficients of variability and intra-assay coeffi-
cients of variability were <10% for all assays.

Quantitative RT-PCR

The total RNA of a single follicle from either in vivo or in vitro expo-
sure experiment was extracted using the Arcturus PicoPure RNA iso-
lation kit (Applied Biosystems) according to the manufacturer’s
instructions. The total RNA from a single follicle was then reverse
transcribed into complementary DNA using the Superscript III
reverse transcriptase with random hexamer primers (Invitrogen) and
stored at —80°C. qPCR was performed in a 384-well plate using
Power SYBR Green PCR Master Mix (Applied Biosystems) on an
ABI ViiA 7 real-time PCR system (Applied Biosystems). The gPCR
thermos cycle was programmed for 10 min at 95°C, followed by 40
cycles of 15 s at 95°C and 1 min at 60°C, and finally a melting stage to
determine the specificity of primers. The mRNA expression levels of
each gene were normalized by the expression of glyceraldehyde-3-
phosphate dehydrogenase (Gapdh). All primers were synthesized by
Integrated DNA Technologies and their sequences used for PCR in
this study are shown in the Table S1.

Single-Follicle RNA Sequencing

To investigate the effects of MC-LR on the whole follicular tran-
scriptome, antral follicles treated with vehicle or 10 uM MC-LR
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were collected from day 6 of eIVFG for single-follicle RNA
sequencing (RNA-seq, GEO number: GSE201806). Total RNA
extraction was performed using the Arcturus PicoPure RNA iso-
lation kit (Applied Biosystems) according to the manufacturer’s
instructions. Next, the library preparation and low-input RNA
sequencing were performed on an Illumina NovaSeq PE150 plat-
form by Novogene. High-quality trimmed paired sequencing reads
were uploaded into Partek Flow software (version 10.0.22.0121)
for data analyses. The potential ribosomal DNA and mitochondrial
DNA contaminants were filtered using Bowtie 2. Next, the filtered
reads were aligned to the whole mouse genome assembly mm10
using the HISAT 2 aligner. Raw read counts were achieved by
quantifying aligned reads to Ensembl Transcripts release 99 using
the Partek expectation—-maximization algorithm and then normal-
ized based on the transcripts per million method. Differential
expression analysis was performed using the DEseq2(R) and
genes with an absolute fold change >1.5 and a false discovery
rate (FDR) adjusted p <0.05 were recognized as differentially
expressed genes (DEGs).

PP1 and PP2A Phosphatase Activity Measurement

The phosphatase activities of PP1 or PP2A in vehicle- or MC-
LR-treated murine follicles and human primary granulosa cells
were measured by using the RediPlate 96 EnzChek Serine/
Threonine Phosphatase Assay Kit (ThermoFisher Scientific)
according to the manufacturer’s protocol. Briefly, immature
mouse follicles were cultured using elVFG and treated with vehi-
cle or 10 pM MC-LR from day 2 to day 6 as we described above.
On day 6 of eIVFG, 25-30 follicles were pooled together in each
treatment group and lysed with the M-PER Mammalian Protein
Extraction Reagent (ThermoFisher). The protein concentrations
of follicle lysates were then determined using the Bradford pro-
tein assay kit (Abcam). Next, equal amounts of proteins (8 pg) in
each group were used to determine the phosphatase activity of
PP1 and PP2A. The plate containing loaded proteins was incu-
bated at RT and the fluorescence was then measured at multiple
time points on a Spectramax M3 microplate reader (Molecular
Devices) with excitation and emission wavelengths of 355 and
460 nm, respectively.

Western Blotting

Twenty to 25 mouse follicles or ~ 20,000 human primarily granu-
losa cells in each group were pooled together and lysed in ice-cold
Laemmli sample buffer (Bio-Rad) containing the protease and phos-
phatase inhibitor cocktail (ThermoFisher Scientific), and the lysate
was separated on 12% acrylamide/bisacrylamide gels. Proteins were
transferred to a 0.45-pm nitrocellulose blotting membrane (GE
Health care Life Science). After blocking with 5% BSA in Tris-
buffered saline with 0.1% Tween-20, the membranes were incubated
with specific primary antibodies overnight at 4°C and appropriate
HRP-conjugated secondary antibodies at a dilution of 1:2,000 for
1 h at RT. The protein was detected using Pierce Enhanced
Chemiluminescence (ECL) Western Blotting Substrate Kit
(ThermoFisher Scientific) according to the manufacturer’s instruc-
tions. Next, the ECL signals were captured by X-ray film (Fuji X-ray
film) and the western blotting bands were quantified using Image]
software (version 1.53).#° The antibodies used included anti-B-actin
(1:1,000, ab6276; Abcam), anti-PCNA (1:1,000, ab2426; Abcam),
anti-yH2AX (phospho Ser139) (1:1,000, ab26350; Abcam), anti-
FOXO1A (phospho S253) (1:1,000, ab259337), anti-AKT (1:1,000,
92728; Cell Signaling Technology), anti-AKT (phospho T308)
(1:1,000, ab8933; Abcam), anti-AKT (phospho S473) (1:1,000,
ab81283; Abcam), and anti-MC-LR (1:1,000, NBP2-89072; Novus
Biologicals).
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Benchmark Dose Modeling

The frequentist benchmark dose (BMD) modeling approach was
used to determine the ex vivo point of departure of MC-LR from
the dichotomous concentration-response data on failed follicle
rupture and oocyte meiosis observed in MC-LR—treated follicle
cultures. The U.S. EPA Benchmark Dose Software (BMDS) tool
(version 3.1.2) was used.>3 The 10% extrarisk of failed follicle rup-
ture or completion of oocyte meiosis I was set as the benchmark
response (BMRj) level to derive the benchmark concentration
(BMCjp) and the corresponding 95% lower confidence limit
(BMCLp). The default recommended model selection and restric-
tion was used—the Gamma, Log-Logistic, Multistage and Weibull
models were run restricted, and the Log-Probit and Dichotomous
Hill, the Logistic, Probit and Quantal Linear models were run unre-
stricted. Selection of the best models was used to determine BMC
and BMCL, following the U.S. EPA-recommended guideline.

Statistical Analyses

Statistical analysis was performed using GraphPad Prism (version 9;
GraphPad Software). Two-way analysis of variance (ANOV A) with
Bonferroni’s post-test was used to compare mouse body weight.
Student’s t-tests were used to compare differences between two
groups for the numbers of days on various estrous cycle stages, fol-
licle and CL numbers, numbers of ovulated oocytes, MII oocyte per-
centages, follicle diameters, and expression of follicle maturation or
ovulation-related genes. One-way ANOVA followed by a Tukey’s
multiple comparisons test was performed to analyze the follicle
growth, survival, follicle rupture, hormone concentration, and
expression of follicle maturation-related genes when comparing
multiple groups. A p < 0.05 was considered statistically significant.

Results

Effect of Long-Term Low-Dose Oral Exposure to MC-LR on
Number of CL

CD-1 female mice (4-wk-old) were exposed to 1x PBS or
10 pg/kg MC-LR via daily oral gavage for 6 wk (Figure 1A).
Animals exposed to MC-LR did not exhibit any significant differ-
ences in general health, body weight, or the pattern of weight
gain compared with control animals (Figure 1B; Table S2). The
vaginal smear data in the last 2 wk of treatment revealed compa-
rable estrous cyclicity between the control and MC-LR treatment
groups (Figure 1C; Table S3).

At the end of the 6-wk exposure, ovaries from MC-LR—treated
mice had histological morphology and numbers of follicles at all
stages that were comparable to the control group (Figure 1D,E;
Table S4), including primordial follicles (688 + 89 vs. 667 + 144),
primary follicles (300+67 vs. 357 +80), secondary follicles
(148 45 vs. 146 + 35), antral follicles (16 +5 vs. 16 +5), and
atretic follicles (79 +21 vs. 92 + 8). However, there were nearly
50% fewer CL, a mass of cells that is formed from postovulatory
follicular somatic cells, in MC-LR—treated ovaries than in the con-
trol group (7 +3 vs. 12 + 4, Figure 1D,F; Table S5).

Effect of in Vivo Acute Exposure to MC-LR on Ovulation

Given the well-characterized inhibitory effect of MC-LR on PP1,
a protein phosphatase key to the activation of the PI3K/AKT/
FOXOL1 signaling that underpins FSH-dependent follicle matura-
tion,3%-37 we hypothesized that MC-LR perturbs the maturation of
preantral follicles toward the preovulatory stage to block the LH-
induced ovulation and luteinization. To test the hypothesis, we
first used the in vivo mouse superovulation model to examine
the possible adverse effects of MC-LR on two gonadotropin-
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matic of long-term MC-LR oral exposure in vivo. N =35 mice in each group. (B) Effect of MC-LR on mouse body weight during the 6-wk treatment. Average
daily body weight in 1 x PBS- or MC-LR-treated mice. (C) Representative 14-d estrous cyclicity (top) and the numbers of days in each estrous cycle stage
(bottom) in the last 2 wk of 1 X PBS or MC-LR treatment. (D) Representative ovary histological images after 6-wk 1 X PBS or MC-LR treatment. Red squares
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dependent ovarian events: FSH-dependent follicle maturation and
LH-dependent follicle ovulation. As shown in Figure 2A, 21-d-old
CD-1 female mice were treated with 1 x PBS or 10 pg/kg MC-LR
through daily IP injection for 5 d. The mice were then treated with
PMSG on day 3 to stimulate follicle maturation followed by the injec-
tion of hCG on day 5 to induce follicle ovulation.

Results showed that at 16 h post-hCG injection on day 5, there
were significantly fewer oocytes harvested from both sides of ovi-
ducts in MC-LR-treated mice than in the control group (25 + 10
vs. 38 +8; Figure 2B,C; Table S6). For these ovulated oocytes,
there were comparable percentages of MII oocytes (97.1% vs.
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98.5%) in the control and MC-LR groups (Figure 2D; Table S7).
Histological staining showed that, compared with the control
group, there were significantly more late-stage antral follicles
(type 7 and 8) that did not ovulate or rupture in the ovaries of MC-
LR—treated mice (16 +4 vs. 9 +2; Figure 2E,F; Table S8).

Effect of MC-LR on Gonadotropin-Dependent Follicle
Maturation and Ovulation

To distinguish whether MC-LR interferes with follicle maturation
that causes a secondary ovulation defect or it directly inhibits
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PMSG, pregnant mare serum gonadotropin.

ovulation per se, we next performed an in vivo exposure experi-
ment involving two different MC-LR treatment regimens. The
mice in exposure regimen 1 were treated with a single IP injection
of 1 x PBS or 10 pg/kg MC-LR at 1 h before hCG injection and
ovulation induction (Figure 3A; Table S9). There were comparable
numbers of ovulated oocytes (40 + 10 vs. 42 + 12) and percentages
of MII oocytes (94 +3 vs. 95 +3%) between vehicle- and MC-
LR-treated mice. In exposure regimen 2, the mice were treated
with multiple IP injections of 1 X PBS or 10 pg/kg MC-LR during
the follicle maturation window only (Figure 3B; Table S10). There
were significantly fewer ovulated oocytes from MC-LR—treated
mice than the control group (24 +9 vs. 36 + 11), but the percen-
tages of MII oocytes were comparable (92 + 6 vs. 95 + 3%).

MC-LR Accumulation in the Ovary and Its Impacts on
Follicle Maturation Mediators

To decipher the underlying mechanism of failed follicle maturation
caused by MC-LR, we performed the same exposure experiment as
shown in Figure 3B. Mice were sacrificed 46 h post-PMSG injec-
tion without hCG treatment. No obvious nonspecific antibody
binding was detected in the negative control ovarian sections using
normal rabbit IgG (Figure S1). IHC results showed that MC-LR
accumulated in the ovary, including stroma cells, theca cells, and
granulosa cells in antral follicles (Figure 4A). Ovaries from vehi-
cle- and MC-LR-treated mice had comparable diameters of large
antral follicles (type 7 and 8), implying that MC-LR treatment did
not affect follicle growth and survival (Figure 4B,C; Table S11).
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We further isolated large antral follicles from the ovaries of
PBS- or MC-LR-treated mice and performed single-follicle RT-
gPCR to examine the expression of several genes critical for the
FSH-induced follicle maturation. The specific genes, their full
names, functions in follicle maturation, and references are listed in
Table S12. The mice exposed to MC-LR had significantly lower
expression of several of these genes, including Inha, Comp, Lhcgr,
and Pappa (Figure 4D; Table S13). Consistent with RT-qPCR
results, IHC revealed that both LHCGR and PAPPA were remark-
ably lower in the granulosa cells of antral follicles in MC-LR—
treated ovaries (Figure 4E,F; Table S14 and S15).

Effects of MC-LR Exposure in a 3D in Vitro Mouse Follicle
Culture Model

To further investigate the mechanisms of defective follicle matura-
tion caused by MC-LR and also subsequent reproductive outcomes
such as ovulation, luteinization, and ovarian steroidogenesis, we
used our established 3D in vitro follicle culture model, eIVFG, to
perform an in vitro exposure experiment. We have previously dem-
onstrated that eIVFG recapitulates the hallmark events of follicle
maturation, hormone secretion, ovulation, and luteinization.>! This
in vitro exposure regimen also enables us to confirm the direct ovar-
ian impact of MC-LR. During eI VFG, immature mouse follicles
were treated with MC-LR at 0, 0.1, 1, and 10 pM from day 2 to day
6, to recapitulate MC-LR exposure during FSH-dependent follicle
maturation. Follicles from all treatment groups had comparable
morphology (Figure 5A) and survival rates (Figure 5B; Table S16),
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PMSG, pregnant mare serum gonadotropin.

and follicles from all groups were able to grow from the secondary
stage to the antral stage with comparable follicle size (Figure 5C;
Table S17). The concentrations of E2 and T in the conditioned
media were similar between the different groups (Figure 5D,E;
Table S18 and S19).

We next treated grown antral follicles with hCG on day 6 of
eIVFG to induce ovulation in vitro. The mice exposed to MC-LR
demonstrated inhibited follicle ovulation, particularly the follicle
rupture, and this effect appeared to be concentration dependent
(Figure 5F,G; Table S20). In the control and 0.1 pM MC-LR treat-
ment groups, nearly 100% follicles ruptured and ovulated MII
oocytes in response to hCG stimulation; however, in the 1
and 10 pM MC-LR treatment groups, only 77.5+7.8% and
11.9 +3.2% follicles ruptured, and 76.9 +4.0% and 36.4 +7.9%
oocytes were at the MII stage (Figure SF,G; Table S20). Given that
the failure of follicle rupture and oocyte meiosis during ovulation
is directly associated with increased risks of irregular female repro-
ductive cycle and infertility, we derived the in vitro BMCjy and
BMCL,, of MC-LR for the 10% extra risk of failure in both
responses. Using the U.S. EPA BMDS tool, the best model for the
follicle rupture response was quantal linear, which gave a BMC
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of 0.518 pM and BMCLq of 0.377 uM (Figure S2A). The best
model for the resumption and completion of oocyte meiosis I was
Log-Probit, which gave a BMCj( of 0.595 uM and BMCL( of
0.14 uM (Figure S2B). Follicles treated with hCG were next cul-
tured for 48 h to allow for luteinization. Follicles treated with
10 uM MC-LR during the follicle maturation window had signifi-
cantly lower concentrations of progesterone in the conditioned
media, suggesting defective luteinization and progesterone synthe-
sis (Figure SH; Table S21).

We next used the same exposure regimen with vehicle or 10 pM
MC-LR during the follicle maturation window to investigate the
mechanisms of MC-LR on follicle maturation (Figure 6A). We first
collected follicles on day 6 of el VFG for single-follicle RT-qPCR to
examine the expression of follicle maturation-related genes listed in
Table S12. Follicles treated with vehicle had significantly increased
expression of all examined genes from day 0 to day 6 (Figure 6B,
black dots; Table S22), in support of eIlVFG preserving molecular
signatures of FSH-dependent follicle maturation. In MC-LR-
treated follicles, however, the expression of all these genes were
significantly lower on day 6 compared with the control group
(Figure 6B, red dots vs. black dots; Table S22); particularly for
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Pappa and Lhcgr, expression were 5.36- and 5.84-fold lower,
respectively. For Inha, Cypl9al, and Inhbb, lower expression
was even observed starting on day 4 (Figure 6B; Table S22). To
determine whether the inhibitory effect of MC-LR on these fol-
licle maturation-related genes was related to granulosa cells, we
performed another in vitro exposure and isolated mural granulosa
cells from cultured follicles on day 6 of eIVFG for RT-qPCR,
which consistently showed the significant lower expression of all
follicle maturation-related genes compared with control (Figure
6C; Table S23).

We next stimulated vehicle- and MC-LR—treated follicles
from day 6 of eIVFG with hCG for ovulation induction. Given
that many ovulatory genes were highly induced at 4 h post-hCG
in both in vivo and in vitro models,>* we collected follicles at 4 h
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for RT-gPCR to examine the expression of several established
ovulation genes (Figure 6D; Table S24 and S25). The specific
genes, their full names, and functions in ovulation are listed in
Table S24. All these ovulatory genes were expressed at much
lower levels in follicles treated with MC-LR during the follicle
maturation window (Figure 6D; Table S25).

Single-Follicle RNA-Seq Analysis in Response to MC-LR
Exposure in Vitro

To further characterize the effects of MC-LR on FSH-dependent
follicle maturation in an unbiased manner, we performed the

same vehicle and MC-LR exposure as shown in Figure 6A and
collected follicles on day 6 of eIVFG for single-follicle RNA-seq
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Figure 5. Effects of MC-LR on follicle maturation, ovarian steroidogenesis, ovulation, and luteinization in vitro. (A) Representative images of follicles
treated with vehicle or 10 uM MC-LR during eIVFG. The (B) survival rates and (C) diameters of follicles treated with various concentrations of MC-LR.
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MII, metaphase II.

analysis. High-quality sequencing data were generated from sin-
gle follicles (Figure S3; Table S26) and thousands of DEGs were
identified. Principal component analysis separated vehicle- and
MC-LR-treated follicles into two distinct clusters (Figure 7A).
There were 3,368 DEGs (absolute fold change >1.5 and FDR
adjusted p < 0.05) from a total of 16,563 detected genes between
vehicle- and MC-LR-treated follicles, among which 2,028 were
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up-regulated and 1,340 were down-regulated in MC-LR—treated
follicles compared with control follicles. Consistent with the RT-
gqPCR data, the expression of all follicle maturation-related genes
examined in Figure 6 were significantly lower in the RNA-seq
analysis of MC-LR—treated follicles (Figure 7B).

DEGs were next used for Gene Ontology (GO) term enrich-
ment and Kyoto Encyclopedia of Genes and Genomes (KEGG)
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Figure 6. Effects of MC-LR treatment on the expression of follicle maturation and ovulation-related genes in vitro. (A) The schematic of MC-LR exposure
in vitro using eIVFG to investigate the mechanisms of MC-LR on follicle maturation and ovulation. (B) Expression of follicle maturation-related genes in
vehicle- and MC-LR treated follicles. N =7-8 follicles in each group. (C) Expression of follicle maturation-related genes in isolated mural granulosa cells
from vehicle- and MC-LR—treated follicles. N =8-9 follicles in each group. (D) Expression of established ovulatory genes in vehicle- or MC-LR~-treated
follicles that were collected at 4 h post-hCG. N =10-12 follicles in each group. The mRNA expression levels of each gene were normalized by the expres-
sion of glyceraldehyde-3-phosphate dehydrogenase (Gapdh). Data were analyzed with one-way ANOVA followed by a Tukey’s multiple comparisons test
(B) and Student’s #-test (C,D). Bidirectional error bars represent mean + standard deviation; *p<0.05 and **p <0.01. Data in (B-D) are also presented in
Tables S22, S23, and S25, respectively. Note: ANOVA, analysis of variance; eIVFG, encapsulated in vitro follicle growth; hCG, human chorionic gonado-

tropin; MC-LR, microcystin-LR.

pathway analyses. Biological process analysis demonstrated that
DEGs were primarily enriched in the processes of cell adhesion,
angiogenesis, cell migration, inflammatory response, and cell
proliferation (Figure 7C; Table S27). Molecular function analysis
showed that DEGs were mainly related to the functions of bind-
ing of biomolecules, such as protein, heparin, integrin, calcium
ion, extracellular matrix, and fibronectin (Figure 7D; Table S28).
Cellular component analysis revealed that DEGs were closely
related to the components of basement membrane, extracellular
matrix, and extracellular exosome (Figure 7E; Table S29).
KEGG pathway analysis identified several significantly altered
signaling pathways upon MC-LR treatment, such as pathways
related to extracellular matrix (ECM)-receptor interaction, focal
adhesion, and importantly, PI3K/AKT signaling (Figure 7F;
Table S30).

Based on a previous study that discovered numerous FOXO1
target genes in an in vitro rat granulosa cell culture model,>> we
found that 315 genes were also significantly altered in follicles
treated with MC-LR in vitro, including 189 up- and 126 down-
regulated genes (Table S31). Among these overlapped 315 genes
between the two data sets, many of them critically govern follicu-
lar events during follicle maturation, such as ovarian steroidogen-
esis (Cypl7al, Hsd17bl, Cypl9al, and Nr5al), peptide hormone
secretion (Inha, Inhba, and Inhbb), IGF-dependent activation of
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PI3K/AKT signaling (Pappa), and oocyte meiotic arrest (Nppc)
(Figure 7G; Table S32). Moreover, RNA-seq analysis identified
many additional genes (Figure 7G) and signaling pathways
(Figure 7C-7F), suggesting they may also play critical roles in
MC-LR-induced defective follicle maturation.

Impacts of MC-LR on PP1-Mediated Activation of PI3K/
AKT/FOXOI Signaling

PP1 is an essential molecular component mediating the cross-talk
between the FSH- and IGF-stimulated signaling pathways that
underpin follicle maturation.>®3” MC-LR has been shown to
selectively and covalently bind to the catalytic subunits of PP1 or
PP2A to irreversibly inhibit their phosphatase activities,'®!”
which might underlie the MC-LR-induced defect of follicle mat-
uration. To test this hypothesis, we first examined the activities
of PP1 and PP2A in follicles treated with vehicle or 10 pM MC-
LR from day 2 to day 6 of eIVFG. Protein phosphatase assays
showed that the phosphatase activities of PP1 but not PP2A were
significantly reduced in MC-LR—treated follicles (Figure 8A,B;
Tables S33 and S34). Next, follicles with the same vehicle or
MC-LR treatment method were collected on day 6 of eIVFG to
examine the intrafollicular accumulation of MC-LR, the phos-
phorylation status of key proteins contributing to the activation of
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Figure 7. Single-follicle RNA-sequencing analysis of MC-LR-treated follicles in vitro. (A) Principal component analysis (PCA) of the first two principal
components between vehicle (N =8)- and MC-LR (N = 7)-treated follicles. All follicles were located within the 95% confidence interval, represented by the
blue (control) and red (MC-LR) ellipses. (B) Volcano plot of differentially expressed genes (DEGs; FDR <0.05, absolute fold change >1.5) in MC-LR—
treated follicles compared with the control group. Purple: up-regulated genes; gray: nonsignificantly altered genes; green: down-regulated genes. Gene
Ontology (GO) analyses of DEGs, including (C) top 10 biological process enrichment results, (D), top 10 molecular function enrichment results, and (E)
top 10 cellular component enrichment results. (F) Top 10 KEGG pathway enrichment results of DEGs. (G) Heatmap of representative overlapped genes
between DEGs identified in MC-LR-treated murine follicles and FOXO1 target genes identified in rat granulosa cells. Data in (C-G) are also presented in
Tables S27-S30 and S32, respectively. Note: ECM, extracellular matrix; FDR, false discovery rate; KEGG, Kyoto Encyclopedia of Genes and Genomes;
MC-LR, microcystin-LR.

the PI3K/AKT/FOXOI1 signaling, and biomarkers indicative of in those follicles exposed to MC-LR (Figure 8C,D; Table S35).
follicle growth and survival. Western blotting revealed that MC- Western blotting results also revealed that MC-LR exposure did
LR accumulated in cultured follicles (Figure 8C). Exposure to not result in different expression of YH2AX, a DNA damage
MC-LR significantly resulted in higher and lower phosphoryla- marker, or PCNA, a cell proliferation marker (Figure 8C,D;
tion of AKT(Ser*’?) and AKT(Thr’®), respectively (Figure 8C,  Table S35).

D; Table S35); the dual phosphorylation modification of these To further confirm the causal relationship between the dis-
two amino acid residues are indispensable for the activation of rupted PI3K/AKT/FOXO1 signaling caused by MC-LR and
AKT.>¢ The phosphorylation of FOXO1 was significantly lower the defective follicle maturation and ovulation, we co-treated
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Figure 8. Effects of MC-LR exposure on the PP1-mediated activation of PI3K/AKT/FOXOL1 signaling. A time course assessment of (A) PP1 and (B) PP2A
phosphatase activities in vehicle- or 10 uM MC-LR-treated follicles on day 6 of eIVFG. N =25-30 follicles in each group, and three independent replicates
were included. (C) Western blotting analysis of MC-LR, YH2AX, PCNA, and key regulators of the PI3K/AKT/FOXO1 signaling in follicles treated with vehi-
cle or 10 pM MC-LR. N =20-25 follicles were pooled to obtain sufficient amounts of proteins and three independent replicates were included. (D)
Quantification of examined proteins by western blotting. (E) Diameters and (F) survival rates of follicles treated with vehicle or 10 ptM MC-LR in the presence
or absence of 25 pug/mL 740-YP. N =12-15 follicles in each group per replicate, and three replicates were included. (G) Expression of follicle maturation-
related genes in follicles collected from day 6 of eIVFG. Follicles were treated with vehicle, 10 pM MC-LR, 25 pg/mL 740-YP, and co-treatment of 10 pM
MC-LR and 25 pg/mL 740-YP from day 2 to day 6 of eIlVFG. The mRNA expression levels of each gene were normalized by the expression of glyceralde-
hyde-3-phosphate dehydrogenase (Gapdh). N = 10-12 follicles in each group. (H) Percentages of ruptured follicles at 16 h post-hCG with follicles treated with
vehicle, 10 pM MC-LR, 25 pg/mL 740-YP, and co-treatment of 10 pM MC-LR and 25 pg/mL 740-YP from day 2 to day 6 of eIVFG. Follicles were treated
with 1.5TU/mL hCG on day 6 of eIVFG for ovulation induction. N = 10-12 follicles in each group per replicate, and three replicates were included. Data were
analyzed with Student’s z-test (A,B,D) and one-way ANOVA followed by a Tukey’s multiple comparisons test (E-H). Bidirectional error bars represent
mean + standard deviation; *p < 0.05 and **p <0.01. Data in (A,B,D-H) are also presented in Tables S33-S39, respectively. Note: ANOVA, analysis of var-
iance; DIFMU, 6,8-difluoro-7-hydroxy-4-methylcoumarin (reference standard); elVFG, encapsulated in vitro follicle growth; hCG, human chorionic gonadotro-
pin; MC-LR, microcystin-LR; PP1, protein phosphatase 1; PP2A, protein phosphatase 2A.

follicles with 10 uM MC-LR and 25 pg/mL 740-YP, a potent However, the co-treatment of 740-YP significantly reversed
PI3K activator.’” Treatment with 740-YP alone did not affect the MC-LR—induced reduction of follicle maturation-related
follicle development, survival, expression of follicle maturation- genes as well as the inhibited ovulation (Figure 8G-8H;
related genes, and ovulation (Figure 8E-8H; Tables S36-S39). Tables S38 and S39).
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Figure 9. Effects of MC-LR on the PP1-mediated activation of PI3K/AKT/FOXOL1 signaling and the expression of follicle maturation-related genes in human
primary granulosa cells. A time course assessment of (A) PP1 and (B) PP2A phosphatase activities in vehicle- or 10 puM MC-LR-treated human primary gran-
ulosa cells. Three independent replicates included. (C) Western blotting analysis of MC-LR and phosphorylated FOXO1 in human primary granulosa cells
treated with vehicle or 10 uM MC-LR. Three independent replicates were included. (D) Expression of follicle maturation-related genes in vehicle- or 10 pM
MC-LR-treated human primary granulosa cells. The mRNA expression levels of each gene were normalized by the expression of glyceraldehyde-3-phosphate
dehydrogenase (Gapdh). Three independent replicates were included. N =3 for each group. Data were analyzed with Student’s t-test (A-D). Bidirectional error
bars represent mean + standard deviation; *p <0.05 and **p <0.01. Data in (A-D) are also presented in Tables S40-S43, respectively. Note: DiFMU, 6,8-
difluoro-7-hydroxy-4-methylcoumarin (reference standard); MC-LR, microcystin-LR; PP1, protein phosphatase 1; PP2A, protein phosphatase 2A.

Effects of MC-LR Exposure on Human Primary Granulosa PI3K/AKT/FOXO1 signaling in follicular granulosa cells, which
Cells disrupted FSH-dependent follicle maturation and resulted in de-
fective ovulation, luteinization, progesterone secretion, and other
female reproductive outcomes.

Although a range of stakeholders are aware of the emerging
CyanoHAB toxins, including MCs, these toxins are not routinely
monitored due to the absence of federal/state regulatory guide-
lines, and the conventional water treatments also cannot com-
pletely remove dissolved CyanoHAB toxins.>® Because of the high
physiochemical stability of CyanoHAB toxins, boiling or micro-
waving drinking water may even increase the release of toxins
from the lyses of cyanobacterial cells and evaporation.®® The inci-
dental swollen of contaminated water during swimming would be

To investigate whether MC-LR induces similar ovarian toxicities
in humans, we treated human primary luteinizing granulosa cells
with vehicle or 10 uM MC-LR for 24 h in vitro and examined the
phosphatase activities of PP1 and PP2A, the activation of PI3K/
AKT/FOXOL1 signaling, and the expression of follicle maturation-
related genes. Consistent with results from both in vivo and in vitro
murine models, cells exposed to MC-LR had significantly lower
phosphatase activities of PP1 but not PP2A (Figure 9A,B; Tables
S40 and S41). Western blotting results showed that MC-LR accu-
mulated in human granulosa cells, and cells exposed to MC-LR
had significantly re?c!uced phosphorylation of FOXOI (Flgure 9C; additional potential exposure to high concentration of MC-LR dur-
Table 542). In addition, cells exposed to MC-LR had significantly ing cyanobacterial blooming seasons. Moreover, the contamina-

lower expression of several follicle maturation-related genes, . . .
. . . i tion levels of CyanoHAB toxins can be >10-10,000 folds higher
including Fshr, CypI9al, Inha, and Inhbb (Figure 9D; Table 543). than the WHO/U.S. EPA drinking water health advisories during

E:riguingly, cellsdelxp(;)sed to MC'LE. h;d similar ;xpre]?sfi)on of peak bloom seasons.®! For instance, the 95th percentile of the total
cgr, Comp, and Inhba, and even higher expression of Pappa MC toxin concentration detected in New Jersey lakes was reported

compared with control cells (Figure 9D; Table S43). to be 4.38 pg/L, with the highest level reached 1,096.5 pg/L dur-
. . ing the past 4 y (2017-2020).*! In this study, we treated young
Discussion adult female mice with 10 png/kg per day MC-LR by daily oral ga-
Substantial increases of CyanoHABs have made CyanoHAB tox- vage for 6 wk, which is close to or even lower than the NOAELs
ins global contaminants of emerging concern.>® So far, the impact (17-40 pg/kg per day) for liver toxicities observed in rodents that
of CyanoHAB toxins on women’s reproductive health remains were used as the basis of drinking water guidance values developed
poorly explored. Here, results in both in vivo mouse exposure by the U.S. EPA*! and the WHO.*?
models and in vitro cultures of murine ovarian follicles and The human serum concentrations of MC-LR have been found to

human primary granulosa cells suggest that MC-LR at environ- be at 0.05-1.8nM in fishermen in Lake Chaohu, China,%? and
mentally relevant exposure levels interfered with PP1-mediated 7.6-31.4 nM in patients treated with MC-LR—contaminated dialysate

Environmental Health Perspectives 067010-14 131(6) June 2023



fluids in Caruaru, Brazil.%> Using the 3D in vitro follicle culture
model, we found that the BMCL;y of MC-LR was 0.38 pM and
0.14 pM for failed follicle rupture and completion of oocyte meiosis
I during in vitro ovulation, respectively. Using an uncertainty factor
of 100 for in vitro to in vivo extrapolation, these BMCL( values will
translate to 1.4-3.7 nM as reference concentrations for 10% extra risk
of ovulation defects. Given the serum concentration ranges in humans
listed above, it is reasonable to argue that for high-exposure popula-
tions, such as fisherman and people with accidental exposure to
CyanoHAB toxins, particularly the MC-LR, the margin of safety is
small, and there may be some nonnegligible risk for women’s repro-
ductive health.

There are several possibilities to explain the lower CL number
in the long-term low-dose oral exposure to MC-LR experiment,
involving MC-LR-mediated perturbations of preovulatory, ovu-
latory, or postovulatory events: a) MC-LR may disrupt the mo-
lecular events intrinsic to the ovulation process per se such that
terminally mature follicles fail to ovulate and differentiate into
CL; b) although antral follicles appear morphologically normal
under MC-LR exposure, there could be molecular alterations dur-
ing follicle maturation that disrupt the readiness of the seemingly
mature antral follicles for responding to the ovulatory LH surge;
and ¢) MC-LR may disrupt the luteinization of postovulatory fol-
licular cells to form CL and/or promote the apoptosis of CL cells.
Using both in vivo mouse superovulation models involving three
different MC-LR exposure windows and in vitro follicle culture
model, our results suggest that MC-LR may have caused an aber-
ration in follicle maturation, which further resulted in a secondary
disruption on the follicle ovulation and the formation of CL.

Based on our in vivo exposure results, the defective follicle
maturation and ovulation may have been due to the direct effects of
MC-LR on the ovary but not the secretion of gonadotropins. The
direct ovarian impact of MC-LR was further confirmed by in vitro
exposure experiments using both murine follicles and human gran-
ulosa cells, suggesting that MC-LR significantly inhibited FSH/
PP1-stimulated PI3K/AKT/FOXOI1 signaling and downstream
FSH target genes. For instance, expression of both PAPPA and
LHCGR were markedly lower in granulosa cells of MC-LR—
treated follicles in vivo and in vitro. PAPPA functions to cleave
IGF binding proteins and release bioactive IGF to potentiate the
activation of the PI3K/AKT/FOXOI1 pathway in granulosa cells
during follicle maturation.®*=%° It is highly likely that the reduction
of PAPPA under MC-LR exposure lessened the release of bioac-
tive IGF, which led to inadequate activation of PI3K/AKT/FOXO1
signaling and induction of FSH target genes. The induction of
LHCGR in granulosa cells enables maturing follicles to eventually
become responsive to the LH surge for ovulation.®” Thus, in MC-
LR-treated follicles, the lower expression of LHCGR in granulosa
cells could desensitize antral follicles to LH or hCG, leading to
ovulation failure. Indeed, the failed ovulation resulting from the
suppression of LHCGR was further confirmed by the lower expres-
sion of LH-target genes (e.g., Pgr, Runxl, Areg, Ereg, and Btc) at
4 h post-hCG in follicles treated with MC-LR.

A previous study from Herndon et al. identified 2,264 FOXO1
target genes in rat granulosa cells.>> Our single-follicle RNA-seq
data showed that 315 (13.9% of DEGs) FOXO1 target genes identi-
fied by Herndon et al. were consistently up- or down-regulated by
MC-LR in this study, including several established follicle
maturation-related genes listed in Table S12 (e.g., Cypl9al,
Pappa, and Lhcgr). Regarding those nonoverlapped genes, there
are several possibilities. First, in addition to activating PI3K/AKT/
FOXOL1 signaling, FSH also stimulates other pathways during fol-
licle maturation, including CREB,*® EGFR,* ERK,”® and p38
MAPK,”! which may also serve as targets of MC-LR. Second,
Herndon et al. used rat granulosa cells, but our RNA-seq analysis
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Figure 10. The proposed molecular mechanism by which MC-LR interferes
with PP1-mediated PI3K/AKT/FOXO1 signaling in follicular granulosa cells
to disrupt gonadotropin-dependent follicle maturation and ovulation. Note:
740-YP, a potent PI3K activator; AKT, serine/threonine kinase 1; FSH, fol-
licle-stimulating hormone; FSHR, follicle-stimulating hormone receptor;
IGF1, insulin-like growth factor 1; IGFIR, insulin-like growth factor 1 re-
ceptor; IRS1, insulin receptor substrate 1; LH, luteinizing hormone; MC-LR,
microcystin-LR; OATP, organic anion transporting polypeptide (shown to
regulate the cellular uptake of MC-LR); PI3K, phosphatidylinositol 3-kinase;
PP1, protein phosphatase 1.

was based on single mouse follicles. Thus, the species difference
and/or the more inclusive follicular cell types (theca cells, granu-
losa cells, and oocyte) in our study may have generated different
sets of DEGs. Last, the nonoverlapping DEGs might be due to toxic
mechanisms independent of PP1 and PI3K/AKT/FOXO1 signal-
ing. For instance, our single-follicle RNA-seq results showed that
the expression of several oxidative stress-related genes (27 among
91 examined genes) was significantly different in MC-LR—treated
follicles compared with control (Table S44). In addition, there
were two genes, Atg4c and Gabarapll, that were significantly
down- and up-regulated, respectively, in MC-LR—treated follicles
among 34 established autophagy-related genes (Table S45).
Furthermore, MC-LR increased the follicular expression of several
inflammatory genes, such as Ccl6, Ccrl, Ccl7, Ccl9, Ccl2, and 1133
(Table S46). The aberrant inflammatory response in the ovary has
been associated with polycystic ovary syndrome (PCOS) and
reproductive aging, both of which also exhibit defective follicle
maturation and ovulation.”? In addition, PI3K activator 740-YP
could not completely rescue the MC-LR-induced reduction of fol-
licle maturation genes and the inhibited ovulation, implying that
other mechanisms were also included in MC-LR—compromised
follicle maturation and ovulation. Therefore, oxidative stress,
autophagy, and inflammation may also contribute to the MC-LR-
induced defects in follicle maturation, but their specific roles in this
regard require more in-depth investigations in future studies.

131(6) June 2023



Meanwhile, more selective PP1 activators and inhibitors can be
used to further confirm the causal relationship between MC-LR—
induced PP1 inhibition and defective activation of PP1-meidated
PI3K/AKT/FOXO1 signaling pathway during gonadotropin-
dependent follicle maturation and ovulation.

In addition to PP1, MC-LR also inhibits the phosphatase ac-
tivity of PP2A through a similar mechanism.'®!” However, we
found that both murine and human granulosa cells exposed to
MC-LR did not have different phosphatase activities of PP2A
compared with control cells. It has been reported that although
there were more ovulated eggs with aneuploidy in mice lacking
PP2A, they had normal follicle development and preovulatory
follicles were responsive to the LH surge to undergo ovula-
tion.”>7# These results suggest a dispensable role of PP2A in fol-
liculogenesis, and the unchanged phosphatase activity of PP2A in
MC-LR-treated follicles and granulosa cells indicates that PP2A
may remain at a basal level in granulosa cells during FSH-
dependent follicle maturation.

In conclusion, as depicted in Figure 10, our study supports the
idea that MC-LR acts as a selective PP1 inhibitor to interfere with
PP1-mediated PI3K/AKT/FOXO1 signaling in granulosa cells,
disrupting FSH-dependent follicle maturation and associated
female reproductive outcomes. As a new endocrine disrupting
chemical and reproductive toxicant, exposure to MC-LR, particu-
larly during CyanoHAB bloom seasons, may heighten women’s
risk of ovarian disorders associated with FSH-dependent follicle
maturation, including anovulation, irregular menstrual cycles,
infertility, and also the common ovarian diseases of PCOS and
luteinized unruptured follicle syndrome. In the future, both human-
based epidemiological studies and research models using more
representative human ovarian samples (e.g., in vitro culture of
human follicles or primary granulosa cells from human early antral
follicles) are required to confirm this hypothesis.
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