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ATG7 and ATGYA loss-of-function variants trigger autophagy
impairment and ovarian failure
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Purpose: Primary ovarian insufficiency (POI) is a frequent
disorder that affects ~1% of women under 40 years of age. POI,
which is characterized by the premature depletion of ovarian
follicles and elevated plasma levels of follicle-stimulating hormone
(FSH), leads to infertility. Although various etiological factors have
been described, including chromosomal abnormalities and gene
variants, most cases remain idiopathic. The aim of the present study
was to identify and validate functionally new sequence variants in
ATG (autophagy-related genes) leading to POI.

Methods: We have reanalyzed, in silico, the exome sequencing
data from a previously reported work performed in 69 unrelated
POI women. Functional experiments using a classical hallmark of
autophagy, the microtubule-associated protein 1 light chain 3f
(LC3), were then used to link these genes to this lysosomal
degradation pathway.

INTRODUCTION
Primary ovarian insufficiency (POI) is a clinical syndrome
characterized by the premature depletion of ovarian follicles,
which clinically results in amenorrhea and elevated plasma
levels of gonadotrophins." POI affects 1% of women before
the age of 40 and 0.1% before the age of 30. POI generally
leads to an irreversible infertility condition due to the early
extinction of the ovarian reserve.” POI etiology is highly
heterogeneous and includes autoimmune diseases, metabolic
disorders, viral infections, and iatrogenic causes.” Genetic
causes, such as chromosomal abnormalities and point
mutations, have been described in syndromic (e.g., Turner;
fragile X syndrome; and blepharophimosis, ptosis, and
epicanthus inversus [BPES] syndrome) and nonsyndromic
presentations of the disease. Although hundreds of proteins
have been related to key developmental and physiological
processes of the ovary, variants in fewer than 20 genes have
been definitely validated, by functional tests, with POI
etiology.”® Recently, we have reported a large genomic

Results: We venture a functional link between ATG7 and ATG9A
variants and POI. We demonstrated that variant ATG7 and ATG9A
led to a decrease in autophagosome biosynthesis and consequently
to an impairment of autophagy, a key biological process implicated
in the preservation of the primordial follicles forming the ovarian
reserve.

Conclusion: Our results unveil that impaired autophagy is a novel
pathophysiological mechanism involved in human POL
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screening, via exome sequencing, performed in 69 Caucasian
women affected by POI and described 55 candidate variants
located in 49 genes potentially related to the phenotype.”
These variants can be considered strong etiogical POI
candidates because they have been selected using stringent
filtering, which took into account genetic, population,
evolutionary, and functional variables. One patient displayed
the c.1209T>A (p.Phe403Leu) drastic missense variant in the
ATG7 gene, which encodes an ubiquitin El-like activating
enzyme involved in the two ubiquitin-like systems required
for the expansion of autophagosomal membranes during
macroautophagy.® Autophagy-related genes (ATG) are the
main regulators and implementers of the macroautophagy
(hereafter referred to simply as autophagy).

Autophagy is a lysosomal degradative process of cytoplas-
mic components and damaged organelles that occurs in all
eukaryotic cells from yeast to mammals. It is active in cells in
a basal state, but can also be induced in response to
nutritional deprivation or cellular stress.” Autophagy starts
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with the formation of a double membrane, the phagophore,
that expands into a vesicle known as the autophagosome,
which engulfs part of the cytoplasm. The autophagosome then
fuses with a lysosome to form an autolysosome within the
sequestered material being degraded.'® This process is under
the control of multiple ATG proteins. Some are engaged in
two ubiquitin-like conjugation systems, which act sequentially
during the elongation of the preautophagosomal membrane
and autophagosome completion.'"' However, only LC3 and
other members of the ATGS8 family remain anchored in the
autophagosomal membrane.'” Basal autophagy is important
for controlling the quality of proteins and organelles, to
maintain cell function. Under stressful conditions, the
principal role of autophagy is to supply nutrients for survival.
Autophagy is involved in many physiological processes such
as development, differentiation, and aging, and also con-
tributes to both innate and adaptive immunity.">”"> Poly-
morphisms and variants in some of these genes have been
associated with susceptibility to human diseases (e.g., Crohn
disease, bacterial infections, cancer, Parkinson disease,
asthma).'®

In the ovary, autophagy is involved in maintaining the
primordial oocyte pool in murine newborns.'” Moreover, it
has been demonstrated that it is related to oocyte elimination
during atresia.'® Interestingly, germ cell-specific knockout of
Atg7 in mice led to POI, as the number of the follicles/oocytes
was significantly reduced in the adult mutant animals."” These
results strongly suggested that ATG variants might also
originate POI phenotype in humans.

Herein, we reanalyzed in silico exome sequencing data from
the previous reported work” and identified in a POI woman a
novel variant in ATG9A (p.Arg758Cys). We performed
functional assays for the previously described ATG7 p.
Phe403Leu variant and for ATG9A p.Arg758Cys by studying
their effect on autophagy. The ATG9A gene encodes a
multipass transmembrane protein contained in vesicles that
contribute at least in part to the membranes for the nucleation
and the extension of the phagophore.”® The functional
analysis revealed that ATG7 and ATGY9A variants impair
autophagy suggesting that they contribute to POI etiology.

MATERIALS AND METHODS
Selection of ATG variants and in silico analysis
The ATG7 p.Phe403Leu variant was previously identified by
filtering exome sequencing data from 69 POI unrelated
patients from French origin.” The new ATG9A p.Arg758Cys
variant was found by reanalyzing the data from Patiio's work.
Details on these methodologies have been included in
Supplementary Materials and Methods.

Cell culture and transfection

COS-7 cells grown in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% fetal calf serum (FCS) in
5% CO, at 37 °C were transiently transfected with expression
vectors encoding ATG7-Myc or ATG9-GFP wild-type or
mutated, using FuGENE 6 reagent (Roche Diagnostics)
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according to the manufacturer’s protocol. Transfected cells
were used 24 or 48 h later. KGN cells*" were maintained in
DMEM/F12 containing 10% FCS, in 5% CO, at 37 °C. Cells
were transfected with vectors expressing either an ATG7 short
hairpin RNA (shRNA), an ATG9A shRNA, or a control
shRNA and a gene imparting resistance to puromycin using
FuGENE 6 reagent. Among puromycin-resistant clones, those
expressing half of ATG?7 (after 1 ug/mL doxycycline treatment
for 48 h) and ATG9 compared with control cells were selected
by western blot using anti-ATG7 and anti-ATG9 antibodies.
Clonality was verified by immunostaining with the appro-
priated antibodies. Starvation-induced autophagy was carried
out by culturing the cells in Earle’s Balanced Salt Solution
(EBSS) (Gibco, Life Technologies) for 6 h. Chloroquine and
bafilomycin Al (Sigma) were used at 15-20 uM and 100 nM,
respectively, to block autophagic degradation.

Indirect immunofluorescence analysis

Cells cultured in chamber slides (Nunc™ Lab-Tek™ II
Chamber Slide™ System; Thermo Fisher Scientific) were
washed with phosphate-buffered saline (PBS), fixed with
ice-cold methanol for 2 min followed by ice-cold acetone for
2min. They were incubated for 1h in a blocking solution
(DAKO® Protein Block Serum-Free) and then with appro-
priate primary antibodies diluted in DAKO® Antibody
Diluent overnight at 4 °C. The cells were washed, incubated
with appropriate secondary antibodies diluted in the same
buffer, and stained with DAPI. The cells were mounted in
Fluorescent Mounting Medium (DAKO). Imaging was carried
out on a SP8 Leica confocal microscope (Leica Microsystems,
Deerfield, IL, USA) or a Thermo Cellomics ArrayScan VTI
HCS Reader (Thermo Fisher, Pittsburgh, PA, USA).

Automated quantification of LC3 dots by High Throughput
Microscopy (HTM)

COS-7 transfected with ATG7 and ATGY9 wild-type or
mutated were processed as described above for LC3, ATG7,
or ATGY9 immunofluorescence staining. Sequential images
(40x —0.75 NA lens) were acquired for each channel with the
automated ArrayScan VTI imaging and analyzing platform
(Thermo Fisher Scientific, Villebon-sur-Yvette, France). The
SpotDetector Algorithm (v.4) was used to detect and quantify
the LC3 dots as following. DAPI fluorescence was used to find
the focus and was sequentially acquired with ATG (7/9A) and
LC3 fluorescence to give separate image files. The DAPI
staining (channel 1) identifying the nuclear region was used to
define a binary nuclear mask. Nuclei clusters, mitotic cells,
and apoptotic cells were gated out from the total cell
population (total primary object) by using several progressive
morphological filters. To quantify the amount of ATG7 and
ATGOA fluorescence (channel 2) present in the cytoplasm of
the primary selected object, this nuclear mask was dilated to
cover the cytoplasmic region. Subtraction of the nuclear from
the dilated mask created a binary cytoplasmic new mask
covering the cytoplasmic region. An automatic cut-off
threshold was used to specifically select the cells expressing

Volume 0 | Number 0 | Month | GENETICS in MEDICINE



DELCOUR et al

ectopic ATG7 or ATGY9A (secondary selected object, ie.,
transfected cells). The cytoplasmic mask was lastly used to
detect, select, and quantify the number, size, and fluorescence
of dots/cell (LC3 channel) in the final population of
transfected cells (n>400) as described previously in Mouna
et al.”® The images and masks were systematically visually
inspected for accuracy. Note that the contributions from
nuclear dots were totally excluded thereby restricting the
analysis to perinuclear and cytoplasmic LC3 dots.

Statistical analysis

All data were analyzed using Prism 6 (GraphPad), and the
results are presented as mean+ SEM using at least three
independent experiments. An unpaired Student’s t test was
performed when comparing two groups and a one-way
analysis of variance (ANOVA) with Kruskal-Wallis’s post hoc
test was performed when comparing more than two groups. A
P value of 0.05 or less was considered statistically significant
(*P <0.05, *P<0.01, **P < 0.001).

Ethical approval

All clinical and experimental steps of this study were
approved by Institutional Review Board (reference PHRC
No. AORO03 052) and by the Bicétre Ethical committee (CPP
#PP 16-024 Ile-de-France VII). The clinical investigation was
performed according to Helsinki Declaration guidelines
(1975, as revised in 1996). All of the women had given their
informed consent to participate.

RESULTS
Patients and hormonal evaluation
Patients (Pt-7 and Pt-66) were of Caucasian origin and
attended for the clinical evaluation of hypergonadotropic
amenorrhea.” Turner syndrome, X chromosome structural
abnormalities, and FRMRI premutations were ruled out by
standard genetic analysis.

Pt-7 displayed normal pubertal development, with a
menarche at age 14 then an idiopathic hypergonadotropic
secondary amenorrhea at 34 but she was diagnosed at 37.
Hormonal plasma values showed elevated follicle-stimulating
hormone (FSH) and luteinizing hormone (LH) levels (FSH:
83 IU/L, LH: 17 IU/L; normal range of basal levels of FSH and
LH are 3-9IU/L and 1-5IU/L, respectively), and low
estradiol (<5pg/mL; normal range is 20-350 pg/mL) and
anti-Millerian hormone (AMH) levels (<1 pmol/L; normal
range is 15.7-48.5 pmol/L). Inhibin B was 12 ng/L (normal
ranges are 60-200 ng/L). The ultrasound examination found a
normal uterus but small ovaries lacking follicles (2.9 mL,
normal ovarian volume ranges between 5 and 8mlL).
Menopause of her mother and grandmother occurred before
the age of 40, but their genetic evaluation was refused.

Pt-66 was 22 at first clinical evaluation. She presented
primary amenorrhea, delayed puberty (Tanner stage B1) with
an infantile uterus and strip gonads at ultrasound examina-
tion. Hormonal values showed elevated FSH and LH levels
(FSH: 741IU/L, LH: 211IU/L), and low estradiol (6 pg/mL),
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Fig. 1 ATG7 and ATGY9A variants identified in premature ovarian
insufficiency (POI) patients. Schematic representation of (a) ATG7 and b
ATGYA proteins and interspecific sequence alignments of genomic regions
carrying the interchanged amino acids. E7-like domain E1 activating
enzyme-like, TM transmembrane domain

AMH (<1 pmol/L), and inhibin B levels (<15 ng/L). She did
not display family history of POI.

Detection of ATG variants and in silico analysis

Exome sequencing experiments and bioinformatics filtering of
variants led to the identification in Pt-7 of the ATG7 (MIM
608760) c.1209T>A (p.Phe403Leu) variant.” Sanger sequen-
cing experiments performed in the work by Patifio et al.”
confirmed this missense variant. The ATG9A (MIM 612204)
c.2272C>T (p.Arg758Cys) variant was identified in Pt-66 by
reanalyzing our previously published data.” Sanger sequen-
cing confirmed the presence of the variant in this patient.
Various databases displayed that the ATG7 p.Phe403Leu and
ATG9 p.Arg758Cys variants are rare, which argued in favor of
a potential pathogenic effect (Table S1). Notably, they were
absent from the French Exome Project database (http://med-
laennec.univ-brest.fr/FrExAC/), which can be used as a
repository of Caucasian controls for association studies. In
addition, various bioinformatic tools revealed scores asso-
ciated with potential pathogenic effects for both variants
(Table S1). Protein alignments revealed that the ATG7 p.
Phe403Leu variant, located in the El-like domain of the
protein, affected an amino acid highly conserved among
species (Fig. 1a). The ATG9A p.Arg758Cys variant, which
was found in the C-terminal region of the protein outside the
six transmembrane segments, also affected an amino acid
highly conserved during evolution (Fig. 1b). To evaluate the
potential effect of the ATG7 p. Phe403Leu substitution on the
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Fig. 2 Reduced expression of ATG7 and ATG9A decreases autophagy. a KGN cells carrying a Dox-inducible vector expressing an ATG7 short hairpin
RNA (shRNA) or shRNA control (Ctl) were treated with Dox to reduce the expression of ATG7 by 50%. b KGN cells were stably transfected with a vector
expressing a control shRNA (Ctl) or an ATG9A shRNA. Clones expressing half of ATG9A compared with control were used for the experiment. Control,
SshATG7-, or sShATG9A-KGN were incubated in starved medium for 6 h in the absence or presence of chloroquine (CQ) during the last 2 h or 4 h. Expression
of ATG7, ATG9A, LC3-I, LC3-Il, and actin were detected by protein gel blotting. The graphs represent the LC3-Il/actin ratio at the different time points. Data
represent the mean + SEM and are representative of four independent experiments. *P< 0.05 and **P< 0.01, by Mann-Whitney test

ATG7 homodimer conformation, we generated a three-
dimensional homology model of a dimer of the human
ATG?7 by taking as guides the X-ray crystal structure of the
dimeric yeast ATG7 and the homology model of the
monomeric human ATG7 (Figure S1A).%

This 3D model showed that the Phe403 residue within the
wild-type (WT) ATGY is located at the dimerization interface
(Figure S1A). Phe403 from one monomer established
stabilizing van der Waals contacts with residues from the
same monomer (Tyr392 and Leu407) and with numerous
ones from the second monomer (Pro325, Lys326, Ala329,
Phe425, and Pro426) (Figure S1B). This network of van der
Waals contacts was likely involved in the dimer stabilization.
However, the replacement of the Phe by a Leu at the 403
position led to a drastic reduction of the number of van der
Waals contacts between both monomers (Figure S1C).

Effect of ATG7 and ATG9A haploinsufficiency on
autophagy

Our two POI patients carried the heterozygous ATG7 p.
Phe403Leu and ATGO9A p.Arg758Cys variants, which are
predicted deleterious and affecting autophagy. A dominant
negative effect was excluded for both variants because a biallelic
loss was lethal in Atg7 and Atg9 deficient mouse models.”**

4

To evaluate the potential effect of ATG7 and ATG9A
haploinsufficiency on autophagy, we generated KGN cell lines
stably transfected with vectors expressing either ATG7 shRNA
or ATG9A shRNA. Then, we selected individual clones
expressing half levels of ATG7 or ATG9A to mimic the
consequences of the potential deleterious effect of heterozygous
variants (Fig. 2). These cells were used to study their ability to
produce autophagosomes compared with that from control
cells. A classical hallmark of autophagy activation is the
conversion of microtubule-associated protein 1 light chain 3p-
I (LC3-I) to lipidated LC3-II form; the latter correlates with the
autophagosome number. To evaluate autophagosomes bio-
synthesis, LC3-1I levels must be analyzed in the presence of
inhibitors of the lysosomal function, such as bafilomycin Al
(Baf Al) or chloroquine (CQ). In basal (nonstarvation)
conditions, we identified that LC3-II levels after CQ treatment
were not significantly decreased in KGN underexpressing ATG7
or ATG9A (data not shown).

Our experiments showed that under starvation condi-
tions, LC3-II level in cells expressing half ATG7 or ATG9A
dose was similar to that from nonsilenced (control) cells.
After 2 or 4h of CQ treatment, an increased amount of
LC3-II was observed in control cells. However, this effect
was significantly less in cells underexpressing ATG7 (Fig. 2a)
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Fig. 3 Expression and localization of ATG7 and ATG9A variants. Results of western blot using (a) an anti-Myc tag antibody to detect ATG7 and b an
anti-GFP antibody to detect ATG9A in cells transiently transfected with the corresponding vectors. The overall expression levels of ATG7 F403L and ATG9A
R758C variants from two independent clones (1 and 2) were similar to that of their wild-type (WT) counterpart. Actin was used as loading control, and the
empty vector was used as a negative control (Ctl) for protein expression. Ratio of ATG/actin is indicated below. ¢ Immunofluorescence results from COS-7
cells expressing ATG7 WT or F403L stained with antibodies against Myc-Tag (ATG7, green) and LC3 (red). Nuclei were stained with DAPI (blue). White
arrows point to LC3 dots in transfected cells (green). d Immunofluorescence results from COS-7 cells expressing ATG9A WT or R758C stained with
antibodies against GFP-Tag (ATGO9A, green) and LC3 (red). Nuclei were stained with DAPI (blue). White arrows point to LC3 dots in transfected cells (green).
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(a decrease of 33% and 39% compared with control after 2 h
and 4h CQ treatment with P<0.05 and P<0.01, respec-
tively) or ATG9A (Fig. 2b) (a decrease of 35% and 52%
compared with control after 2h and 4 h CQ treatment with
P <0.05 and P<0.01, respectively). These results indicated
that ATG7 or ATG9A downexpression led to a decreased
autophagosome Dbiosynthesis and consequently to a
decreased autophagy.

Study of ATG7 p.Phed403Leu and ATG9A p.Arg758Cys
subcellular localization in COS-7 transfected cells

To perform functional analysis of variants found in POI
patients, expression plasmids including WT and mutant
versions of ATG7 and ATG9A were used to transfect COS-7
cells. Expression levels of WT and mutant proteins were
evaluated by western blot.

We found that ATG7 or ATGY9A variant from two
independent clones were expressed similarly to the WT
counterpart (Fig. 3a, b). The subcellular distribution of ATG7
and ATG9 proteins was studied by immunofluorescence. As
shown in Fig. 3¢ (left panel), ATG7 WT displayed a diffuse
cytoplasmic distribution, which was conserved in cells
expressing the ATG7 p.Phe403Leu version. The distribution
of ATG9A was not as diffuse in the cytoplasm and it was
stored in perinuclear clusters as previously described by
others (Fig. 3d left panel).”’ Likewise, ATG9A p.Arg758Cys
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displayed an identical localization indicating that the cellular
distribution was not affected by this variant.

ATG7 p.Arg403Leu and ATG9A p.Arg758Cys variants alter
autophagy

To investigate the consequence of both variants on the
autophagy, we first examined the ability of COS-7 cells
expressing WT or mutant ATGs proteins to produce
autophagosomes (Fig. 3¢, d right panel). Upon autophagy
induction, LC3-II associates with autophagosomal mem-
branes, resulting in the formation of punctuate structures,
which can be visualized by immunofluorescent labeling of
endogenous LC3. To better visualize LC3 dots, the cells were
grown under nutrient-deficient conditions. We observed a
reduced amount of dots in COS-7 cells expressing mutated
ATG7 and ATGY9A proteins compared with their WT
counterparts. This observation suggested that both variants
contributed to impair autophagy.

To better quantify this alteration, we monitored by western
blot LC3-II expression in COS-7 cells transfected with WT
and mutated ATG7 or ATGY9A forms, under complete
medium as well as after starvation. In basal conditions
(complete medium) we did not observe any significant change
of LC3-II between cells expressing control and mutated
proteins, even in the presence of CQ (data not shown). Under
starvation environment (Fig. 4a), the amount of LC3-II was
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Fig. 4 ATG7 F403L and ATG9A R758C variants alter the autophagy. a Cells expressing ATG7 wild-type (WT) or F403L variant were incubated in starved
medium for 6 h in the absence or presence of chloroquine (CQ) during the last 2 h or 4 h. Expression of ATG7, LC3-l, LC3-Il, and actin was detected by
protein gel blotting. The graph represents the LC3-Il/actin ratio at the different time points. b Cells expressing ATG9A WT or R758C were incubated in
starved medium for 6 h in the absence or presence of chloroquine (CQ) during the last 2 h or 4 h. Expression of ATG9A, LC3-I, LC3-Il, and actin were
detected by protein gel blotting. Control cells (Ctl) were transfected by an empty vector. Data represent the mean + SEM and are representative of four
independent experiments. *P<0.05, **P<0.01, and ****P<0.0001 by one-way analysis of variance (ANOVA) test

stable after 2 and 4h of CQ treatment in control cells. In
transfected cells with ATG7 WT, the amount of LC3-II was
not significantly different from control cells in the absence of
CQ. However, it was strongly increased after 2h of CQ
treatment and even more after 4h of treatment, suggesting
that the overexpression of ATG7 was able to increase the
autophagic capacity of the cells. On the contrary, cells
expressing ATG7 p.Phe403Leu exhibited similar autophagic
capacity to that of control cells, displaying similar levels of
LC3-II after 2h and 4h of CQ treatment. These results
confirmed that the ATG7 p.Phe403Leu variant impaired
autophagy due to a decreased ability to produce autophago-
somes. Cells expressing ATG9A WT also accumulated
significantly more LC3-II after 2 and 4h of CQ treatment
than the control cells. However, this LC3-II accumulation
under CQ treatment was less important in cells expressing the
ATGOYA p.Arg758Cys form suggesting that this variant also
impaired autophagy (Fig. 4b).

To assess this alteration more precisely, we used an
automated testing of LC3 dots, which allows the specific
counting of LC3 dots in cells transfected uniquely with WT or
mutant ATG forms (Fig. 5). First, we verified that the
fluorescence from proteins was the same in cells expressing
WT and mutated ATG7 p.Phe403Leu or ATG9A p.
Arg758Cys (Figure S2). Then, we measured several para-
meters including the number of LC3 dots per cell (Fig. 5 b, ¢),
the average area of individual LC3 dots and the average
fluorescence intensity per cell (Figure S3). In starvation
conditions (EBSS), compared with cells expressing WT
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proteins, the cells transfected with the ATG7 p.Phe403Leu
or ATG9A p.Arg758Cys constructs displayed 36% and 42%
decrease in the number of autophagosomes, respectively. The
size of autophagosomes (LC3 spot average area) and average
fluorescent intensity per cell were also slightly but signifi-
cantly reduced (Figure S3). In the presence of bafilomycin Al,
a lysosomal inhibitor that impairs autophagosomes degrada-
tion, the number of dots was reduced by 42% in COS-7 cells
expressing the ATG7 p.Phe403Leu variant, compared with
cells expressing the ATG7 WT form (Fig. 5b, right graph). A
reduction in the number of dots by 20% was also observed in
cells expressing the ATG9A p.Arg758Cys construct, com-
pared with those expressing the ATG9A WT version (Fig. 5c,
right graph). Again, these results demonstrated that in
starvation conditions both variants impaired the formation
of autophagosomes contributing to a deleterious autophagic
process.

DISCUSSION
During oogenesis, female germ cells are produced but die with
up to two-thirds of the oocytes being lost before or shortly
after birth.”® The ovarian reserve containing primordial
follicles is an important determinant of the length of the
ovarian lifespan, and therefore the fertility of women.*” POI
is one of the main causes of female infertility owing to a
declined ovarian reserve. POI phenotypes are highly hetero-
geneous probably due to different etiological mechanisms
leading to ovary dysfunction.” However, in most cases POI
remains idiopathic, which has encouraged research into
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further genetic causative factors. Advances in sequencing
technologies have highlighted the involvement of new genes
in POI etiology, such as STAG3, MCM9, MCMS8, LHXS,
SOHLH, MSH4, MSH5, and SYCEI (ref. ©).

In the present study, we tested functionally two variants
affecting ATG genes, which were identified in women affected
by POIL One of them (ATG7 p.Phe403Leu), was previously
identified by using an innovative bioinformatic pipeline
performed on genomic data issued from exome sequencing,
which was carried out in 69 unrelated nonsyndromic POI
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patients.” At that time, to select a coherent number of variants
underlying potential strong functional effects, the in silico
analysis was performed by applying stringent filters. These
included scores compatible with potential deleterious effects
obtained from SIFT and PolyPhen software. These programs
have been massively used to analyze next-generation sequen-
cing data, but they have displayed variable or inconsistent
rates of false positive/negative results.”® This feature led us in
the present work to reanalyze our previous data.” We
undertake manual interspecific alignments of ATG molecules
carrying candidate missense variants that lack positive
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Fig. 5 HTM quantification of autophagosome formation. a Representative pictures generated by HTM showing accurate dots identification through
binary masks of transfected cells. Cells were transfected with the ATG7 wild-type (WT) vector and then starved in EBBS medium for 6 h in presence of
bafilomycin A1. Immunocytochemistry was performed with specific antibodies to visualize ATG7 and LC3. Automated HTM acquisition and cellular dots
analysis were achieved with an ArrayScan VTl microscope. Left panels show examples of sequential acquisition of one field that was acquired for each
channel as indicated in the pictures (ATG7, LC3, and merge). Arrows show ATG7 transfected cells. Central panel shows binary intracellular mask generated
by HCS Studio software for the ATG7 expressing cells (cell object in white), the DAPI labeling (nucleus in blue), and the autophagosome present in these cells
(dots, in green). b Cells expressing ATG7 WT or FA03L were starved in EBBS for 6 h in absence or presence of bafilomycin A1 (Baf A1). Cells were fixed and
analyzed by automated HTM as described in (a). Binary mask was generated by HCS Studio software to detect, delineate, and quantify the dots
corresponding to autophagosomes. Histograms show the quantification of the average number of dots found in each transfected cells expressing ATG7 WT
or F403L mutant., n > 400 cells for each set of conditions. Error bars represent SEM. ****P < 0.0001 by Student’s ¢ test. (c) Cells expressing ATG9A WT or
R758C were starved in EBBS for 6h in absence or presence of bafilomycin A1 (Baf A1), as indicated in the figure. Cells were fixed and analyzed by
automated HTM as described in (a). Histograms show the quantification of the average number of dots found in each transfected cell expressing ATG9A WT

or R758C mutant. n>400 cells for each set of conditions. Error bars represent SEM. ****P<(0.0001 by Student's t test

<

predictive  deleterious scores in both SIFT and
PolyPhen2 software. This approach allowed us to identify
the novel ATG9A p. Arg758Cys variant that affected a highly
conserved residue during evolution. Due to their low
frequency in different populations and the potential deleter-
ious effects detected by various in silico programs, we
considered that these variants were coherent candidates for
functional downstream analysis (Table S1).

ATG7 is part of the two ubiquitin-like systems involved in
autophagy and is essential for the production of LC3-
phosphatidylethanolamine (PE), which in turn is necessary
for the expansion of autophagosomal membranes.® ATG9A
is a multispanning transmembrane ATG protein localized in
the Golgi apparatus and the endosomes. Although its role is
not still completely understood, this protein is crucial for
autophagosome formation, as a decrease in LC3 conjugation
to PE and in autophagosome formation has been observed
in fibroblasts from Atg9a-deficient mice.”> Because both
proteins are crucial for autophagosome formation, an
alteration in ATG7 and ATGY9 function results in a
decreased capacity of the cells to respond to starvation-
induced autophagy.

Several studies that used genetically modified mouse models
have suggested the involvement of autophagy in the
regulation of the ovarian reserve of primordial follicles. First,
Gawriluck et al."” observed that total or partial inhibition of
autophagy in Atg7” mouse or Becnl™ (Beclinl) mouse,
respectively, resulted in an overloss of germ cell populations
at postnatal day 1. They suggested that autophagy was an
important regulator of germ cell survival prior to formation of
the primordial follicular pool.'” Another study reported the
use of mice displaying Atg7 deletion only in germ cells of
female mice.'” This study showed that the number of oocytes
is nearly the same at 17.5 days p.c. compared to WT animals
while oocytes overloss was observed 3 days after birth. This
suggested that autophagy is necessary for germ cells' survival
during the neonatal transition. Indeed, in mammals the
supply of nutrients through the placenta is interrupted at
birth and neonates face severe starvation until supply can be
restored through milk nutrients. During this neonatal
starvation period, autophagy is induced in most of the organs
to maintain energy homeostasis.”” Of note, among all organ
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systems only ovaries exhibit severe cell loss at birth.*®
Autophagy is a critical process seeming to be essential to
protect germ cells for overloss. In mouse the ovarian reserve is
completed 3 days after birth, while this reserve is established
earlier during the first trimester of pregnancy in woman.”’
Thus, the induction of autophagy at birth is a crucial step to
preserve the stock of primordial follicles.

In the present study, we showed that the decreased
expression (50%) of ATG7 and ATGY9A representing
haploinsufficiency reduced the capacity of the cell to respond
to starvation-induced autophagy and that ATG7 p.Phe403Leu
and ATGY9A p.Arg758Cys variants were deleterious for
autophagy. The role of autophagy in the ovary is complex
because it is dependent on cellular type and developmental
stage. For example, the activation of PI3kinase signaling
pathway suppresses granulosa cell autophagy during follicular
development and is involved in the regulation of follicular
atresia.’® In both heterozygous patients, it is quite likely that
the induction of autophagy at birth was low in ovaries. This
might lead to an alteration of the ovarian reserve. In Becn1 ™"
mouse ovaries, the number of germ cells 1 day after birth is
decreased by half compared with wild-type ovaries.”

The phenotype of our two patients carrying ATG variants
was heterogeneous. Pt-66 displaying the ATG9A variant (p.
Arg758Cys) exhibited primary amenorrhea, absence of
puberty, and a total depletion of follicles into very small
ovaries, whereas Pt-7, carrying the ATG7 variant (p.
Phe403Leu), was affected by secondary amenorrhea. The
functional defects of autophagy observed in vitro and the
age of POI onset may support a model of complex
pathogenesis as already described for the BMPI5 gene’!
and NOBOX.> Our data do not exclude the possible
involvement of a “second hit” explaining the phenotype, as
described in hypogonadotropic hypogonadism™ as well as
in our previous study on POI patients.’* Following the last
recommendations of the American College of Medical
Genetics and Genomics/Association for Molecular Pathol-
ogy (ACMG/AMP) and the Sherloc interpretation tool for
classifying genetic variants, we consider that the ATG7-
Phe453Leu and ATG9A-Arg758Cys can be categorized as
pathogenic; this classification can be established due to the
variants' rarity and their functional impact observed in our
in vitro tests.”>°
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Our approach may lose further candidates contributing to
the phenotype. Indeed it seems likely that mutational analysis
of multiple genes in apparently monogenic disorders will
become increasingly frequent.

In conclusion, these results reveal for the first time a role of
autophagy in the pathogenesis of POI and describe a novel
molecular biomarker for diagnosis/prognosis purposes. Gen-
otyping of these genes in women affected by POI from
different ethnic origins should allow identifying novel variants
and establishing potential genotype-phenotype correlations.

ELECTRONIC SUPPLEMENTARY MATERIAL
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