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STUDY HYPOTHESIS: We hypothesized that the mitochondria of granulosa cells (GC) and/ or oocytes might be abnormal in a mouse model
of fragile X premutation (FXPM).

STUDY FINDING: Mice heterozygous and homozygous for the FXPM have increased death (atresia) of large ovarian follicles, fewer corpora
lutea with a gene dosage effect manifestingin decreased litter size(s). Furthermore, granulosa cells (GC) and oocytes of FXPM mice have decreased
mitochonderial content, structurally abnormal mitochondria, and reduced expression of critical mitochondrial genes. Because this mouse allele
produces the mutant Fragile X mental retardation | (Fmrl) transcript and reduced levels of wild-type (WT) Fmrl protein (FMRP), but does not
produce a Repeat Associated Non-ATG Translation (RAN)-translation product, our data lend support to the idea that Fmrl mRNA with
large numbers of CGG-repeats is intrinsically deleterious in the ovary.

WHAT IS KNOWN ALREADY: Mitochondrial dysfunction has been detected in somatic cells of human and mouse FX PM carriers and mito-
chondria are essential for oogenesis and ovarian follicle development, FX-associated primary ovarian insufficiency (FXPOI) is seen in women with
FXPM alleles. These alleles have 55—200 CGG repeats in the 5" UTR of an X-linked gene known as FMR |. The molecular basis of the pathology
seen in this disorder is unclear but is thought to involve either some deleterious consequence of overexpression of RNA with long CGG-repeat
tracts or of the generation of a repeat-associated non-AUG translation (RAN translation) product that is toxic.

STUDY DESIGN, SAMPLES/MATERIALS, METHODS: Analysis of ovarian function in a knock-in FXPM mouse model carrying 130
CGG repeats was performed as follows on WT, PM/+, and PM/PM genotypes. Histomorphometric assessment of follicle and corpora
lutea numbers in ovaries from 8-month-old mice was executed, along with litter size analysis. Mitochondrial DNA copy number was quan-
tified in oocytes and GC using quantitative PCR, and cumulus granulosa mitochondrial content was measured by flow cytometric analysis
after staining of cells with Mitotracker dye. Transmission electron micrographs were prepared of GC within small growing follicles and
mitochondrial architecture was compared. Quantitative RT—PCR analysis of key genes involved in mitochondrial structure and recycling
was performed.

MAIN RESULTS AND THE ROLE OF CHANCE: A defect was found in follicle survival at the large antral stage in PM/+ and PM/PM mice.
Litter size was significantly decreased in PM/PM mice, and corpora lutea were significantly reduced in mice of both mutant genotypes. Mitochon-
drial DNA copy number was significantly decreased in GC and metaphase Il eggs in mutants. Flow cytometric analysis revealed that PM/+ and
PM/PM animals lack the cumulus GC that harbor the greatest mitochondrial content as found in wild-type animals. Electron microscopic evalu-
ation of GC of small growing follicles revealed mitochondrial structural abnormalities, including disorganized and vacuolar cristae. Finally, aberrant
mitochondrial gene expression was detected. Mitofusin 2 (Mfn2) and Optic atrophy | (Opal), genes involved in mitochondrial fusion and
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structure, respectively, were significantly decreased in whole ovaries of both mutant genotypes. Mitochondrial fission factor | (Mffl) was signifi-

cantly decreased in PM/+ and PM/PM GC and eggs compared with wild-type controls.
LIMITATIONS, REASONS FOR CAUTION: Datafrom the mouse model used for these studies should be viewed with some caution when

considering parallels to the human FXPOI condition.

WIDER IMPLICATIONS OF THE FINDINGS: Our data lend support to the idea that Fmr/ mRNA with large numbers of CGG-repeats
is intrinsically deleterious in the ovary. FXPM disease states, including FXPOI, may share mitochondrial dysfunction as a common underlying

mechanism.

LARGE SCALE DATA: Not applicable.

STUDY FUNDING AND COMPETING INTEREST (S): Studies were supported by NIH R21 071873 (J.J./G.H), The Albert McKern
Fund for Perinatal Research (J.J.), NIH Intramural Funds (K.U.), and a TUBITAK Research Fellowship Award (B.U.). No conflict(s) of interest

or competing interest(s) are noted.
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Introduction

Fragile X primary ovarian insufficiency (FXPOI) is the most common
known inheritable form of ovarian dysfunction. FXPOl is a member of
the fragile X-related disorders (FXDs). This group of genetic disorders
arises from an increase or ‘expansion’ in the size of a CGG microsatellite
in the 5" UTR region of the X-linked FMR/ gene at Xq27.3. CGG ex-
pansions between 55 and 200 repeats are known as premutation
(PM)-length alleles. PM alleles are prone to further intergenerational ex-
pansion through the maternal germ-line, resulting in alleles that can have
>200 repeats. Such alleles are referred to as full mutation (FM) alleles
and are associated with fragile X syndrome (FXS), the most common
heritable form of intellectual disability and the most common monogenic
cause of autism. FXPOI, and an adult onset form of neurodegeneration
known as fragile X-associated tremor/ataxia syndrome (FXTAS) are
associated with PM-length repeats.

The symptoms of FXPOl include fertility problems, menstrual cycle ir-
regularities and menopause before the age of 40. The incidence of FXPOI
in the female PM population is approximately 28% (Welt et al., 2004) and
FXPOl is thought to constitute | 1.5% of familial cases of infertility and
3.5% of idiopathic cases (Murray et al., 1998; Allen et al., 2007). How
this reproductive pathology arises in PM carriers is essentially
unknown. Information is available, however, about the cellular conse-
quences of aberrant PM transcription and translation near the FMR/
gene.

Unlike FM alleles that undergo repeat-mediated gene silencing (Pier-
etti et al., 1991; Sutcliffe et al., 1992), PM alleles are active and actually
show elevated FMR/ mRNA levels (Tassone et al., 2000, 2007). By
analogy with myotonic dystrophy type | and 2 that result from expres-
sion ofa CUG-containingand a CCUG-containing transcript respectively
(Handa et al., 2005; McLeod et al., 2005; Wojciechowska and Krzyzo-
siak, 201 1; Hagerman and Hagerman, 2013), it has been suggested
that the PM transcript may bind and sequester factors important for
cell function (Sellier et al., 2010). Indeed abnormalities consistent with
the sequestration of factors like Src-Associated substrate in Mitosis of
68 kDa (SAM68), and Drosha/Ribonuclease IIl (DROSHA) have been
observed in PM cells (Sellier et al., 2010, 2013).

In addition to potential pathology related to protein sequestration, a
form of repeat-associated non-AUG (RAN) translation has also been
shown to occur in human PM cells (Todd et al., 2013). This translation

generates a protein, Fragile x mental retardation—PolyG (FMRPolyG),
that containing a lengthy polyglycine tract that is toxic to a number of
celltypes (Todd etal., 2013; Ohetal., 2015). However, the relative con-
tribution of RNA sequestration (of essential factors) and RAN transla-
tion (of the toxic FMRPolyG) to PM pathology is unknown. Previous
work on two mouse PM models generated on different genetic back-
grounds (see (Pastore and Johnson, 2014) forareview) showed evidence
of ovarian dysfunction. One of these mouse strains, FXPM 130R, has
~ 130 repeats and makes a PM transcript but not a PM RAN product
(Todd et al., 2013). That mouse showed evidence of ovarian abnormal-
ities (Hoffman et al., 2012), raising the possibility that the PM transcript
itself has pathological consequences in the ovary.

A vital interplay between oocytes and their associated granulosa cells
(GC) occurs during follicle growth from the arrested primordial follicle
stage to the ovulatory stage (Albertini and Barrett, 2003; Wigglesworth
etal.,2015). Duringfolliculogenesis, oocyte mitochondria become more
abundant and experience dynamic changes as they mature (Van
Blerkom, 2004, 201 |). Reactive oxygen species (ROS) have positive de-
velopmental roles in the ovary, functioning as a necessary signal for ovu-
lation (de Lamirande and Gagnon, 1994; Behrman et al., 2001) and
regulating corpus luteum function and regression (Carlson et dl.,
1993). However, if the balance between oxidative stress and antioxidant
defenses is altered, for example by chemical toxicants, ovarian com-
promise can result. There is strong evidence that ROS are involved in
the initiation of apoptosis in antral follicles upon exposure to chemicals
(Luderer, 2014). Furthermore, a significant decrease in fertilization
rate and in the quality of embryos in IVF cycles is seen when increased
oxidative DNA damage was generated (Seino et al., 2002). More
recent findings suggest that excessive ROS generation in GC correlate
with significant morphological abnormalities, decreased mitochondrial
membrane potential, and higher levels of DNA fragmentation which cor-
related with poorer quality eggs and embryos (Karuputhula et al., 2013).

Differences between oxidative stress markers and mitochondrial
parameters are seen between women with compromised ovarian
function and normal controls. Serum levels of multiple oxidative stress
genes are elevated in women with primary ovarian insufficiency (POI)
compared with BMI- and age-matched controls (Tokmak et al., 2015).
In addition, the cumulus GC of patients with diminished ovarian
reserve had reduced mitochondrial DNA (mtDNA) content, and
lower levels of peroxisome proliferator-activated receptor y coactivator
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| alpha (PPARGC-IA) than patients with normal ovarian reserve
(Boucret et al., 2015). Genetic factors that might predispose a woman
to exhibit such changes that accompany compromised ovarian function
have not, however, been reported.

Prior studies have suggested the PM allele causes mitochondrial dys-
function in the brains and fibroblasts of human PM carriers and in the
livers of a PM mouse model (Ross-Inta et al., 2010; Kaplan et dl.,
2012a; Hukema et al., 2014). We thus tested whether mitochondrial
content and/or structure were different in the ovaries of FXPM 130R
mice. While women with FXPOI have only one PM allele, we examined
both mice heterozygous and homozygous for the PM. We rationalized
that homozygous mice might have an exaggerated ovarian phenotype
compared to that seen in heterozygote animals.

Materials and Methods

Ethical approval

Mice were handled and tissues were collected in accordance with an active
protocol under the auspices of the Yale IACUC.

Mice and tissue collection

Where applicable, oviduct/ovary complexes were collected via ventral
laparotomy and put into dishes containing handling solution (DMEM, 10%
FBS). For ovary specimens, unstimulated mice were used. Oviducts and con-
necting fat were removed under the microscope, and the ovaries were
released from the ovarian bursa. Metaphase Il (MIl) eggs and cumulus GC
were collected after ‘superovulation’ with Pregnant Mare’s Serum Gonado-
trophin (PMSG) and human Chorionic Gonadotrophin (hCG) (Sigma
Aldrich, USA). In orderto decrease blood contaminationin GC preparations,
every oviduct was isolated from each ovary and washed in | x PBS. The
washed oviduct was then immersed in a solution containing handling
medium and 0.3 mg/ml of hyaluronidase (MP Biomedicals, LLC, USA).
The oviduct was then cut and the cumulus-oocyte-complexes (COC)
were squeezed out. COC were incubated for 8 min at 37°C in order to sep-
arate GC and eggs; Ml eggs were washed in handling medium and collected
and processed for DNA/RNA extraction. The remaining media and GC
were collected in a 1.5 ml vial and centrifuged at 500 RCF for 5 min. The
supernatant was removed and the pellet containing cumulus GC was
re-suspended in | ml of handling medium. To avoid clusters of GC, the
obtained suspension was gently mixed using a pipette and filtered with a
70 pum filter. After filtration, cells were counted using a Burker chamber
and at least 20 000 cells were immediately used to perform each assay.
Cell aliquots used for gPCR were stored in RNAlater@ (Life Technologies,
USA) at —80°C until use.

Histopathological examination

Fresh ovaries from WT, PM/+-, and PM/PM mice (n = 4 per group) were
extracted and cleaned from the fat, rinsed in PBS and fixed in Dietrich’s
fixative (30% Ethanol [EtOH] v/v, 10% Formalin, v/v—using aqueous 37%
Formaldehyde solution, 2% Glacial Acetic Acid, v/v, filtered prior to use)
overnight. Ovaries were then be transferred into 70% EtOH and embedded
in paraffin. 5 um serial sections were cut and placed onto glass slides (Super-
frost/Plus Microscope slides-precleaned; #12-550-15; Fisher Scientific,
USA). Slides were warmed, dewaxed with Xylenes (3 times x 5 min.) and
rehydrated through an increasing alcohol series up to distilled water. The
slides were rinsed in PBS, then stained in Weigert’s Iron Hematoxylin (1:1
mixture of Solution A and Solution B. Solution A: Weigert’s Iron Solution
B: Ferric chloride, 29% aqueous 4 ml, Hematoxylin | g in 95% ethanol)
for 10 min. Picric Acid (saturated aqueous) Methyl Blue (0.4 mg/ml)

counterstaining followed for 6 min. To dehydrate, clean and coverslip
the slides, they were put in 95%, then 100% EtOH, then in Xylenes; finally,
| =2 drops of mounting medium (Cytoseal-60 Low Viscosity # 8310-16;
Richard-Allan Scientific, USA) were applied and specimens were coverslipped.

Histomorphometric analyses and litter size
determination

After specimen coding and blinding, follicles at each developmental stage
were counted in every fifth serial section, with raw numbers multiplied by
5 as previously described (Tilly, 2003; Johnson et al., 2004). Criteria forfollicle
categorization are summarized as follows: a follicle was considered primor-
dial if a single layer of flattened pre-GC surrounded the oocyte. Primary fol-
licles had a single layer of cuboidal GC. The transition to secondary follicle was
recognized by the appearance of a second layer of cuboidal GC with no
antrum present. Pre-antral follicles had three or more layers of cuboidal
GC layers with no antrum present. Antral follicles have multiple cuboidal
GC layers with the presence of a visible antral cavity. To avoid double count-
ing, only follicles that contained an oocyte with its nucleus visible in the
counted plane were counted. Data for follicle, zona pellucida remnant,
corpora lutea counting and litter size analysis are presented as boxplots
where the sample minimum is the horizontal line at the bottom of each
plot; the lower limit of the box in each figure is the lower quartile; the
heavy line inside each box is the sample median; the upper limit of each
box is the upper quartile, and; the horizontal line at the top of each plot is
the sample maximum.

Transmission electron microscopy

For electron transmission microscopic examination, samples of ovaries from
wild-type, PM/+ and PM/PM mice (n = 3 per genotype) were fixed in 2.5%
glutaraldehyde (Merck, Germany) buffered with 0.2 M NaH,PO, +
NaHPO, (pH 7.4) and post-fixed in 1% Osmium tetroxide (OsO4)
(Merck, Germany). After dehydration in acetone, tissues were embedded
in Araldite CY 212. Ultrathin sections were stained with uranyl acetate and
lead citrate and examined using a Zeiss Libra 120 transmission electron
microscope (Carl Zeiss NTS GmBH, Oberkochen, Germany).

RNA and DNA extraction from mouse tissues

RNA and DNA were extracted using an AllPrep DNA/RNA/Protein Mini kit
(Qiagen, USA), according to slightly modified instructions. Whole ovaries,
GC, or oocytes (collected fresh or previously stored at —80°C) were dis-
rupted using a BeadBeater sample homogenizer (Biospec Products, USA)
for 3 min at maximum speed. The resulting homogenate was briefly centri-
fuged, then added to an AllPrep DNA spin column according to instructions.
RNA was extracted first while DNA was kept at RT until the extraction.
In order to increase the RNA concentration, 30—60 microliters of water
were added, depending on the type of sample. Finally, RNA and DNA
samples were quantified using Nanodrop system (Nanodrop2000c,
ThermoScientific), USA; RNA was stored at —80°C and DNA at —20°C
until use.

Real-time PCR

To prepare cDNA, 0.5 g of ovary RNA and 0.1 g of Ml and cumulus GC
RNA were reverse transcribed (RT) using Superscript [l Reverse Transcript-
ase (Invitrogen, USA) and random primers (Promega, USA). Negative
control mock RT samples were also prepared from each RNA sample
where the RT enzyme was omitted from the reaction. RT and mock reaction
mixtures were incubated at 65°C for 5 min, 25°C for 10 min, followed by
50 min at 42°C; finally, the enzyme was inactivated by incubation at 95°C
for I5 min.
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qRT—PCR was performed using a StepOne Plus Thermal Cycler Software
v2.3 (Applied Biosystems, USA) and all samples were assayed in triplicate.
Two microliters of the single stranded cDNA obtained were mixed with
10 ! of iQ SYBR Green Supermix (Bio-Rad, USA), | wM of each forward
and reverse primer. Primers used were purchased from Integrated DNA
Technologies (IDT; Coralville, IA); sequences are listed in Table |. Thermal
cycling conditions were as follows: 5 min at 95°C followed by 40 cycles
(95°C 155, 60°C | min). B-actin was used as a reference gene. The calcula-
tion of threshold cycle (Ct) values was performed using the StepOne Plus
Software v2.3 (Applied Biosystems) after automatic baseline and threshold
selection. Relative expression levels were calculated using the 2—AACT
method, and data are presented as the mean + the standard error of the
mean. In each experiment, mock RT samples corresponding to each
cDNA sample were also analyzed and were found to generate negligible non-
specific PCR product(s).

Evaluation of mitochondrial DNA copy
number

qPCR-based mitochondrial DNA (mtDNA) quantification was performed
with two different primer sets for genomic and mitochondrial loci in GC
and Ml eggs, as previously described (Sahin et al., 201 1). The reaction was
performed using a StepOne Plus Software v2.3 (Applied Biosystems) and
assayed in triplicate. Two microliters of DNA were mixed with 10 wl of iQ
SYBR Green Supermix (Bio-Rad), 0.5 pl of primer forward and reverse at
| wM. The thermal cycling conditions were 5 min at 95°C followed by 40
cycles (95°C 155, 60°C, | min). mtDNA copy number is presented as bar-
plots of the mean + the standard error of the mean.

Flow cytometry analysis of mitochondrial
content

GC (>10000) from wild type, heterozygous and homozygous mice were
dyed with either Mitotracker® Green FM (Life Technologies, #M-7514,
USA) for 20 min at 37°C in the dark. Live cells were assessed for Mito-
tracker® Green signal after re-suspension in 200 wl of | x PBS, followed

Table |l PCR primers used for studies.

by and analysis on a FACSCalibur Flow Cytometer (Becton Dickinson,
USA), using CellQuest software. Mitochondrial mass data are presented as
a boxplot where the whiskers represent sample minimum and maximum;
the lower limit of the box in each figure is the lower quartile; the heavy line
inside each box is the sample median; the upper limit of each box is the
upper quartile.

Statistical analyses

R (R Project, 2015) and GraphPad Prism (GraphPad Software, Inc., USA)
software were used for statistical analyses and plot production. ANOVA mul-
tiple group analyses followed by Bonferroni post hoc testing were used to
compare outcomes, with P < 0.05 used as the cutoff for significance and
to accept or reject null hypotheses where means were compared.

Results

Figure | summarizes the results of follicle counts from FXPM animals at
8 months of age performed in our laboratory. Hypothesizing that homo-
zygosity for the PM would exacerbate any ovarian phenotype, we
included PM/PM animals in our analysis, an approach that had not
been performed in prior studies (Hoffman et al., 2012). In accordance
with the prior studies, no difference in the mean number of primordial
(A) or immature growing follicles (primary, secondary, and small pre-
antral stages; B—D) was found between WT and PM/+ animals.
While no significant difference was seen between PM/PM animals and
the two other genotypes, much greater variability was seen in follicle
number between the individual homozygous PM mouse replicates than
the other genotypes. We estimated the amount of replicate variability
by calculating the Coefficient of Variation (CV) for WT and PM
ovaries, and calculated the ratio of PM to WT CV (Table Il). For most
PM/+ and all PM/PM histomorphometric measures, the CV ratio was
greater than one.

Experiment Gene name

mtDNA PCR
B-globin
qRT-PCR B-actin
Drpl
Fisl
MfF
Mfnl
Mfn2
Opa |

Prdx5

Forward/reverse Primer sequence (5 — 3)

F CTGAGCGGGAATAGTGGGTA
R TGGGGCTCCGATTATTAGTG

F GCACCTGACTGATGCTGAGAA
R TTCATCGGCGTTCACCTTTCC
F GCCCTGAGGCTCTTTTCCAG
R TGCCACAGGATTCCATACCC

F TCCCAATTCCATTATCCTCGC
R CATCAGTACCCGCATCCATG

F AGCTGGTTCTGTGTCCAAG

R TGTTCCTCTTTGCTCCCTTTG
F CTAATCTTTCCTCTGCCCGTG
R GATGAGGATTAGAAGTGGCGG
F GGATAATGCAGCCCAGGAG

R GACAGAGATTAGTTTCCAGCCC
F CATCCCCAGTTGTCCTCAAG

R TTCAAGCCGTCTATCATGTCC
F GTGTGCTGGAAATGATTGCTC
R TGGTGAGATCAAATTCCCGAG
F GGAGTCCCTGGGGCATTTAC
R AACGCTCAGACAGGCCACCA

Cox|, cytochrome c oxidase I; Drp |, Dynamin | -like |; Fis|, Fission |; Mff, mitochondrial fission factor; Mfn |, Mitofusin- | ; Mfn2, Mitofusin-2; Opal, optical atrophy |; Prdx5, peroxiredoxin 5.
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Figure | Histomorphometric analysis of follicle number, atresia, and corpus luteum number of 8-month-old FXPM mutants and WT control animals.
Quantification of intact primordial, primary, secondary, pre-antral, antral, and large antral/periovulatory follicles per ovary (n = 4 per geno-type) is
shown in (A)—(F). Follicle atresia was evaluated by counting atretic large antral follicles (G) and zona pellucida remnants (ZPR, H). Corpus luteum (CL)
number is shown in (I). Note increased variability in the number of PM follicles, ZPR, and CL (see also Table II). Statistically different means, where applic-
able, are denoted by letters ‘a’ and ‘b’, with P-values shown above each plot as calculated by ANOVA analysis.

Significant differences in mean follicle number only became apparent
as follicles grew to reach the large antral stage of development (E),
with PM/PM animals demonstrating a decline that was not significant.
At the large antral stage, significantly fewer follicles were present in
PM/PM animals compared with the other genotypes (F). Consistent
with this observation, the number of large antral follicles scored as
atretic (e.g. dying) was significantly increased in PM/PM animals (G),
but not in PM/+ animals. This was consistent with the prior publication
where homozygous |30R animals were also found to have elevated
numbers of atretic large follicles compared with wild-type controls

(Hoffman et al., 2012). Another measurement that can be used to esti-
mate the number of mature follicles that died via atresia is counting the
number of zona pellucida remnants (ZPR; Panel H) (Myers et dl.,
2004). Each of the PM genotypes exhibited increased numbers of ZPR,
compared with WT controls. Here again, while the median numbers
of ZPR were not significantly different between the genotypes, the vari-
ation in ZPR between ovaries of the individual PM animals was much
greater than that of the WT controls (Table Il).

Corpora lutea (CL) are ovarian structures that develop from remaining
follicle cells after ovulation, supporting pregnancy should conception
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Table Il Coefficient of variation comparison for
histomorphometric analyses in Fig. I.

Category/genotype Coefficient of variation
ratio mutant: wild-type
PM/+ PMIPM
Primordial I.1 2.5
Primary 0.8 4.0
Secondary 0.3 3.2
Small pre-antral 0.6 1.8
Antral 1.8 3.1
Large antral 1.4 3.2
Zona pellucida remnants 13.9 14.1
Corpora lutea 6.6 77
Mean CV Ratio 3.2 4.5
Litter Size
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& |
a |
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Figure 2 Determination of litter size in FXPM carrier mice versus WT
controls. The number of pups produced per litter when mutant (n = 15
PM/+ and 10 PM/PM) and WT (n = |4) females were crossed to WT
males of proven fertility is shown. Statistically different means, are
denoted by letters ‘a’ and ‘b’ (P < 0.05, calculated using ANOVA analysis).

occur. Significantly fewer CL (Fig. 11) were found in PM/+ and PM/PM
ovaries compared with WT controls. And as seen for the differentfollicle
classes, higher variation between animals was noted for CL numberin PM
animals versus WT (Table II).

Consistent with smaller numbers of CL per ovary, the fecundity
of both PM/+ and PM/PM mice were diminished compared with
WT mice (Fig. 2). In a breeding trial using 9 rotating males of proven
fertility, WT females delivered a mean 7.4 + 0.4 pups per litter
(5 mothers, n = 14 litters), PM/+ 6.1 + 0.5 pups per litter (5 mothers,
n = |5 litters), and PM/PM 4.3 + 0.4 pups per litter (5 mothers,n =15

Table Il Granulosa cell type used for each experiment.

Experiment (figure) Follicle stage

Mitochondrial DNA copy number (Fig. 3B)

Mitochondrial mass assessment by flow
cytometry (Fig. 3C)

Cumulus/ovulated

Cumulus/ovulated
Transmission electron microscopic analysis Pre-antral follicle GC
of mitochondria (Fig. 4)

gRT—PCR gene expression analyses (Fig. 6) Cumulus/ovulated

litters). Unlike a prior report where PM/+ mice with 90 CGG repeats
(on a different genetic background) were found to have significantly
fewer pups per litter (Lu et al., 2012), only the PM/PM mice in our trial
reached significance.

Because mitochondrial dysfunction has been detected in somatic cells
of human and mouse PM carriers (Ross-Inta et al., 2010; Kaplan et al.,
2012a; Hukema et al., 2014) and mitochondria are essential for oogen-
esis and ovarian follicle development (Van Blerkom, 2004, 201 1;
Boucret et al., 2015), we hypothesized that the mitochondria of GC
and/or oocytes might be abnormal in our mouse PM model. Initial
experiments used ovulated cumulus granulosa cells (GC; see Table IlI
for GC types used in each experiment) and MIl eggs. We reasoned
that if abnormalities were detected in ovulated PM cumulus GC, the
same cell type could be assessed in future studies of human carriers
undergoing clinical in vitro fertilization cycles. We started with the deter-
mination of mMtDNA copy number. Quantitative PCR (qPCR) using
primers specific for the mitochondrial gene Cox | and the nuclear house-
keeping gene B-globin as a normalizing control was performed (Sahin
et al, 2011). Both PM genotypes exhibited decreased mtDNA copy
number relative to WT controls (Fig. 3A and B). PM GC expressed
about three-quarters of the mtDNA detected in WT cells, while
mutant MIl eggs expressed less than half of the mtDNA of WT eggs.
As a further quantitative evaluation of mitochondrial content in cumulus
GC, we used a flow cytometric approach using a mitochondria-specific
fluorescent probe, Mitotracker® Green. This probe detects both polar-
ized and unpolarized mitochondria.

After loading cumulus GC isolated from WT and animals of each PM
genotype with Mitotracker® Green, we performed flow cytometric
measurement of fluorescence. This mitochondria-specific dye is routine-
ly used in this fashion for the determination of relative mitochondrial
mass in individual cells (Addabbo et al., 2009). Measuring a minimum
of 10000 viable cells per sample in three separate experiments, we
determined mean fluorescence for cells of each genotype. We found
that PM/+ GC had significantly less Mitotracker® Green signal per cell
than WT cells (Fig. 3C; P < 0.05, signal plotted after normalization to
WT fluorescence where mean WT fluorescence was set to |), and
that PM/PM cells showed diminished (but not statistically significant)
signal. That both PM genotypes exhibited reduced mitochondrial mass
in this experiment was consistent with the detected reduction in
mtDNA copy number (above).

While evaluating the flow cytometric histogram plots, we noted an
interesting and important difference in the fluorescence distribution of
PM cells compared with WT cells. Figure 3D and E shows example
flow cytometric histogram plots of Mitotracker® Green fluorescence
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Figure 3 Analysis of mitochondrial number and mass in FXPM animals versus controls. First, gPCR of mitochondrial DNA was determined by amplifi-
cation of the mitochondrial Cox | gene and calculating ddCT values using 3-globin as the housekeeping control (n = 4 samples per genotype). Mitochondrial
DNA copy number was determined in GC (A) and Ml eggs (B; Mll). Statistically different means, are denoted by letters ‘a’ and ‘b’ (P < 0.05, ANOVA).
Mitochondrial mass was also determined by staining cells with the mitochondria-specific fluorescent molecule Mitotracker® green and measuring signal
using a flow cytometer (C; n = 4 samples per genotype). Relative mean fluorescence is depicted as compared with WT signal normalized to |. Significantly
reducedsignal (P < 0.05) was foundin PM/+ GCversus WT, while PM/PM GC showed a slight but non-significant decrease. Flow cytometric results of two
unique experiments are shown in (D; WT, purple versus PM/+, green) and (E; WT, purple versus PM/PM, orange). A peak of highly fluorescent cells was
seen in WT samples that was missing from each of the FXPM mutant samples (red ovals).

in two unique experiments (of 3). WT signal is shown in each case in
purple, while PM/+ is overlaidin green (top plots) and PM/PMis overlaid
in orange (bottom plots). Strikingly, fluorescence events for WT cells
(processed identically to PM cells) exhibited a histogram peak near 10*
relative fluorescence units that was lacking in cells of both PM genotypes.
This means that the fraction of WT cells with the greatest Mitotracker®
Green signal, and therefore the greatest mitochondrial mass per cell, is
missing in the mutant cumulus GC. Instead, more mutant cells exhibit
the lower end of the range of fluorescence. This is of course consistent

with the reduced mean fluorescence (Fig. 3C) of all cells, and also with

the reduced mtDNA copy number (Fig. 3A and B). These data together
caused us to ask whether mitochondrial structure might be altered in
FXPM mice.

To evaluate the fine structure of GC mitochondria, transmission elec-
tron microscopy (TEM) was performed on ovary preparations of each
genotype. Here, we evaluated the mitochondria of intact GC within
pre-antral follicles (Table ). Mitochondria with normal, stereotypical
appearance were noted in each WT region assessed (Fig. 4A, green
ovals, note the organized appearance of normal mitochondrial cristae
with many parallel membrane layers). Further, the dual rings indicative
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Figure 4 Transmission electron microscopic analysis of WT, PM/+ and PM/PM GC. Representative images from pre-antral follicles from three ovary
samples per genotype are shown; all scale bars are 2 um and magnification is as indicated here in the legend for each panel. (A) shows a micro-graph froma
representative WT GC with normal mitochondria in terms of size and the appearance of cristae (green ovals; x |0 000 magnification). Normal WT mito-
chondria are also shown in (B; green ovals; x 6300), with some mitochondria undergoing recycling (red ovals). Normal mitochondria are also found in
PM/+ follicles (C; green ovals; x 6300), along with dark, abnormal mitochondria with few cristae (C; blue oval). The inner compartment of these mito-
chondriais filled with a closely packed array of dense ribbons, whichimpart an overall dense appearance to the mitochondrial matrix. PM/+ GCalso contain
mitochondria with ‘tubular’ cristae in cross section (Dj; red ovals; x 10 000) and intracellular space (asterisk) not seenin WT GC. A PM/+ GC region with
highly abnormal ‘honeycomb’ mitochondria is shown in (E; red ovals; x 16 000), with some mitochondria with relatively normal cristae but some signs of
disorganization (green ovals) nearby. PM/+ GC mitochondria are also seen (F, x20 000; G, x 6300) with short cristae that are entirely restricted to the
mitochondrial periphery. The inner compartment is occupied by a vastly augmented matrix of normal electron density but some contain numerous dense
bodies (red ovals) and (G; PM/PM, red ovals). PM/PM GC also contain mitochondria with a vacuolated internal cristae appearance (G; yellow oval), dark
appearance (G; orange oval), and a ‘blurred’ compact appearance (H; red oval; x 12 500).
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Figure 5 gRT—PCR gene expression analysis in whole ovaries. Expression of six genes involved in the control of mitochondrial structure or recycling
(Drpl - panel A, Fisl - B, Mff - C; Mfnl - D, Mfn2 - E; Opal - F) was measured. Two genes (Mfn2, Opal) showed significantly different expression
between WT and mutant ovaries (panels E, F; a minimum of three experimental cDNA replicates were used per genotype; statistically different means,
are denoted by letters ‘a’, ‘b’, and optionally ‘c’, P < 0.05, as determined by ANOVA analysis); those were reduced in the mutants.

of mitochondrial recycling/mitophagy (Czaja et al., 2014) (Fig. 4B; red
ovals, see also normal mitochondria in green ovals in same panel)
were also easily identifiable in the WT sections.

Mitochondria with normal appearance(s) were also visible in PM/+
and PM/PM TEM preparations (Example, Fig. 4C, green ovals).
However, strikingly abnormal mitochondria were also present in
mutant preparations. Mitochondrial cristae were often thicker and dis-
tended, with an appearance we referred to as ‘honeycombs.’ In these
organelles, mitochondrial structure was a ‘tubular’ type, characterized
by many tubules approximately 500 A wide, which to a large extent
replaced the normal cristae. Because the tubules were densely packed
and occupied the majority of the mitochondrial volume, the cross-
sectioned area had a honeycomb-like appearance (Fig. 4D and E
normal—green oval, abnormal—red ovals) compared with the orga-
nized/parallel nature of the cristae of normal mitochondria. PM/+
samples and also PM/PM samples also exhibited irregular intracellular
spaces (Fig. 4D, asterisk) that were not seen in WT controls. Additional
abnormalities were found in the mitochondria of mutant GC that were
absent from WT mitochondria. In Fig. 4F and G, mitochondria with
very sparse/absent cristae are shown in PM/+ and PM/PM samples, re-
spectively (red ovals) and 4G also includes an example mitochondrion
with a ‘vacuolated’ appearance (yellow oval) and an example with a
‘dark/ghostlike’ appearance (orange oval). In this last case, mitochondria
have an augmented matrix and a sparsity of cristae. When present,
cristae are abnormally short and peripherally located, leaving the

center of the organelles devoid of membranes and occupied by a struc-
tureless matrix that lacks inclusions of any sort. Figure 4H shows more
examples of dark/ghostlike mitochondria in a PM/PM GC. All of the
above examples of abnormal mitochondrial morphology were not
present in WT GC. Evaluation of these electron micrographs led us to
hypothesize that the expression of genes that control mitochondrial
structure and in some cases, recycling, would be altered in the presence
of the FXPM.

To begin to determine mechanisms by which mitochondrial mass
and structure (and possibly function) were altered by the PM, we
carried out gene expression analyses on whole ovary, GC, and oocyte
samples collected from each genotype. Figure 5 shows the result of
quantitative reverse transcription/PCR (qRT-PCR) gene expression
analysis in whole ovaries of 6 week-old animals. We selected six
genes, each of which encode proteins in either mitochondrial structure
or recycling (A-F; dynamin-related protein |—Drp| (Frank et al., 2001;
Zhang et al., 2015); Fission |—fFis| (Zhang et al., 2015); mitochondrial
fission factor—M(f (Oteraand Mihara, 201 |; Zhangetal., 201 5); mitofusin
I and 2—Mfn |, Mfn2 (Chenetal., 2003, 2010; Ishihara et al., 2004); optic
atrophy |—Opa | (Zorzano and Claret, 2015)). Expression was normal-
ized using the concurrent measurement of 3-actin. Two of these genes,
Mfn2 and Opal, showed significantly reduced expression in the ovaries of
both PM/+ and PM/PM animals compared with WT.

Next, we asked whether the expression of any of these genes dif-
fered between the genotypes in isolated cumulus GC, or, in isolated



Fragile X premutation and ovarian mitochondrial abnormalities

393

A GC MFF
1.5

3]

T

&

<

(3]

Genotype

C GC OPA1
2.5+

5]

°

-]

<

o~

\!
& @

&

Genotype

B MIl MFF
2.0= a
1.5+
o b
[&]
3 1.0
<
o™
0.5+
0.0<
g A
& & o
Genotype
D Mil OPA 1
3=

27-ddCt

& &

&

Genotype

Figure 6 gRT—PCR gene expression analysis in cumulus GC and metaphase |l eggs. Of the mitochondrial structural genes evaluated in GC and eggs, only
Mff showed significantly altered expression, and here, was reduced in PM/PM GC (A), and in both PM/+4 GC and PM/PM eggs (B) (P < 0.05, ANOVA).
Opal (C, D) did not exhibit statistically significant differences in expression (A minimum of three experimental cDNA replicates were used per genotype).

metaphase Il eggs (Fig. 6). gRT—PCR analysis of cumulus GC revealed
that of Drp/, Fisl, Mff, Mfn2, Opal, only Mff (A) showed significantly
decreased expression (as seen in whole ovary), and here, only the
PM/PM cells exhibited the reduced expression compared with WT
cells. Mff expression was also significantly decreased in metaphase |l
eggs of heterozygote and homozygote mice (B). While it is highly likely
that other genes not assessed in these studies are also dysregulated,
we now hypothesize that the aberrant mitochondrial architecture
shown in our electron micrographs (Fig. 4), and possibly the reduction
in mitochondrial mass (Fig. 3) seen in FXPM mutant GC results at least
in part from this reduction in Mff expression. How much of the FXPOI
phenotype is attributable to GC or oocyte mitochondrial abnormalities
remains to be determined.

Discussion

Here we show that that the FXPM | 30R mice have lower fecundity, fewer
CL and increased atresia of large antral follicles, findings that were more
pronounced in mice homozygous for the PM than mice that are hetero-
zygous. Interestingly, the inter-replicate variability of follicles, CL, and
ZPR was increased in PM animals. Furthermore, GC and Ml eggs of

PM mice exhibit mitochondrial abnormalities that include a lower than
normal mtDNA copy numberand lower mitochondrial mass (in ovulated
cumulus GC). In addition, many mitochondria in the follicular GC of PM
mice showed highly aberrant morphology, including those that contained
extra-dense ‘honeycomb’ internal cristae, those that were vacuolated,
and others that lacked cristae and had an ‘empty’ appearance.

Itis evident from our and other studies that structural abnormalities of
mitochondria represent more than a curiosity per se, and are instead
pathognomonic of metabolic perturbations (Luft et al., 1962; Tandler
and Hoppel, 1980; Riva et al., 2006; Fujioka et al., 2014) that relate to
mitochondria inner membrane organization and function. Indeed,
altered mitochondria morphology and bioenergetics has been observed
in other studies using fibroblasts and postmortem brain samples from
premutation carriers as well as from a knock-in (KI) mouse model
(Napoli et al., 201 |; Kaplan et al., 2012b). A preliminary assessment of
the expression of key mitochondrial structural genes followed to begin
to determine why these structural abnormalities were occurring.

In whole ovaries, the expression of two genes involved in the regula-
tion of mitochondrial structure (Mfn2, Opal) was significantly lower in
PM mice. Thus a novel consequence of the PM in either a heterozygous
or homozygous state is the dysregulation of the expression of some
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important mitochondrial genes in the whole ovary. In isolated cumulus
GC, only Mff showed significantly decreased expression and here, only
the homozygous PM mice exhibited the reduced expression compared
with WT cells). Mff expression was also significantly decreased in meta-
phase Il eggs of both heterozygous and homozygous PM mice.

Oteraetal. (Otera and Mihara, 201 I) showed that knockdown of the
genes Opal and Drp | in combination, or knockdown of Opal and Mff,
both resulted in mitochondrial cristae that resemble the ‘honeycomb’
mitochonderial cristae we observed in FXPM GC. Knockdown of Opa
eitheralone, orin combination with Fis | resultedin smaller mitochondria
with an ‘empty’ appearance as seen in the mice with the PM. Thus our
gene expression studies are consistent with a model in which the
FXPM allele results in aberrant expression of these mitochondrial
fission genes (including, but not limited to Mff), resulting in dysfunctional
mitochondria that in turn may negatively impact follicle viability.

The difference in gene expression seen in the total ovary, where four
genes are dysregulated, and in the cumulus GC and eggs, where only Mff
is dysregulated, may reflect the fact that the ovary contains a diversity of
many cell types, in ratios that depend on follicle growth. That is, when
many large follicles are present, the ratio of GC and growing oocytes
to the rest of the ovary is quite high. When few large follicles are
present, GC and growing oocytes are present only in a small fraction rela-
tive to the other somatic cell types of the organ, the bulk of which is con-
nective stroma. Each of these cell types may be affected by the FXPM in
different ways, and continuing studies are needed to determine broader
effects of the PM mitochondrial regulatory gene expression in the follicle.

Comparison and contrast between the ovarian phenotypes of the
FXPM 130R mouse (Hoffman et al., 2012; Lu et al., 2012) studied
here, the exCGG-KI ‘Dutch knock-in" PM mouse (Bontekoe et dl.,
2001; Willemsen et al., 2003; Brouwer et al., 2007), and a Fragile X
mental retardation | (Fmrl) knockout mouse (Ascano et al., 2012)
allow us to interpret the ovarian compromise detected as resulting
from the ‘toxic’ PM transcript itself. With regards to the potentially-toxic
FMRPolyG protein (Todd etal.,2013; Ohetal., 2015), arecent report by
Buijsen et al. (2015) is enlightening. Their analysis of the Dutch knock-in
mouse strain (Bontekoe et al., 2001; Willemsen et al., 2003; Brouwer
et al., 2007) that produces both PM RNA and FMRPolyG, revealed
similar effects of that PM allele upon follicle and CL development as
shown here. FMRPolyG protein inclusions were detected not only in
the stromal cells of PM mouse ovaries, but also in the stromal cells of
ovarian tissue from a human PM carrier. FMRPolyG inclusions were
not detected in the oocytes, GC, or theca cells of the Dutch knock-in
PM ovaries. Because of this, and the lack of detection of the FMRPolyG
inclusions in our FXPM | 30R mice, we attribute our detected phenotype
as mainly depending upon the PM transcript. Low levels of FMRPolyG
RAN protein (e.g. below the level required to give rise to subcellular
inclusions (Todd etal., 2013)) may contribute to the broader FXPOl con-
dition, but it appears that the PM transcript itself is associated with path-
ology. Last, while it is true that PM/+ ovaries have been shown to
produce lower levels of Fmrl| protein FMRP, Fmr| deletion has instead
been shown to be associated with precocious follicle growth and possible
ovary hyperplasia (Ascano etal., 2012) rather than any increase in follicle
death. One might therefore not expect mitochondrial abnormalities and
ovarian compromise to result from lower levels of ovarian FMRP.
Instead, our data support a model where the FMR/| PM transcript itself
contributes to the mitochondrial and ovarian abnormalities we have
characterized.

The inter-replicate variability of histomorphometric measurements in
PM ovaries was striking. As mentioned, only a subset of women that carry
the PM exhibit signs of accelerated ovarian demise (Welt et al., 2004) and
accordingly, only a subset of female PM carriers exhibit signs of Fragile X
Tremor and Ataxia Syndrome (FXTAS) (Coffey et al., 2008). The vari-
ability in the number of immature follicles seen in both heterozygous
and homozygous animal is reminiscent of incomplete penetrance of
FXPOI and FXTAS in human carriers. Detection of this variance in an
inbred strain of mice suggests that the PM can have variable impact in
the absence of coincident genetic modifiers. This will be investigated
further in ongoing studies. As far as the acute impact of the PM on
growing follicles, it is as yet unclear exactly why the cell and follicle
death phenotype only becomes consistent when follicles reach the
antral stages in our mouse model. This may result from the time of expos-
ure to the ‘toxic’ CGG-containing RNA (Handa et al., 2005; McLeod
et al., 2005; Wojciechowska and Krzyzosiak, 201 |; Hagerman and
Hagerman, 2013) over the course of follicle growth. The effects of the
PM on mitochondrial content and structure found in cells of the ovary
may be representative of a more general, widespread mitochondrial
phenotype in PM carriers. Comparison of cumulus cell mitochondria
between PM carrier and non-carrier women undergoing IVF cycles will
reveal whether mitochondrial dysfunction also occurs in the human con-
dition of FXPOI, with potential consequences for fertility and fecundity.
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