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ABSTRACT

EXOCS is a crucial component of a large multi-subunit tethering complex, the exocyst complex, that is required for fusion of secre-
tory vesicles with the plasma membrane. Exoc5 deleted mice die as early embryos. Therefore, to determine the role of EXOCS in follic-
ular and oocyte development, it was necessary to produce a conditional knockout (cKO), Zp3-Exoc5-cKO, in which Exoc5 was deleted
only in oocytes. The first wave of folliculogenesis appeared histologically normal and progressed to the antral stage. However, after
IVF with normal sperm, oocytes collected from the first wave (superovulated 21-day-old cKO mice) were shown to be developmen-
tally incompetent. Adult follicular waves did not progress beyond the secondary follicle stage where they underwent apoptosis.
Female cKO mice were infertile. Overall, these data suggest that the first wave of folliculogenesis is less sensitive to oocyte-specific
loss of Exoc5, but the resulting gametes have reduced developmental competence. In contrast, subsequent waves of folliculogenesis
require oocyte-specific Exoc5 for development past the preantral follicle stage. The Zp3-Exoc5-cKO mouse provides a model for dis-
rupting folliculogenesis that also enables the separation between the first and subsequent waves of folliculogenesis.
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Oocyte-specific deletion of Exoc5 results in poor-quality oocytes in the first wave of folliculogenesis and complete inhibition of folliculogenesis in all
subsequent waves; the ovaries exhibit early fibrosis and the females are infertile.
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Introduction

Folliculogenesis is the process by which follicles (the functional
unit of the ovary composed of oocytes surrounded by companion
granulosa cells) develop to produce fertilization-competent eggs
(Peters, 1969; Peters et al., 1975). Mouse females are born with a fi-
nite and nonreplenishable number of primordial follicles which
make up the follicular reserve (Kerr et al., 2006). The number of
primordial follicles determines the reproductive lifespan of an in-
dividual. Primordial follicles contain nongrowing primordial
oocytes surrounded by a layer of flattened pregranulosa somatic
cells. They constitute a postnatal pool of nongrowing follicles
from which cohorts are continually recruited to undergo dra-
matic growth and development until the supply is exhausted.
When recruited for further development, the oocytes within the
developing follicles grow to more than 100-fold in size and are
highly active both transcriptionally and translationally
(Lewandoski et al., 1997; de Vries et al., 2000; Ploutarchou et al.,
2015). During follicular development, somatic cells that surround
the growing oocyte proliferate and differentiate into two types of
granulosa cells: mural granulosa cells associated with a basal
lamina forming the follicular wall, and cumulus cells that com-
municate with the central oocyte. A fluid-filled area between
mural and cumulus cells is referred to as the antrum. In sexually
mature females, luteinizing hormone (LH) stimulates meiotic
maturation of the fully grown oocytes surrounded by cumulus
cells in preovulatory (Graafian) follicles, leaving the mural granu-
losa cells to form the progesterone-producing corpus luteum
(Channing et al., 1980; McGee and Hsueh, 2000).

In mice, the first wave of follicular activation and growth
begins during the first postnatal week, but additional cohorts un-
dergo activation continually thereafter throughout reproductive
life. The pool of primordial follicles becomes gradually depleted,
and few remain in the ovaries of aged females. Most of the antral
follicles from the first wave undergo degeneration by 4-5 weeks
of age in mice. These are gradually replaced by ongoing folliculo-
genesis, and ovulatory cycles begin in mice by approximately
6weeks of age, the age of reproductive hormone-dependent cy-
clicity. Although they have different fates, ovulation or not, little
is known about the functional differences between the first and
subsequent waves of developing follicles.

Follicular development requires highly coordinated growth of
the oocyte and granulosa cells with a complex metabolic cooper-
ativity directed through bidirectional communication. The oocyte
secretes paracrine factors, including GDF-9, FGF8, and BMP-15,
which signal to the granulosa cells (Matzuk et al., 2002; Su et al.,
2004). In turn, the oocyte’s companion granulosa cells provide
the oocyte with nutrients (Sugiura and Eppig, 2005; Sugiura et al.,
2005; Su et al., 2008) and signals, such as cGMP which maintains
meiotic arrest (Norris et al,, 2009). One mechanism by which
granulosa cells mediate this communication with the oocyte is
through filopodia-like structures termed transzonal projections
(TZPs) that extend from the cumulus cells through the zona pel-
lucida to form physical connections with the oocyte (Clarke,
2018a,b). TZPs terminate at the oocyte via gap junctions and
cadherin-mediated attachments at the sites of integration with
the oocyte. The role of the exocyst complex in membrane traf-
ficking, cell signaling, and cadherin deposition (required for gap
junction formation) (Yeaman et al., 2004; Polgar and Fogelgren,
2018) suggests that it might play a role in interactions between
the granulosa cells and the oocyte during folliculogenesis.
Therefore, the goal of this study was to test the hypothesis that
the oocyte-derived exocyst complex is required for folli-
culogenesis.

Originally discovered in yeast and highly conserved in mam-
mals, the exocyst complex comprises eight proteins (EXOC1-8)
and regulates the polarized exocytosis of secretory vesicles via
the plasma membrane (Novick and Schekman, 1979; Novick
et al., 1980). The contents of the exocyst-regulated vesicles, such
as transmembrane or secreted proteins, can vary widely depend-
ing on the cell type and are often required for proper cell differ-
entiation, physiology, or communication. Exocyst activity is
largely regulated through control of the holocomplex assembly
and subcellular localization by a network of small GTPases and
kinases. Vesicle specificity arises from the direct binding of the
EXOC6 subunit only to certain activated Rab GTPases on trans-
port vesicles (Lepore et al., 2018; Polgar and Fogelgren, 2018). The
EXOCS subunit connects EXOC6 with the other exocyst subunits,
making EXOC5 an excellent target for studies of loss-of-function
of the entire exocyst complex.

Both genetic knockout and RNA-based knockdown of EXOC5
have resulted in functional disruption of exocyst activity and
protein degradation of other subunits (Zuo et al., 2009; Fogelgren
et al.,, 2011; Lee et al.,, 2016). Global knockout of exocyst genes in
mice results in early embryonic lethality (Friedrich et al., 1997), so
conditional Exoc5 knockout strain using Cre-lox technology has
been necessary to successfully inactivate exocyst trafficking in
specific tissues, including the kidney (Fogelgren et al, 2015;
Polgar et al., 2015; Nihalani et al., 2019), skeletal muscle (Fujimoto
et al.,, 2019, 2021), eye (Lobo et al., 2017; Rohrer et al., 2021), inner
ear (Lee et al.,, 2018), and heart (Fulmer et al., 2019). To study the
role of the exocyst complex specifically during mammalian ovar-
ian follicle development, an oocyte-specific conditional knockout
(cKO) was produced using a Cre driven by the oocyte-specific Zp3
promoter. This construct eliminates expression in oocytes during
the earliest stages of growth beyond the primordial oocyte stage
(Fogelgren et al., 2015). This loss-of-function model resulted in fe-
male infertility. Folliculogenesis was completely blocked past the
preantral follicle stage between 40- and 60-day postpartum
(dpp), and the ovaries exhibited accelerated aged ovarian pheno-
typic characteristics. Before this, the first wave of folliculogenesis
appeared morphologically normal, but the resulting oocytes
exhibited impaired embryonic developmental competence.
These results demonstrate that oocyte-derived EXOCS is required
for fertility due to an essential role in folliculogenesis and oogen-
esis. Considering the known exocytic functions of EXOC5, we pro-
pose a role for oocyte-derived exosomes in folliculogenesis.
Known bidirectional communication between oocytes and com-
panion granulosa cells implicates negative effects of oocyte-
derived exosomes on granulosa cell function and suggests that
this, in turn, adversely affects the developmental competence of
the oocyte itself.

Materials and methods
Animal care

All animal care and experimental protocols for handling and the
treatment procedures reported here were reviewed and approved
by the Institutional Animal Care and Use Committee at the
University of Hawaii.

Breeding scheme to obtain Zp3-Exoc5-cKO mice

We previously generated Exoc5 ' °* mice (Fogelgren et al., 2015)

which were used for this study. This mouse has loxP sites flank-
ing exons 7-10, and removal of these exons results in a frame-
shift with a premature stop codon. To create the cKO in which
Exoc5 was inactivated only in oocytes, we crossed Exoc5!o/Flox
females with Zp3-Cre™* mice obtained from The Jackson
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Laboratory (strain C57BL/6-Tg(Zp3-cre)93Knw/J]) using a well-
established protocol (de Vries et al., 2000; Sun et al., 2008). The fi-
nal mice used in this study had the genotype Exoc5~~; Zp3-Cre*/~,
hereafter designated as cKO mice. Females of this genotype have

no active Exoc5 genes in the oocytes.

In situ hybridization (RNAScope) and
quantification

Exoc5 mRNA transcripts were identified in ovaries from 28 to 42
dpp B6 and cKO mice using RNAscope (Advanced Cell
Diagnostics, Hayward, CA, USA), an in situ mRNA hybridization
technique (Wang et al., 2012). For each group, 10 ovaries from 5
individual knockout mice and 8 ovaries from 4 distinct B6 mice
(with 2 ovaries per mouse and 4 sections per mouse) underwent
separate hybridizations with both long and short probes.
Peptidylprolyl isomerase (PPIB) (Advanced Cell Diagnostics)
served as the positive control according to the manufacturer’s
recommendation. All probes were sourced from the same manu-
facturer, with the RNAscope 2.5 HD Red assay kit employed for
signal amplification and detection. The experimental procedure
involved de-paraffinization of ovarian sections, followed by probe
hybridization, target retrieval, signal amplification, and signal
detection. High-quality images were captured using an EVOS FL
Auto Imaging System (Thermo Fisher Scientific, Waltham, MA,
USA) equipped with 20x and 40x objectives. Signal quantification
was conducted using Fiji Image]J software (National Institutes of
Health, Bethesda, MD, USA), wherein color deconvolution was
performed based on the signal from the positive PPIB control im-
age, serving as the standard reference. The positive signal of
each follicle was then accentuated using threshold adjustment
tools, with the percentage of positive signal recorded for each oo-
cyte and surrounding granulosa cells individually.

Single oocyte PCR

A single cKO GV oocyte or an Exoc5!" control oocyte was
added to a PCR tube (Thermo Fisher Scientific) containing 4 ul of
GNTK buffer (50mM KCI, 1.5mM MgCl,, 10mM Tris, pH 8.5,
0.45% Triton X-100, 0.45% Tween 20) supplemented with
100 ug/ml proteinase K. These tubes were incubated at 55°C for
25h with a BioRAD C100 Touch thermocycler (BioRAD
Laboratories, Inc, Hercules, CA, USA) to extract total DNA. These
DNA tubes were directly used to perform PCR by using a KOD hot
Start DNA Polymerase kit (Millipore/Sigma, Burlington, MA,
USA). The primers used were CKO-F and CKO-R (Supplementary
Table S1). The PCR amplification reactions were performed using
a BioRAD C1000 Touch thermocycler. The PCR cycle protocol
consisted of 2min hold at 95°C, followed by 35 cycles of 10s at
98°C, 30s at 60" C, and 2min at 72°C, and then following cycling
with a final step for 5min at 72°C. The PCR products were then
run on 1% agarose gels supplemented with ethyl bromide. Gels
were imaged using the Fujifilm LAS-3000 imager (Fujifilm
Corporation, Tokyo, Japan). Primers are shown in Supplementary
Table S1.

Quantitative RT-PCR

Total RNA from 100 cKO metaphase II (MII) oocytes was extracted
and purified by using TRizol & Trace kit (Thermo Fisher Scientific).
cDNA was then synthesized from this total RNA by reverse tran-
scription of polyadenylated RNA using Superscript Reverse
Transcriptase IV following manufacturer’s protocols (Thermo
Fisher Scientific). Then, RT-PCR was performed using SYBR Green
PCR Master Mix on an ABI Step-OnePlus machine (Applied
Biosystems, Carlsbad, CA, USA). RT-PCR reactions were performed
at 95°C for 10min followed by 35 PCR cycles (10s at 95°C and 60s

ox/Flox

at 60°C) (Supplementary Table S2). All reactions were performed
in triplicate per assay, and g-actin was included in every PCR reac-
tion as a loading control. The different values in PCR cycles regard-
ing p-actin for a given experimental sample were subtracted from
the mean ACt of the reference samples (Exoc5™/F%) (AACY) (Livak
and Schmittgen, 2001; Schmittgen and Livak, 2008). The quantifi-
cation of Exoc5 knockdown values was further normalized to AACt
values of the g-actin.

Fertility assessment of female mice

Fertility assessments were conducted by pairing three sets of
ExocSHo¥Tox 7p3.Cre™/~ females with C57BL/6 (B6) males. As a
control, three pairs of males with the identical genotype profiles
(Exoc5F1o/Flox 7p3.Cre*/~) were mated with B6 females. The aver-
age litter size was recorded 21-day post-mating. Following this
initial assessment, the Exoc57°Fo% 7p3.Cret/~ female groups
were continuously mated with B6 males for an extended period
of three additional months to further test their fertility.

Ovarian histology and follicle classification
and counting

Ovaries were collected and fixed in Modified Davidson'’s fixative
for 3h at room temperature and then transferred to 4°C over-
night with gentle agitation. Tissues were then washed in 70%
EtOH three times for 10 min. The ovaries were then embedded in
paraffin and serial sectioned at 5um thickness. The first section
that had tissue and every subsequent fifth section were placed
on slides designated for follicle counting. All the follicle-counting
slides were stained with hematoxylin and eosin according to
standard protocols. Healthy follicles with normal morphology
were classified by developmental stage according to established
morphological criteria (Duncan et al., 2017). A primordial follicle
was defined as an oocyte surrounded by a single complete or in-
complete layer of squamous granulosa cells. A primary follicle
was defined as an oocyte surrounded by a single layer of cuboidal
granulosa cells. A secondary follicle was defined as an oocyte
surrounded by multiple layers of cuboidal granulosa cells. Early
antral follicles were characterized by multiple layers of granu-
losa cells and developing fluid-filled spaces. Antral follicles were
characterized by a single large continuous fluid-filled cavity, and
a clear cumulus—oocyte complex that was distinct from the gran-
ulosa cell layer. Corpora lutea were identified by the presence of
characteristic hypertrophied luteinized cells with a larger cyto-
plasmic:nuclear ratio relative to other cells in the ovary. Atretic
follicles were characterized by a misshapen oocyte and/or dark,
pyknotic granulosa cells. Follicles were classified and counted
according to these criteria for both ovaries from three mice
across genotype and age. The follicle counts were reported as the
average number of follicles per section for each ovary.

TUNEL analysis

We followed the manufacturer’s protocol for the DeadEnd™
Fluorometric TUNEL System (Promega, Madison, WI, USA) to de-
tect apoptosis cells. Paraffin-embedded histology sections were
deparaffinized with xylene, washed, and rehydrated in decreas-
ing concentrations of ethanol (100%, 95%, 85%, 70%, 50%). Then
slides were immersed in 0.85% NaCl for 5 min before fixing slides
with 4% formaldehyde in PBS in 15 min. The slides were permea-
bilized with proteinase K for 8-10 min, washed in PBS for 5min,
repeated fix with 4% formaldehyde in PBS in 5min, and washed
again in PBS for 5 min. Finally, we performed TUNEL staining. We
equilibrated and labeled with TdT transferase at 37°C for 1h in
the dark. The reaction was stopped by 2x saline sodium citrate
(SSC buffer). The slides were washed three times with PBS and
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were counterstained with VECTASHIELD Antifade with DAPI
(Vector Laboratories, Inc, Newark, CA, USA). The slides were im-
aged using a fluorescent Olympus DP80 microscope. Image
analysis was performed by Image]. Quantification of positive sig-
nal was established by using the method from Keith R. Porter
Imaging Facility at the University of Maryland, Baltimore County
(https://kpif.umbc.edu/image-processing-resources/imagej-fiji/de
termining-fluorescence-intensity-and-area/). Briefly, the
fluorescence-positive signal was identified using the Color
Threshold tool in Image]. To establish background levels, the
intensity of three distinct areas within each image that had no
visible fluorescent signal were averaged. Subsequently, individ-
ual follicles were selected using the region of interest tool. The
intensity of each follicle was measured, and the corrected total
cell fluorescence was computed by subtracting the background
intensity from the area-adjusted follicle intensity. Finally, the
percentage of positive signal was calculated. Transcripts were
normalized per follicle.

Collagen staining and analysis

To assess collagen I and 1II, we performed histological staining
using Picrosirius Red (PSR) following previously published meth-
ods (Briley et al., 2016; Amargant et al., 2020). Briefly, histologic
sections were deparaffinized with CitriSolv three times for 3min
each, washed, and rehydrated in decreasing concentrations of
ethanol (100%, 70%, 30%, and ddH,0) for 1 min each. The slides
were immersed in PSR solution (0.1% Sirius Red F3b and 1.3% sat-
urated aqueous solution of picric acid) for 40min and in 0.005N
HCl in H,O for 1.5min. The slides were rehydrated in 100% EtOH
three times for 30s and cleared with CitriSolv (Citra Solv LLC,
Danbury, CT, USA) for 5min. The slides were then mounted using
Cytoseal (Citra Solv LLC), and the slides were imaged using the
EVOS FL Auto cell imaging system. To measure the percentage of
PSR-positive signal, we employed the threshold tool in ImageJ.
This tool allowed us to quantify the area exhibiting positive PSR
staining above a threshold, which was determined by reference
to the staining observed in the oldest animal ovarian section.
Consistency was maintained by keeping this threshold constant
across all images analyzed for each specific mouse ovarian sec-
tion (Briley et al., 2016).

IVF and assessment of embryo development

Spermatozoa were collected from 8- to 10-week-old B6 male mice
sourced from Charles River (Wilmington, MA, USA). The caudal
epididymis was dissected to release sperm into HTF medium
(100mM Nacl, 4.7 yum KCl, 200mM MgS0,, 400 um KH,PO,4, 5nM
CacCly, 2.77 mM glucose, 16 ym sodium lactate, 336 ym sodium py-
ruvate, 200 um penicillin G, 70 uM streptomycin, 25 mM NaHCOs,
0.01% phenol red, and 4 mg/ml BSA). The sample was then incu-
bated at 37°C and 5% CO, for 1h in a 1.5-ml tube to allow sperm
dispersion. Post-incubation, the motile sperm were prepared for
IVF. For IVF, mature MII oocytes were harvested from 21 dpp
superovulated females which received 51U each of eCG and hCG
48h apart. The oviducts were excised 14- to 15-h post-hCG injec-
tion and maintained in light mineral oil (Irvine, Newport Beach,
CA, USA). MII oocytes, encircled by cumulus cells, were retrieved,
and combined with motile sperm in a prewarmed drop of HTF
medium for a 6-h incubation. After fertilization, the zygotes were
cultured in Global Total media (LifeGlobal, LGGT-30, Guilford,
CT, USA) until they reached the blastocyst stage.

Parthenogenetic egg activation

Control MII eggs from normal B6 mice were incubated in
calcium-free CZB medium supplemented with 10mM SrCl, and

10ng/ml cytochalasin B (CB) for 3h, then the activated oocytes
were transferred into Global Total media. For cKO, MII eggs
underwent a similar treatment, but in CZB medium containing
calcium and 10ng/ml CB for at least 3h. Both control and cKO-
activated eggs were then cultured at 37°C in a humidified 5%
CO, atmosphere until they developed to the 2-cell stage.

Statistical analysis

We used GraphPad Prism version 8.3.1 (GraphPad Software, La
Jolla, CA, USA) for graph plotting and statistical analysis. To as-
sess the normal distribution of the data, we employed the
Shapiro-Wilk and Kolmogorov-Smirnov tests. Analysis between
groups of continuous variables was performed with Student’s
t-test or Mann-Whitney U-test depending on data distribution.
Significant differences were indicated by a P-value <0.05.
Variability within the experimental group is presented as
the SEM.

Results
Exoc5 expression in the ovary

To determine the expression pattern of Exoc5 in the ovary, and
particularly within the ovarian follicle, we performed in situ hy-
bridization for Exoc5 mRNA. We generated a probe to evaluate
Exoc5 mRNA expression (Supplementary Fig. S1). Mouse Exoc5
has 18 exons. Our probe covered exons 4-12 (1026bp) and in-
cluded 5 exons that are not deleted. Exoc5 was expressed in both
the oocytes and surrounding granulosa cells at all follicle stages,
including primordial, primary, secondary, and antral follicles
(Fig. 1A). The level of Exoc5 expression was the same in primary,
secondary, and antral follicles in control ovaries with no statisti-
cal differences noted (Fig. 1C, Supplementary Fig. S2A). We did
not quantify the levels of Exoc5 expression in primordial follicles,
but Fig. 1Aa demonstrates that expression was observed. The ex-
pression of Exoc5 in both oocytes and granulosa cells in all stages
of follicle development suggests that EXOC5 functions through-
out folliculogenesis.

Verification of Exoc5 deletion in cKO oocytes

To investigate the function of Exoc5 in the ovary, we generated a
cKO model in which Exoc5 was specifically removed from
oocytes. We have previously used the Zp3-Cre system and dem-
onstrated by single oocyte PCR that it deletes the floxed gene of
interest in oocytes beginning at the primary follicle stage
(Nguyen et al., 2022). We created Zp3-Exoc5-cKO mice using this
system and verified by single oocyte PCR that exons 7-10 of the
Exoc5 gene were deleted in Zp3-Exoc5-cKO oocytes isolated from
antral follicles of 28 dpp mice (Supplementary Fig. S3). The dele-
tion of these exons creates a gene that prematurely terminates
transcription with a frameshift mutation, inactivating Exoc5
(Fogelgren et al., 2015). Only cKO oocytes had Exoc5 deletions,
whereas neither Exoc57°/F°% or control (B6 wild type) oocytes had
deletions. We also verified by RT-PCR that no intact Exoc5 mRNA
survived to the antral follicle stage in cKO oocytes
(Supplementary Fig. S4). We also confirmed the cKO in histologi-
cal sections using RNA in situ hybridization (Fig. 1B-D). In cKO
ovaries, there were minimal transcripts in the oocytes relative to
controls, but there were still transcripts present in the surround-
ing granulosa cells as expected for an oocyte-specific KO (Fig. 1B
and D, Supplementary Fig. S2). We further verified this by creat-
ing a second, shorter ISH probe that only contained the four
exons that were excised. This signal was much lower, but also
demonstrated that Exoc5 was not expressed in oocytes of cKO
mice (Supplementary Fig. S2A). Of note, although Exoc5 was still
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Figure 1. Expression of Exoc5 in control and knockout (cKO) ovaries. (A) Histological sections of control of 30 days postpartum (dpp) ovaries stained for
Exoc5 mRNA expression with in situ hybridization. One example, each, of a primordial (a), primary (b), secondary (c), and early antral follicle (d) are
shown. Exoc5 RNA signals are red dots. Each image was deconvoluted to emphasize the RNA signals with a green circle marking the ovary and a red
circle marking the outer rim of the granulosa cells (a’ through d’). (B) Exactly as in (A), except the ovaries were obtained from cKO (Zp3-Exoc5-cKO) mice.
All images in (A) and (B), a through ¢’ are shown at the same magnification (bar = 25pum) and in (A) and (B), d and d’ (bar = 100 um). (C and D)
Quantification of the RNAScope signals in oocytes is shown for (C) oocytes and (D) granulosa cells. Each dot represents one oocyte in the follicles of the

type indicated. All ages of mice were combined in this graph.

expressed in the granulosa cells within follicles from cKO mice,
the transcript numbers were reduced compared to WT controls
(Fig. 1D, Supplementary Fig. S2B). Because the Zp3 promoter is
not active in granulosa cells, the Exoc5 gene is not expected to be
deleted in these cells. Thus, the observed reduction may be due
to loss of EXOCS in the oocytes resulting in impaired cell-cell
communication.

cKO females are infertile

To determine whether oocyte-specific deletion of Exoc5 impacts
reproductive function, we compared the fertility of adult (42 dpp)
cKO females mated with normal, B6 males with that of three
pairs of Exoc5T¥F%: 7p3.Cret/~ males mated with normal B6
females (N =3 breeding pairs/genotype). Exoc5"F°%; 7p3-Cre™/~
males were produced in the same litters as the cKO females but
have normal reproductive function, since Zp3-Cre is not activated
in male mice. Exoc5"F°%; 7p3.Cre™~ males mated with control
females produced a total of 24 pups (average of 8 pups/breeding
pair), whereas only one pup, which died 24 h after birth, was born
from all breeding pairs of cKO females and normal B6 males
(Table 1). Thus, cKO females were infertile, whereas males of the
same genotype were fertile.

Table 1. Female Zp3-Exoc5-cKO are infertile.?

Mouse genotypes Exp. No. No. pups
Female Zp3-Exoc5-cKO 1 0

X 2 1 (died dpp 1)
Male B6 3 0
Female B6 1 9

X 2 7
Male Exoc5T/F10%; 7pp3-Cre*/~ 3 8

@ For mating experiments, 6-week-old mice were housed together for

12 weeks and the females were checked weekly for pregnancies. For female
cKO fertility, a male control (B6) was housed with a female Zp3-Exoc5-cKO
mouse for 12 weeks (three matings were performedPA Males with the same
genotype as Zp3-Exoc5-CKO females were Exoc5™F%%; 7p3-Cre*/~ but were not
conditional knock-outs because Zp3-Cre is not activated in males. These males
were mated with control (B6) females.

dpp, days postpartum; exp., experiment.

Adult cKO ovaries exhibit blocked
folliculogenesis

Because we obtained fully grown oocytes from antral follicles
from 28 dpp cKO mice but fertility was severely compromised by
42 dpp, we analyzed the number of oocytes that could be col-
lected from cKO females at different ages. Although there was no
difference in the number of oocytes between cKO and B6 control
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ovaries (f-j), from 10 to 60 dpp, and stained. Normal ovaries have visible antral follicles at all ages. All images are at the same magnification
(bar=0.2mm). (C and D) Follicle dynamics of Exoc5 deleted ovaries. Whole ovaries were serially sectioned at 5-um intervals, stained, and follicles were
counted. Both ovaries from three different mice for each age group were counted for both cKO and control mice. (C) All follicles were divided into three
groups, primordial (Pr), preantral (PA) including primary and secondary follicles, and antral (A) follicles. (D) Preantral follicles were divided into three
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of granulosa cells (12°). Representative images for secondary follicles in both groups are shown in Supplementary Fig. S5. Differences between groups

were analyzed for statistical significance (*P<0.05; **P < 0.01).

females prior to 28 dpp, we were unable to recover fully grown
oocytes from adult female cKO (Fig. 2A). Thus, oocyte-specific de-
letion of Exo5 causes infertility in adult females due to lack of
production of fully grown oocytes. To better understand the in-
fertility phenotype, we prepared histological sections of cKO and
B6 control ovaries at six different ages spanning 10-60 dpp.
Ovaries from cKO mice at 10 and 20 dpp were very similar to
wild-type controls (Fig. 2Ba, b, f, and g). All follicle classes, includ-
ing antral follicles, were present at similar numbers compared to
controls (Fig. 2C). This is consistent with the observation that
fully grown oocytes could be recovered at 28 dpp from cKO mice
(Fig. 2A). By 30 dpp, atretic follicles were common in cKO ovaries
(Fig. 2Bh). By 40 dpp, there were fewer preantral follicles and an
accumulation of abnormal/atretic primary and secondary fol-
licles. In these histological samples, there appeared to be a block
in folliculogenesis at the secondary follicle stage (Fig. 2Bh). By 40
dpp, almost no antral follicles were present in cKO ovaries
(Fig. 2Bi). These data suggest that the initial wave of

folliculogenesis could progress to the antral stage, but subse-
quent waves could not.

Folliculogenesis arrests at the secondary

follicle stage

To better understand the dynamics of folliculogenesis, we classi-
fied and counted follicles at different stages of development in
serially sectioned ovaries. We analyzed both ovaries from three
mice in both control and cKO mice across ages (10, 20, 30, 40, and
60days old) (Fig. 2C). Follicle numbers at all stages in cKO ovaries
were not statistically different from those of controls up to 20
dpp, except there were a lower number of antral follicles in the
cKO ovaries. This decrease in antral follicles became progres-
sively more pronounced with age, with none being observed in
cKO ovaries at 60 dpp. In addition to a decrease in antral follicles,
there was a decrease in the number of primordial follicles (or
ovarian reserve) at 40 and 60 dpp. These primordial follicles
could have been lost via cell death mechanisms and/or via
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activation. To better understand what may be occurring in pre-
antral follicles, we further subdivided preantral follicles into pri-
mary follicles, early secondary follicles with less than two fully
formed layers of granulosa cells surrounding the oocyte, and late
secondary follicles with two or more layers of granulosa cells
(Fig. 2D, Supplementary Fig. S5). The results show that preantral
development appeared to be normal at 20 dpp, but by 60 dpp,
most of the preantral follicles in cKO ovaries were primary or
small secondary follicles, while control preantral follicles were
more advanced in development. These data are consistent with a
model in which the first wave of folliculogenesis is activated and
progresses to the antral stage, and subsequent waves do not
progress past the preantral stage.

Secondary and antral follicles in cKO mice
undergo apoptosis

The gradual decrease in antral follicles from 30 dpp onwards sug-
gested that the follicles were dying. We tested this by staining
ovarian sections for DNA damage using the TUNEL Assay. We
found that at 15 dpp, there was no measurable TUNEL signal in
control mice (Fig. 3Aa), but this increased subsequently, as
expected given that cell death is a natural process during follicu-
logenesis (Fig. 3Ac, e, and g) (Elvin et al., 1999; Hutt et al., 2006). In
control secondary and antral follicles, TUNEL-positive cells were
largely granulosa cells interspersed throughout the follicle or
clustered near the developing antral cavity. In cKO follicles, the
TUNEL-positive cells appeared later in development relative to

A TUNEL Images

Control Zp3-Exoc5-cKO

15 dpp

32 dpp

controls and were not visible until 28 dpp (Fig. 3Af and h). The
positive TUNEL signal was more prominent in cKO follicles com-
pared to controls. We quantified the TUNEL signal across age
groups, and found that at 21 dpp, there was significantly less
TUNEL signal in cKO follicles, but this drastically increased by 28
and 32 dpp (Fig. 3B). By 42 dpp, the TUNEL signal had largely de-
creased in Zp3-Exoc5-cKO.

All of the TUNEL-positive follicles that we found in both con-
trol and cKO ovaries were either secondary or antral follicles.
When we replotted the total TUNEL intensity data by the type of
follicle, we found that at 28 and 32 dpp, a much larger proportion
of TUNEL-positive follicles in cKO ovaries were secondary, while
in controls they were mostly antral (Fig. 3C and D). By 32 dpp,
there was an increase in the intensity of TUNEL staining in cKO
ovaries, as compared to controls, in both secondary and antral
follicles, but the overall number of both had decreased. This is
consistent with a loss of first-wave antral follicles and a loss of
adult-wave secondary follicles at 28-32 dpp by apoptosis.

cKO ovaries appear fibrotic by early adulthood

Consistent with a decline in the number of primordial follicles
and a loss of antral follicles, by 42 dpp, cKO ovaries appeared fi-
brotic with more stroma than follicles relative to controls.
Reproductive aging is associated with a fibrotic milieu due to
higher collagen content, so we stained cKO ovaries with PSR to
detect collagen I and III. We found that starting as early as 28
dpp, there was a 2.7-fold increase in collagen in cKO ovaries
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Figure 3. Follicles undergo apoptosis in response to Exoc5 deletion. Whole ovaries of 15, 21, 28, and 32 dpp mice were serially sectioned at 5-um
intervals and stained for apoptosis using TUNEL. (A) Examples of both control and knockout (cKO: Zp3-Exoc5-cKO) ovaries are shown. Bar =100 um. (B
and C) Secondary and antral follicles die at 28-32 dpp. TUNEL signals were quantitated as described. (B) TUNEL intensity for all follicles at all ages. At
21 dpp, there is less TUNEL positivity than for controls, but it increases at 28 and 32 dpp. (C) TUNEL intensity of follicles divided into small (secondary)

and large (antral) follicles. (**P < 0.01)
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Figure 4. Collagen fiber deposition increased in knockout (cKO) ovaries. Collagen deposition was analyzed by staining whole ovary sections with
picrosirius red and quantitated. (A) Representative samples of PSR-stained ovaries for a control (a) and cKO (Zp3-Exoc5-cKO) (c) ovaries are shown.
Processed color threshold images of a and c, respectively, are shown (b and d). Bar =200 um. (B) Quantitation of images as described using ImageJ for
different aged ovaries. Each dot in the graph represents one sectioned slide of an ovary. (**P < 0.01)

relative to controls which persisted across ages (Fig. 4). This sug-
gested that fibrotic changes in the ovaries without EXOCS in the
oocytes were initiated early, even when oocytes were
still present.

First-wave oocytes from cKO mice are
developmentally compromised

Our data so far indicated that only the first wave of folliculogene-
sis progresses to the antral follicle stage. This, in turn, suggested
that the first wave of folliculogenesis was not dependent on
Exoc5 expression. However, although the ovulated oocytes were
morphologically indistinguishable from controls, including cu-
mulus expansion, the oocytes could be functionally impaired. In
normal mice, oocytes from the first wave of folliculogenesis do
not mature past the antral follicle stage because of the hormonal
milieu of the ovaries in prepubertal mice (Dullaart et al., 1975).
However, when 21-day-old mice are stimulated with exogenous
gonadotropins, antral follicles from the first wave continue to de-
velop and produce eggs that, when fertilized, produce normal,
healthy pups (Schroeder and Eppig, 1984). We tested whether the
oocytes from the first wave of folliculogenesis of cKO ovaries
were capable of developing to blastocysts in culture after IVF. We
injected 21-day-old control and cKO females with gonadotropins
to stimulate the maturation of antral follicles. These mice ovu-
lated, and we were able to collect MII eggs, although cKO mice
produced only about a third of the oocytes compared to normal
controls (Supplementary Fig. S6). These MII eggs were incubated
with control wild-type B6 sperm for IVF. cKO eggs had the same
incidence of fertilization as controls, as measured by the percent-
age of eggs that progressed to 2-cell embryos (Supplementary Fig.
S7). These embryos were then cultured for 120 h. Most (93.8%) of
the control zygotes progressed to the hatching blastocyst stage,
the final stage possible in culture under these conditions
(Fig. 5A). Far fewer (24%) embryos generated from cKO mice
reached the hatching stage and 68% of them died (Fig. 5B). These
data suggest that cKO oocytes are developmentally incompetent.

cKO parthenogenotes cannot develop blastocoels

In the IVF experiment (Fig. 5), the newly created embryos would
have EXOCS because the paternal genome is activated at the 2-
cell stage. Parthenogenetic activation of cKO MII oocytes allowed
us to determine the effects of Exoc5 deletion on embryogenesis
without paternal contribution. We parthenogenetically activated
cKO MII eggs and followed their development. We found that cKO

MII oocytes were very sensitive to activation in calcium-free me-
dia, which is the normal protocol we use for egg activation
(Supplementary Fig. S8). Without Ca®*, most of the cKO MII
oocytes did not progress beyond the 2-cell stage and died shortly
after activation with SrCl,. We also found that both control and
cKO MII eggs progressed more efficiently in the presence of CB
(Supplementary Figs S9 and S10). When control oocytes were par-
thenogenetically activated, most of them progressed to the blas-
tocyst stage (Fig. 6A). When ¢KO MII oocytes were
parthenogenetically activated, they could not form blastocysts
with clear blastocoels (Fig. 6B). These embryos appeared normal
at the morula stage, but then degenerated into a group of cells
with some vacuoles (Supplementary Fig. S11). Occasionally, par-
thenogenetically generated cKO 2-cell embryos had large
vacuoles in one of the two blastomeres (Supplementary Fig. S11C
and D), a condition that is seen in cells without functioning exo-
cyst complexes that are involved in forming large cavities (Bryant
et al., 2010). These data indicate that without the EXOCS provided
by the paternal genome in IVF, parthenogenetically generated
cKO embryos are severely compromised, and cannot form blasto-
coel cavities.

Discussion

Here we report that deletion of Exoc5 in oocytes early in folliculo-
genesis inhibits folliculogenesis and results in two major pheno-
types (Fig. 7). First, the first wave of folliculogenesis progresses to
the antral stage but results in the production of oocytes whose
developmental competence is compromised. Second, all subse-
quent waves of folliculogenesis in adult mice do not progress be-
yond the preantral stage due to increased cell death, and as a
result, almost no antral follicles are present by 60 dpp. These two
events lead to complete female infertility. The cKO mouse pro-
vides a novel model that is able to parse out the first and adult
waves of folliculogenesis and help our understanding of the rela-
tionship between folliculogenesis and ovarian fibrosis, a hall-
mark of aging (Park et al, 2021). This model also elucidates a
novel role of EXOCS in folliculogenesis, which is likely related to
cell-cell communication between the oocyte and its surrounding
granulosa cells.

The phenotype in cKO ovaries differed greatly between the
first and subsequent waves of folliculogenesis. In general, it is ac-
cepted that the first wave of folliculogenesis differs from subse-
quent adult waves in several respects (Zheng et al., 2014a,b).
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parthenogenotes were cultured for 120 h. The percentage of zygotes that progressed to each stage was measured at 24 h periods. Each point is one
experiment with at least 10-20 oocytes. Error bars are SEM.
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Although there are currently no known markers that can clearly
differentiate the first wave of folliculogenesis from subsequent
ones, it is generally accepted that antral follicles in 21 dpp mice
originate from the first wave which develops shortly after birth
as soon as the follicles are formed. First-wave follicles in wild-
type mice progress to the late antral stage, but then degenerate
because the hormonal milieu of prepubertal mice is not yet fully
supportive of follicular development (McGee and Hsueh, 2000).
Although the physiologic relevance of the first-wave oocytes is
not clear, at least one report has suggested that this population
of oocytes can contribute to fertility for up to three months in the
mouse (Zheng et al., 2014a). The origin of the supporting granu-
losa cells in these follicles is from the medulla (center) of the
ovary, whereas all other follicles recruit granulosa cells from the
cortex (periphery) of the ovary. Even with these differences,
when 21 dpp mice are stimulated with exogenous gonadotropins,
antral follicles from the first wave continue to develop and pro-
duce eggs that, when fertilized, can produce normal healthy
pups (O’Brien et al., 2003), indicating that the first wave of follicu-
logenesis has the capacity to produce fully functional oocytes.

In our cKO mouse model, the first wave of folliculogenesis
progresses to the antral stage, but the oocytes are not develop-
mentally competent. Thus, the first wave of folliculogenesis
requires EXOCS for the production of developmentally compe-
tent oocytes, but not for the production of antral follicles. In the
subsequent adult waves of folliculogenesis, the secondary and
antral follicles appear to undergo apoptosis (as judged by TUNEL)
and there are no antral follicles by 60 dpp, suggesting that adult
follicular waves do require EXOCS to progress to the antral stage.
Our data do not suggest a mechanism for these clear differences
in the effects of Exoc5 deletion in first versus adult waves of folli-
culogenesis. It is possible that the first-wave antral follicles

cannot support the hormonal milieu required to allow subse-
quent waves to develop. But, activation of primordial follicles
continues even up to 60 dpp, so some signaling remains intact.
When all the data are considered collectively, it supports the
model that the first and adult waves have different molecular
responses to Exoc5 deletion.

Bidirectional cell-cell communication between the granulosa
cells and the oocyte in follicles is essential for folliculogenesis.
This communication directs the granulosa cells to differentiate
into mural and cumulus cells, to form the antral cavity, to direct
the oocyte to grow, and to establish the supply of nutrients re-
quired for oocyte growth. The exocyst complex is a multi-subunit
tethering complex that is required for fusion of secretory vesicles
with the plasma membrane (Lepore et al., 2018). It is likely to be
involved in different aspects of cell-cell communication in the
follicle, including the secretion of oocyte-specific factors and the
uptake of signals and nutrients in the oocyte from the granulosa
cells. Deletion of Exoc5 disrupts the entire exocyst complex and
results in early embryonic lethality in mice when completely
knocked out (Fogelgren et al.,, 2015). In the cKO mouse, Exoc5 is
only deleted in the oocytes and not in the granulosa cells. If, as
we predict, EXOCS is important for cell-cell communication in
the follicle, this model emphasizes how closely the bidirectional
communication between the two types of cells is regulated. It is
clear from our results that the overwhelming phenotype is that
all waves of folliculogenesis, except the first wave, are blocked
and do not progress beyond the preantral stage. EXOC5 therefore
appears to be essential for the earliest stages of folliculogenesis
indicating that cell-cell communication between the two cell
types is crucial for the earliest steps of folliculogenesis.
Moreover, although the first wave of folliculogenesis can prog-
ress to the antral follicle stage in the cKO mice, it is important to
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note that the resulting gamete quality is poor, suggesting that bi-
directional communication may be compromised even in these
follicles. Another possibility is that in the oocyte, EXOCS5 may act
independently from the exocyst complex in a way that we do not
yet understand. This could be addressed indirectly by creating
additional knockout mice with different components of the com-
plex deleted.

Our results also demonstrated that EXOCS is required for blas-
tocoel formation because cKO parthenogenotes could not form
them. The differentiation of the trophectoderm represents the
body’s first epithelia, with apical-basal polarization, tight junc-
tions, and polarized exocytosis of fluid and electrolyte transport-
ers. To form the blastocoel, these new epithelial cells require
coordinated polarized trafficking of intracellular vesicles to a
lumen-initiation site between adjacent cells to form the lumen
(an epithelial morphogenesis process termed ‘hollowing’) (Bryant
and Mostov, 2008). Previously published studies using MDCK epi-
thelial cells cultured in collagen and matrigel substrates have
shown that RNAi-based knockdown of exocyst subunits dis-
rupted this process of cystogenesis (Lipschutz et al., 2000; Bryant
et al., 2010; Polgar et al.,, 2015). Parthenogenotes develop to the
blastocyst stage without any genetic input from paternal genes,
so cKO parthenogenotes do not have any active Exoc5 genes.
While cKO parthenogenotes appear to develop normally to the
morula stage, they cannot create the blastocoel. Instead, they be-
gin to degenerate, often with smaller vacuoles between the cells
or inside the cells, that is typical of cavity-forming organs that do
not have functioning exocyst complexes (Bryant et al., 2010).
These data suggest that EXOCS is not required for development
from the zygote to the morula but becomes important for the
first clear cell differentiation that occurs at blastocyst formation.
Finally, it is worth noting that antral follicles from the first wave
in cKO ovaries are able to produce the antrum. This is probably
because is the granulosa cells that produce this cavity, and they
retain Exoc5 in the cKO.

It is striking that Exoc5 loss-of-function specifically in the
growing oocyte can have such a profound and broad impact on
the ovary. First, the microenvironment of cKO ovaries shows an
accumulation of collagen that mimics the age-related increase in
fibrosis (Briley et al., 2016; Amargant et al., 2020). It is possible
that this fibrosis could be occurring as a result of an increased
immune and inflammatory response needed to clear the large
amount of cell death. Second, even though Exoc5 is being deleted
only in growing oocytes, there is clearly an indirect effect on pri-
mordial follicles, as there is a significant decrease in the ovarian
reserve by 40 and 60 dpp. It is possible that the high levels of cell
death in the cKO ovaries create an inhospitable milieu for pri-
mordial follicles and that they themselves die. Alternatively, and
not mutually exclusively, it is possible that there is accelerated
activation of the ovarian reserve due to decreased AMH resulting
from the lack of large growing follicles in the cKO ovaries.
Consistent with this possibility, we observed a large surge in pri-
mary and early secondary follicles at 60 dpp in the cKO ovaries.
Studies are ongoing to determine the trajectory of ovarian fibro-
sis and how it might relate to aging in this model.

Our data establish that EXOCS is required for folliculogenesis
and may be important for the transition from morula to blasto-
cyst. The first function emphasizes the role of EXOCS in cell-cell
communication between the oocyte and granulosa cells, because
when this is disrupted, folliculogenesis is abruptly arrested. The
second function emphasizes the role of EXOC5 in blastocoel cav-
ity formation, which includes polarization of the embryonic cells.
This model also emphasizes the tight integration between

folliculogenesis and a healthy ovarian environment. When folli-
culogenesis is prematurely arrested, the ovaries age precociously.
Finally, this model provides a unique method to isolate the first
wave of folliculogenesis from adult waves, since only the first
wave progresses to the antral stage. The cKO mouse therefore
provides an important new tool to study three aspects of follicu-
logenesis: the bidirectional cell-cell communication, the differ-
ences between the first and all subsequent waves of
folliculogenesis, and the relationship between folliculogenesis
and ovarian fibrosis.
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