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Oocytes form before birth and remain viable for several decades before fertilization'.
Although poor oocyte quality accounts for most female fertility problems, little is
known about how oocytes maintain cellular fitness, or why their quality eventually
declines with age’. Reactive oxygen species (ROS) produced as by-products of

mitochondrial activity are associated with lower rates of fertilization and embryo
survival’>. Yet, how healthy oocytes balance essential mitochondrial activity with
the production of ROS is unknown. Here we show that oocytes evade ROS by
remodelling the mitochondrial electron transport chain through elimination of
complexI. Combining live-cellimaging and proteomics in human and Xenopus
oocytes, we find that early oocytes exhibit greatly reduced levels of complexI. This is
accompanied by a highly active mitochondrial unfolded protein response, whichis
indicative of animbalanced electron transport chain. Biochemical and functional
assays confirm that complex lis neither assembled nor active in early oocytes. Thus,
we report a physiological cell type without complex Iin animals. Our findings also
clarify why patients with complex-I-related hereditary mitochondrial diseases do
not experience subfertility. Complex I suppression represents an evolutionarily
conserved strategy that allows longevity while maintaining biological activity in

long-lived oocytes.

Human primordial oocytes are formed during fetal development and
remain dormantin the ovary for up to 50 years. Despite a long period
of dormancy, oocytes retain the ability to give rise to a new organ-
ism after fertilization. Decline in oocyte fitness is a key contributor
toinfertility with age®. However, little is known about how oocytes
maintain cellular fitness for decades to preserve their developmental
potential, complicating efforts to understand the declining oocyte
quality in ageing women.

Oocytes remain metabolically active during dormancy®’, and thus
must maintain mitochondrial activity for biosynthesis of essential
biomolecules®. Yet, mitochondria are amajor source of ROS, generating
themas by-products of mitochondrial oxidative metabolism. Although
ROS can function as signalling molecules’, at high concentrationsROS
promote DNA mutagenesis and are cytotoxic. Indeed, ROS levels are
linked to apoptosis and reduced developmental competence in oocytes
and embryos® 3. However, the mechanisms by which oocytes maintain
this delicate balance between mitochondrial activity and ROS produc-
tion have remained elusive.

Mitochondrial ROS in early oocytes

Early human oocytes can be accessed only through invasive surgery
into ovaries. Therefore, biochemical investigations into oocyte biol-
ogy have historically been hindered by severe sample limitations. As

aconsequence, mitochondrial activity in primordial oocytes remains
largely unstudied. Here we overcome challenges imposed by human
oocytes by utilizing an improved human oocyte isolation protocol
recently developed in our laboratory®, which we combine witha com-
parative evolutionary approach using more readily available Xenopus
stage l oocytes (both referred to as early oocytes hereafter; Extended
DataFig.1a,b). Thisapproach allowed us to generate hypotheses using
multi-species or Xenopus-alone analyses, and subsequently test those
hypotheses in human oocytes.

We began our studies by imaging live early human and Xenopus
oocyteslabelled with various mitochondrial probes that quantify ROS
levels. Neither Xenopus nor human early oocytes showed any detectable
ROS signal, whereas mitochondria in somatic granulosa cells surround-
ingthe oocytes exhibited ROS and served as positive controls (Fig.1a-c
and Extended DataFig.1c-g). ROS inductionin oocytes also served as
apositive control for live ROS probes (Extended Data Fig. 1h,i).

To distinguish between the possibilities that low ROS probe levels
resulted fromlow ROS production or, alternatively, a high scavenging
capacity to eliminate ROS, we treated Xenopus oocytes with menadione
and assessed their survival (Extended Data Fig. 1j). Mild treatment with
menadione promotes the formation of ROS (ref. ') but does not affect
survival negatively in cell lines and fruit flies™"%. However, most early
oocytes (78.3%) died when they were left to recover overnight after
menadione treatment, in contrast to what was observed for late-stage
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Fig.1|Early oocyteshaveundetectablelevels of ROS. a, Live-cellimaging of
human and Xenopusearly oocytes, both withattached granulosa cells. The ROS
level was measured using MitoTracker Red CM-H,XRos (H2X), areduced
mitochondrial dye thatdoes not fluoresce until it is oxidized by ROS. The
boxed areais magnified in the top rightimage. Xenopus granulosa cells were
imaged at the basal plane of the oocyte. DIC, differential interference contrast.
Scalebars, 15 pm (human oocytes), 50 um (Xenopusoocytes), 3 um (human
granulosa cells) and 10 um (Xenopus granulosa cells). b,c, Quantification of the
mean fluorescence intensity (MFI) of H2X in the oocyte and in the population
of granulosa cells surrounding the equatorial plane of the oocyte for human

oocytes (Fig.1d and Extended Data Fig. 1j). Treatment with an antioxi-
dant that quenches ROS was able to rescue oocyte survival (Fig. 1d).
Theseresultsindicate that evasion of ROS damage in oocytesinvolves
tight control of ROS generation, rather than a higher scavenging capac-
ity of oocytes against ROS.

Mitochondrial respirationin oocytes

Using dyes that sense membrane potential (tetramethylrhodamine
ethyl ester perchlorate (TMRE) and the cyanine dye JC-1), we found
that mitochondriain human and Xenopus early oocytes exhibit lower
membrane potentials compared to those of neighbouring granulosa
cells, which served as positive controls (Fig. 2a,b and Extended Data
Fig.2a-d).Undetectable ROS levels and low membrane potential sug-
gest that the mitochondrial electron transport chain (ETC) activity in
early oocytesis either low or absent. To differentiate between these
two possibilities, we measured respiration rate in Xenopus oocytes.
Early oocytes stripped of granulosa cells exhibited a low basal res-
piration rate but a similar maximal respiration rate compared to
those of growing oocytes (Fig. 2c and Extended Data Fig. 2e,f). This
respiration was efficiently coupled to ATP synthesis, resultingin an
undetectable proton leak (Extended Data Fig. 2e). Therefore, we
conclude that mitochondriain early oocytes have afunctional ETC,
with low activity.

To assess the importance of individual complexes of the oxidative
phosphorylation (OXPHOS) machinery for oocyte health, we exposed
Xenopus oocytes to inhibitors specific for each OXPHOS complex.
We found that both early and late-stage oocytes died after treatment
withinhibitors of complexesIl, IlI, IVand V (malonate, antimycin A, KCN
and N,N’-dicyclohexylcarbodiimide (DCCD), respectively). Although
late-stage oocytes died after treatment with the complex I inhibitor
rotenone, 78% of early oocytes survived exposure to rotenone (Fig. 2d
and Extended DataFig. 2g). Theinsensitivity of early oocytes to complex
linhibition indicates that they do not utilize complex I as an essential
entry port for electrons.

(b) and Xenopus (c) oocytes. The datarepresent the mean + s.e.m. of three
biologicalreplicates, shownin different colours.**P=0.0001and

***p=4.13 x10 " using atwo-sided Student’s -test. d, Overnight survival of
oocytes attheindicated stages of oogenesis after treatment with menadione,
N-acetyl cysteine (NAC) or the combination of both (see Extended Data Fig. 1j
forexperimental design). Atleast ten oocytes were incubated per condition.
Thedatarepresentthe mean +s.e.m.across four biological replicates.
*P=1.94x107°,**P=3.77 x10 ¥ and ***P=2.37 x 10 compared with the
untreated condition using atwo-sided Student’s t-test with Sidak-
Bonferroni-adjusted Pvalues for multiple comparisons.

Mitochondrial proteomeinoocytes

Mitochondriain early oocytes have an apparent lack of ROS, low mem-
brane potential, low basal respiration rates and rotenone resistance
in culture. We next investigated the mechanistic basis of this unusual
mitochondrial physiology.

To do this, we purified mitochondria from early and late-stage Xeno-
pusoocytesisolated from wild-type outbred animals, and performed
proteomics usingisobaric-tag-based quantification including muscle
mitochondria as a somatic cell control (Extended Data Fig. 3a). Our
effortsidentified 80% of all known mitochondrial proteins (Extended
DataFig.3b,cand Supplementary Table1). Most ETC subunits showed
a lower absolute abundance in early oocytes compared to that in
late-stage oocytes (Fig. 3a), and to muscle (Extended Data Fig. 3d),
whichisexpected owingto the presence of fewer cristae in mitochon-
dria of early oocytes™ ™ and compatible with their NADH levels™. In
support of our findings with the ETC inhibitors (Fig. 2d and Extended
DataFig.2g), the depletion of complexlinearly oocytes was the most
pronounced of all ETC complexes (Fig. 3a and Extended Data Fig. 3e).
We reinforced thisresult by repeating proteomics with heart, liver and
white adipose tissues (Extended Data Fig. 3f~h and Supplementary
Table 2).

Furthermore, among the most abundant proteins in the mitochon-
dria of early oocytes were mitochondrial proteases and chaperones
(Fig. 3b and Extended Data Figs. 3i,j and 4a). These proteins are
upregulated after the activation of the mitochondrial unfolded pro-
tein response (UPR™)7*, which is often triggered by an imbalance of
ETC subunitsin mitochondria. Consistent with an active UPR™ (ref. %),
nuclear transcripts encoding complexIsubunits were downregulated
inearly oocytes whereas mitochondrially encoded transcripts of com-
plexIdid not show significant changes compared to those of late-stage
oocytes (Extended Data Fig. 3k,I).

We next examined whether complex I subunits were also depletedin
human oocytes. Early oocytes and ovarian somatic cells were isolated
fromovarian cortices of patients, and analysed by label-free proteomics.
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Fig.2| OXPHOS islow, but essential, in early oocytes. a,b, Live-cellimaging
of human and Xenopus early oocytes with attached granulosa cells labelled
withtetramethylrhodamine ethyl ester perchlorate (TMRE) to detect
mitochondrial membrane potential (A¥,,; a) andJC-1,amembrane potential
sensitive binary dye (b). Green JC-1fluorescenceis asign of low membrane
potential; red fluorescence indicatesJC-1aggregation inside mitochondria,
and thus high membrane potential. Theinsets in the Xenopusimages show
granulosa cellsimaged in the basal plane of the oocyte. DIC, differential
interference contrast. Scale bars, 10 pum (human oocytes) and 50 pm (Xenopus
oocytes). Representative images are shown (see Extended Data Fig. 2 for
quantification ofindependent experiments). ¢, The basal oxygen consumption

Weidentified 40% of all known mitochondrial proteins (Supplementary
Table 3). The upregulation of proteins related to UPR™ was conserved in
human early oocytes, and further confirmed withimmunofluorescence
(Fig.3cand Extended Data Fig. 4b). An analysis of the OXPHOS machinery
comparing oocytes and ovarian somatic cells revealed that, in line with
the Xenopus data, many complex I subunits were either at very low levels
ornotidentifiedinhumanoocytes (Fig.3d,e and Extended Data Fig. 5a).

In conclusion, our proteomic characterization of mitochondria
revealed an overall reduction of ETC subunits in early oocytes of

Overlay

= Stage |
[ Stage VI

Normalized OCR

rateinearly (stagel) and growing (stage Ill) Xenopus oocytes, normalized for
total protein per sample (n =17 for stageland n = 43 for stage Ill). The data
representmean +s.e.m.**P=2.98 x 10 Susing a two-sided Student’s -test.d,
Overnight survival of early (stageI) and late (stage VI) oocytes after treatments
with mitochondrial poisons: complexI(CI) to V (CV) inhibitorsand an
ionophore (5 pMrotenone, 50 mM malonicacid, 5 pM antimycin A, 50 mM KCN,
200 pM N,N’-dicyclohexylcarbodiimide (DCCD) or 30 uM carbonyl cyanide
m-chlorophenyl hydrazone (CCCP), respectively). Atleast 50 early and 10
late-stage oocytes were incubated per condition. A¥,,, mitochondrial
membrane potential. The datarepresent the mean + s.e.m. across three
biological replicates.

human and Xenopus, with complex I levels exhibiting the strongest
disproportionate depletion.

Absence of complex Iinearly oocytes

Takentogether, the results of our proteomics and survival experiments
suggest that both early human and Xenopus oocytes remodel their
ETCto decrease complexIlevels to an extent that complex I becomes
unnecessary for survival. This result is unexpected, because no other
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Fig.3|The mitochondrial proteomes of Xenopus and human oocytes.

a, Avolcano plot showing Pvalues versus fold changes of mitochondrial proteins
between early (stagel) and late (stage VI) oocytes. The subunits of

the mitochondrial OXPHOS machinery are indicated in colour, according to

the keyinthe plot. Other mitochondrial proteins significantly changing
(gvalue<0.05,>1.5-fold change) are depicted in black.n =3 outbred animals,
Pvalues were calculated using two-sided Student’s t-test, and g values were
obtained by multiple-comparisonadjustment. b, The early Xenopusoocyte
proteome ranked by protein abundance. Theinset shows data for the top 5%
mostabundant proteins, correspondingto the grey area of the graph. UPR™
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proteinsareindicatedinred. The dataarethe mean +s.e.m.fromn=3 outbred
animals. ¢, The human primordial follicle proteome ranked by protein
abundance. Theinset shows data for the top 5% most abundant proteins,
correspondingtothegreyareaofthegraph. Oocytes were collected from
ovaries of two patients and pooled together. UPR™ proteins are indicated inred.
d,e, Scatter plots comparing mitochondrial (d) and OXPHOS (e) protein
abundance in human primordial follicles and ovarian somatic cells. The dashed
linerepresents theidentity linex=yand thesolid line shows the linear regression
estimaterelating proteinabundance between mitochondrial proteomes of
primordial follicles and ovarian somatic cells. IM, import machinery.
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Fig.4|Complexlisnotassembledinearly oocytes.a, Mitochondrial
fractions solubilized in n-dodecyl-3-D-maltoside (DDM) were resolved by
BN-PAGE and complexlactivity was assayed by reduction of nitroblue
tetrazolium chloride (NBT) inthe presence of NADH. n >3 (see Extended Data
Fig. 6b for quantifications). b, Spectrophotometric analysis of complex|
(green, rotenone-specificactivity) and complex IV (orange, KCN-specific
activity) activitiesin mitochondrial extracts fromearly (stageI) and late (stage

animal cell type with functioning mitochondria has been shown to
be able to dispense with complex I in physiological conditions, and
only one other multicellular eukaryote, the parasitic plant mistletoe,
is known to dispense with complex I entirely?. Therefore, we directly
assayed complexlassembly status and functionin early oocytes, using
colorimetric, spectrophotometric and metabolic assays.

We first investigated the assembly status of complexin oocytes,
whichis tightly linked to its function®. Complex1is an approximately
1-MDa complex composed of 14 core and 31 accessory subunits in
humans, some of which are essential for its assembly and function®.
We first examined our proteomics datafor any specific downregulation
of aparticular complex I module in early oocytes. However, levels of
subunits belonging to the four major functional modules of complex
I, namely N, Q, PP and PD modules, were not significantly different
between Xenopus early and late-stage oocytes (Extended Data Fig. 6a).
The size of complex I in native protein gels has been used as atool to
reveal the assembly status of the complex®****, Thus, we compared
mitochondriaisolated from early oocytes to those from late-stage
oocytes, and from muscle tissue of Xenopus and mice as somatic cell
controls, by blue native polyacrylamide gel electrophoresis (BN-PAGE)
followed by complex lin-gel activity assays or by animmunoblot against
acomplexIcore subunit, Ndufsl. Notably, complex I neither was fully
assembled nor exhibited any in-gel activity in early oocytes (Fig. 4a
and Extended DataFig. 6b,c). Denaturing SDS-PAGE gels also verified
comparable mitochondrial loading and very low protein levels of com-
plexIsubunitsin early oocytes (Extended DataFig. 6d). Torule outany
possibility ofimmunoblotting detection problems, areas correspond-
ing to assembled complex I and complex Il from BN-PAGE gels were
analysed by proteomics (Extended Data Fig. 6e). Although complex
Il subunits were detected at comparable levels in all samples, most
complexIsubunits were not detectedin early oocytes (Extended Data
Fig. 6f and Supplementary Table 4). Thus, we conclude that complex
lis not fully assembled in early oocytes.

In-gel activity assays detect the presence of flavin mononucleotide
(FMN)-containing (sub)assemblies of complex I, but do not detect
the physiological activity of the assembled complex. Therefore, we
measured NADH:CoQ oxidoreductase activity in isolated mitochon-
drial membranes from early and late-stage oocytes, as well as muscle
tissue, to measure substrate consumption by complex I, which reflects

VI) oocytesand muscle. cyt ¢, cytochrome c; abs, absorbance; a.u., arbitrary
units. The datarepresent the mean +s.e.m.; n=3biological replicates.c, Flavin
mononucleotide (FMN) and flavinadenine dinucleotide (FAD) levelsin early
(stagel) and late (stage VI) Xenopusoocytes. The datarepresent the
meanzxs.e.m.;n=6.**P=6.92x10°and **P=3.57 x10° using two-sided
Student’s t-test with Siddk-Bonferroni-adjusted Pvalues for multiple
comparisons.

physiological activity of complex I (Fig. 4b). We also measured com-
plex IV and citrate synthase activities to confirm the presence of mito-
chondrial activity in these samples. Complex IV and citrate synthase
activities were detected in all three samples (Fig. 4b and Extended
DataFig. 6g). However, complex I activity was absent in early oocyte
samples, in contrast to the findings for late-stage oocyte samples and
muscle samples (Fig. 4b).

Finally, to validate the absence of complex I in early oocytes, we
checked the levels of FMN, an integral part of complex I in early and
late-stage oocytes. Although levels of another flavin nucleotide, flavin
adeninedinucleotide (FAD), were within a2-fold range between these
stages, FMN levels were about 200-fold higher in late-stage oocytes,
compared to the low levels detected in early oocytes (Fig. 4c). The
remarkable depletion of FMNis complementary evidence supporting
complex I deficiency in early oocytes.

The absence of complex I could also explain the reduced activity
of other ETC complexes in early oocytes by affecting the stability of
supercomplexes®. Assessment of supercomplex distribution showed
no supercomplex formation in early oocytes, in contrast to the find-
ings in late-stage oocytes and muscle (Extended Data Fig. 6h,i). Thus,
we conclude that the absence of complex I impedes the formation of
supercomplexes, which might contribute to the overall reduction of
ETC activity in early oocytes.

ComplexIand ROS throughout oogenesis

We then reasoned that an absence of complex I, one of the main ROS
generatorsin the cell, might be sufficient to explain the undetectable
ROS levels in early oocytes?. Therefore, we studied the relationship
between complexabundance and ROS levels throughout oogenesis.
First, we investigated the assembly of complex I during oogenesis.
ComplexIactivity was barely detectable in stage Il oocytes, but peaked
and plateaued in maturing (stage Ill) oocytes (Fig. 5a). We then assessed
thesurvival of oocytesinthe presence of rotenone throughout oogenesis.
The overnight survival of oocytes in rotenone was consistent with their
levels of assembled complexI:stage land Il oocytes survivedin the pres-
ence of rotenone whereas maturing and mature oocytes died (Fig. 5b).
Hence, we conclude that complex I is assembled and fully functional in
maturing (stage Ill) and late-stage oocytes but absent in early oocytes.
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Fig.5|Complex1and ROS levels correlate throughout oogenesis. a,
Mitochondrial fractions from early (stage I), maturing (stage Il and stage I11)
and late-stage (stage VI) Xenopus oocytes and muscle solubilized in
n-dodecyl-B-D-maltoside (DDM) were resolved by BN-PAGE and complex|1
activity was assayed. Onerepresentative gel from three independent
experimentsis shown. CS, citrate synthase. b, Overnight survival of early
(stagel), maturing (stageIland I1I) and late-stage (stage VI) Xenopus oocytes
after treatment with the complexlinhibitor rotenone (5 tM). At least 10

Second, weinvestigated whether the assembly of complex Ithrough-
out oogenesis was accompanied by the production of ROSinoocytes.
The opacity of maturing Xenopus oocytes impedes the use of most
fluorescent ROS markers. Therefore, we turned to known metabolic and
protein'sentinels' of ROS levelsin cells and evaluated the redox state of
glutathione®° and mitochondrial peroxiredoxin 3 (Prdx3) in oocytes.
We found thatratio of reduced glutathione to oxidized glutathione was
20-fold higherinearly oocytes compared to thatinlate-stage oocytes
(Extended Data Fig. 7a), indicating a reduced cellular redox state in
early oocytes, consistent with oocytes having undetectable levels of
ROS. Next, we checked the redox state of Prdx3 during oogenesis. Per-
oxiredoxins dimerize in the presence of peroxide, and thus, the ratio of
peroxiredoxin dimers to monomers correlates with the level of cellular
peroxide® . Prdx3 dimerization increased throughout oogenesis,
fromnegligible levelsin early (stage I) oocytes to the highest measured
levelinlate-stage (stage VI) oocytes (Fig. 5cand Extended Data Fig. 7b).
Stagelloocytes, in whichcomplexlactivity is very low (Fig.5a), showed
anonsignificantincrease in dimer/monomer ratio (Fig. 5¢).

The timing of complex I assembly and the increase in ROS levels
correlate: ROS start to build up as soon as complex I is assembled in
oocytes. On the basis of these results, we speculate that the matura-
tionof oocytesinvolves aslow, gradual transition to ametabolism that
involves a functional complex|.

Combiningtheinvivoevidence with proteomics and biochemical assays
invitro, our results demonstrate that early oocytes avoid ROS by eliminat-
ing one of the main ROS generators in the cell, mitochondrial complex 1.
ComplexIsubunits are reduced to such low levels that complex I cannot
be fully assembled, nor can its activity be detected in early oocytes. This
reveals a new strategy used by Xenopus and most likely human oocytes
to maintain alow-ROS-producing mitochondrial metabolism. Although
quiescenceisassociated with ETC remodellingin Drosophilaoocytes*, to
ourknowledge, vertebrate early oocytes are the firstand only physiological
celltypeinanimals that exist without afunctional mitochondrial complexI.

Discussion

Here we have shown that dormancy involves survival with an inactive
mitochondrial complexI. By shutting down complexland keeping the
rest of the OXPHOS system active, early oocytes keep their mitochondria
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oocyteswereincubated per condition. The datarepresent the mean +s.e.m.;
n=3biologicalreplicates.*P=0.0028 and **P=0.0002 using two-sided
Student’s -test with Sidak-Bonferroni-adjusted Pvalues for multiple
comparisons. ¢, Prdx3 dimer/monomer ratio assessed in oocytesin the
indicated stages of oogenesis. The datarepresentthe mean +s.e.m;n=4
biological replicates. NS, not significant (P=0.1128),*P=0.0376 and
*p=0.0164 using two-sided Student’s t-test with Sidak-Bonferroni-adjusted
Pvalues for multiple comparisons.

polarized to support the synthesis of haeme, essential amino acids
and nucleotides, while keeping their activity low to avoid ROS. Other
quiescentcells, such as neuronal and haematopoietic stem cells, exhibit
similarly low ROS levels, and reduced ETC activity®*, raising the pos-
sibility that this regulatory mechanism might be utilized by other cell
types. Furthermore, UPR™ is activated in early oocytes (Fig. 3b,c and
Extended Data Fig. 4), probably in response to an imbalance of ETC
complexes caused by the absence of complex|I. Given that UPR™ activa-
tionitselfis sufficient toincrease the lifespan of Caenorhabditis elegans
and mouse'” ™, we speculate that complex linhibition further enhances
the longevity of oocytes through its downstream activation of UPR™.
The causal relationships between these interacting factorsand oocyte
lifespan remain a fascinating future direction to investigate.

Severe sample limitations prevent biochemical assays of human
oocytes—30 thousand donor ovaries would be required for one experi-
ment to directly measure complex I function using current technolo-
gies. Ideally, future methodological developments will allow direct
evaluation of complex Il activity in human oocytes. It would also be
interesting to investigate whether similar mechanisms apply in the
oocytes of other mammals such as mice. Until then, we rely on prot-
eomics, imaging and the activation of downstream pathways (UPR™)
that suggest that complexlis also absentin human primordial oocytes.
Moreover, the absence of complex I in early oocytes can also explain
why complex-I-related mitochondrial pathologies (such as Leber's
hereditary optic neuropathy) do not lead to subfertility or selection
against homoplasmic mitochondrial DNA mutations that occurin other
types of ETC dysfunction® 8, As the oogenic mitochondrial bottleneck
occurs in early oogenesis®, there would not be a selective pressure
against mutations affecting an inactive complex 1.

Ourfindingsreveal yet another unique aspect of physiology that oocytes
have evolved tobalance their essential function of beginning life with the
requirement for longevity. This raises the question whether complex|
deficiency in primordial oocytes can be exploited for other purposes.
Some cancers seen in young women are highly treatable; however, their
treatmentleadstoaseverereductionof the ovarianreserve and reduced
prospects of motherhood. Drugs against complex Iexist, and are already
proposed for cancer treatments*’. Future studies willshowwhether repur-
posing complexlantagonists canimprove chemotherapy-related infertil-
ity, and thus life quality of young female cancer survivors.
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Methods

Ethics

Ethical committee permission to work with primordial oocytes from
human ovary samples was obtained from the Comité Etic d’Investigacio
Clinica CEIC-Parc de Salut MAR (Barcelona) and Comité Etico de Inves-
tigacion Clinica-Hospital Clinic de Barcelona with approval number
HCB/2018/0497. Writteninformed consent was obtained from all par-
ticipants before their inclusionin the study.

Animalsusedin this study were housed in the Barcelona Biomedical
Research Park, accredited by the International Association for Assess-
mentand Accreditation of Laboratory Animal Care. Animal euthanasia
was performed by personnel certified by the competent authority
(Generalitat de Catalunya) and conformed to the guidelines from the
European Community Directive 2010/63 EU, transposed into Spanish
legislation on RD 53/2013 for the experimental use of animals.

Animal models

Xenopus laevis adult females of between 2 and 4 years old were pur-
chased from Nasco and maintained in water tanksin the following con-
trolled conditions: 18-21°C, pH 6.8-7.5, 0, 4-20 ppm, conductivity
500-1,500 ps,ammonia<0.1 ppm. The C57BL/6) mice used in the experi-
ments were purchased from Charles River Laboratories and maintained
inthe Animal Facility of the Barcelona Biomedical Research Park under
specific-pathogen-free conditions at 22 °C with 40-60% humidity, in
al2 hlight/dark cycle, and with access to food and water ad libitum.
Female mice of 7 weeks of age were used for extracting muscle tissue.

Oocyteisolation and culture

Human primordial oocytes. Ovaries were provided by the gynaecology
service of Hospital Clinic de Barcelona, from women aged 19 to 34 un-
dergoing ovariansurgery and were processed as previously described®.
Briefly, ovarian cortex samples were digested in DMEM containing
25 mM HEPES and 2 mg ml™ collagenase type Il (Worthington Bio-
chemical, LS004183) for 2 hat 37 °C with occasional swirling. Individual
cells were separated from tissue fragments by sedimentation, and
collagenase was neutralized by adding 10% FBS (Thermo, 10270106).
Follicles were picked manually under a dissecting microscope. All
human oocyte imaging experiments were conducted in DMEM/F12
medium (Thermo, 11330-032) containing 15 mM HEPES and 10% FBS
(Thermo,10270106).

Xenopus oocytes. Ovaries were dissected from young adult (aged 3 to
5years) female X. laevis that had undergone euthanasia by submersion
in 15% benzocaine for 15 min. Ovaries were digested using 3 mg ml™
collagenase IA (Sigma, C9891-1G) in Marc's modified Ringer's (MMR)
buffer by gentle rocking until dissociated oocytes were visible, for 30 to
45 min. Theresulting mix was passed through two sets of filter meshes
(Spectra/Mesh, 146424 and 146426). All washes were performed in
MMR.For live-imaging experiments withintact granulosacells, oocytes
were transferred to oocyte culture medium (OCM)* at this stage. For
the rest of the experiments, oocytes were stripped of accompanying
granulosa cells by treatment with 10 mg ml™ trypsin in PBS for 1 min,
followed by washesin MMR. Removal of granulosa cells was confirmed
by Hoechst staining of a small number of oocytes.

HeLacell culture

HelLa cells were obtained from ATCC (CCL2), authenticated based on
morphological inspection and confirmed to be mycoplasma negative.
Cellsweregrownin DMEM (Thermo, 41965039) supplemented with1 mM
sodium pyruvate (Thermo, 11360070) and 10% FBS (Thermo,102701060).

Live-cellimaging
Human or Xenopus early oocytes were labelled in their respective cul-
ture medium (see above). Human oocytes were imaged using a 63x

water-immersion objective (NA1.20, Leica, 506346) with anincubation
chamber maintained at 37 °C and 5% CO,. Frog oocytes were imaged
using a40x water-immersion objective (NA1.10, Leica, 506357) in OCM
atroom temperature and atmospheric air, unless stated otherwise.
Allimages were acquired using a Leica TCS SP8 microscope with the
LAS X software (Leica, v3.5.5.19976). Mean fluorescence intensities in
granulosa cells and oocytes were quantified using Fiji software.

ROS probes. Oocytes and associated granulosa cells were incubated
in 500 nM MitoTracker Red CM-H2Xros (Thermo, M7513) for 30 min,
5 M MitoSOX Red (Thermo, M36008) for 10 min, or 5 pM CellIROX for
30 min. Cells were then washed and imaged in 35-mm glass-bottom Mat-
Tek dishes in culture medium, except for CellROX labelling, for which
MMR was used for imaging to satisfy the manufacturer’sinstructions.

Mitochondrial membrane potential probes. Oocytes and associated
granulosa cells were labelled for 30 minin 500 nM tetramethylrhoda-
mine ethyl ester perchlorate (TMRE) (Thermo, T669), or 45 minin4 pM
JC-1(Abcam, ab141387). Cells were then washed and imaged in 35-mm
glass-bottom MatTek dishes.

Oxygen consumption rate

Oxygen consumption rate (OCR) of Xenopus oocytes was measured
using a Seahorse XFe96 Analyser (Agilent) with Seahorse Wave software
(Agilent, v2.6). Granulosa-cell-stripped oocytes were placed in XFe96
culture platesimmediately after their isolation in Seahorse XF DMEM
medium pH 7.4 supplemented with 10 mM glucose, 1 mM pyruvate
and 2 mM glutamine (Agilent; 103015-100, 103577-100, 103578-100
and 103579-100). A cartridge was loaded with concentrated inhibitor
solutionto achieve 5 uM oligomycin, 2 M carbonyl cyanide 4-(trifluo-
romethoxy) phenylhydrazone or acombination of 0.5 uM rotenone
and 0.5 uM antimycin A. Mock medium injections were performed to
account for inhibitor-independent decline in OCR. For each sequential
injection, at least 4 measurement cycles were acquired consisting of
20 s mix, 90 swaitand 3 min measure, in atleast 3 replicates. For basal
and maximal respiration rates, assay-independent OCR decline was cor-
rected, and non-mitochondrial respiration (resistant to rotenone-anti-
mycin mix) was subtracted. OCR measurements for growing oocytes
(stage lll; with a diameter 0f 450-600 pm (ref. *)) had to be performed
statically because the probe of the analyser compressed and destroyed
these large oocytes in long-term measurements. For growing (stage III)
oocytes, OCR was acquired during 5 cycles per well, each cycle being
20 s mix, 90 s wait and 3 min measure, in at least 4 replicates. The well
sizeimposed a technical limitation on the maximum number of oocytes
perwell (100 early and 8 growing oocytes); thus, respiration datawere
normalized for the total protein amount per sample.

Treatments with OXPHOS inhibitors
Atleast 50 stage | and stage Il, 20 stage lll and 10 stage VI oocytes were
assayed per condition. Oocytes were placed in 35-mm glass-bottom
dishes (MatTek) and incubated for 16 h at 18 °C in OCM with or with-
out the addition of the indicated mitochondrial inhibitors at the
following concentrations: 5 uM rotenone (Sigma, R8875), 50 mM
malonic acid (Sigma, M1296), 5 pM antimycin A (Abcam, ab141904),
50 mM potassium cyanide (KCN; Merck Millipore, 1049670100),200 uM
N,N’-dicyclohexylcarbodiimide (DCCD) (Sigma, D80002) and 30 pM
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (Abcam, ab141229).
Survival was assessed by counting the number of oocytes with intact
morphology before and after treatments. Cell death in stage Ill to VI
oocytes was recognized by the development of a mottling patternin
the pigmentation*®. Images were taken by a Leica IC90 E stereoscope.
Early (stageI) oocytes were treated with 10 M menadione (Sigma,
M5625) or left untreated, for 2 hin OCM, and washed into fresh OCM.
Untreated oocytes were labelled with wheat germ agglutinin 488
(Biotium, 29022-1) to mark their plasma membrane and mixed with



menadione-treated oocytes in a glass-bottom MatTek dish 4 h after
menadione was removed. The mixed population of oocytes were then
labelled with MitoSOX and imaged. At least 50 stage land Il oocytes and
atleast10stagellland Vloocytes were treated with 10 uM menadione
(Sigma, M5625) in the presence or in the absence of 10 mM N-acetyl
cysteine (NAC) (Sigma, A9165). After 2 h, menadione was removed and
N-acetyl cysteine was retained for an overnightincubation. Survival was
determined by counting the number of oocytes immediately before
menadione treatment (¢ = 0) and after 16 hin recovery.

Mitochondrial-enriched extracts

Mitochondrial-enriched fractions were obtained as described pre-
viously for gastrocnemius muscle and with minor adaptations for
oocyte samples**. Freshly isolated early oocytes from Xenopus were
lysed in mitochondria buffer (250 mM sucrose, 3 mM EGTA, 10 mM
Tris pH 7.4), and spun at low speed to remove debris. The resulting
supernatant was centrifuged at 20,000g for 20 min at 4 °C. Late-stage
oocyteswere spin-crashed, and yolk-free fraction was combined 1:1 with
mitochondriabuffer and centrifuged at 20,000g for 20 minat4 °Cto
pellet mitochondria. Mitochondrial pellets from early and late-stage
oocytes were resuspended in mitochondria buffer and subjected to
DNase treatment for 10 min and proteinase K treatment for 20 min.
Phenylmethylsulfonyl fluoride was added to stop proteolytic activity
and samples were centrifuged again at 20,000g for 20 min at 4 °C. Pro-
tein concentration was estimated and aliquots of crude mitochondria
were stored at —80 °C until use.

Spectrometric assessment of enzymatic activities of
mitochondrial complexes

The specific activities of mitochondrial complex I, complex IV and
citrate synthase were determined as described before with minor modi-
fications®. Briefly, mitochondrial extracts were subjected to three
freeze-thaw cyclesin hypotonic buffer (10 mM Tris-HCI) before activ-
ity analysis using an Infinite M200 plate reader (Tecan) with Tecan
i-control software (Tecan, v3.23) inblack-bottom 96-well plates (Nunc)
at 37 °C. For complex INADH:CoQ activity assessment, reaction solu-
tions (50 mMMKP pH 7.5,3 mg mI™BSA, 300 pMKCN and 200 pM NADH)
with or without rotenone (10 uM) were distributed into each well first.
Mitochondrial extracts were then added and NADH absorbance at
340 nmwas measured for 2 min to establish baseline activity. The reac-
tion was then started by the addition of ubiquinone (60 pM). NADH
absorbance was recorded for 15 minevery 15s.

For complex IV activity assessment, reaction solutions (50 mM KP
pH 7, 60 pM reduced cytochrome c¢) with or without KCN (600 pM)
were distributed into each well first, and absorbance of reduced
cytochrome c at 550 nm was recorded for 2 min to establish baseline
oxidation. Mitochondrial extracts were then added and absorbance
was measured for 15 minevery15s.

For citrate synthase activity, reaction solution (100 pM Tris pH 8,
0.1% Triton X-100,100 pM DTNB and 300 puM acetyl CoA) was distrib-
uted into each well first. Mitochondrial extracts were then added and
absorbance at 410 nmwas measured for 2 min to set the baseline; then
the reaction was started by addition of the substrate oxaloacetic acid
(500 pM). Production of TNB (yellow) was recorded by measuring the
absorbance at 410 nm for 15 min every 15 s. Enzymatic assays were
plotted with the baseline represented as 1 for simplicity.

Denaturing SDS gel electrophoresis

Oocytes were collected after isolation, frozen in liquid nitrogen and
keptat—80 °C until further use. Samples were processed as described
previously*¢. Gastrocnemius total homogenates were obtained as
described previously*. HeLa cells were lysed in RIPA buffer (50 mM
Tris-HCI, 150 mM NaCl, 1% Nonidet P-40,01% SDS and 1 mM EDTA, sup-
plemented with protease inhibitor cocktail (Complete Roche Mini, 1
tablet per 50 ml)) and spunat20,000gto eliminate cell debris. Oocyte

lysates for determination of the redox state of peroxiredoxin were
protected against artefactual oxidation by alkylation as described
previously*8, butin OCM. Cell lysates or mitochondrial-enriched frac-
tions were resolved by SDS-PAGE using 4-12% NuPAGE Bis-Tris gels.

BN-PAGE electrophoresis, and in-gel activity assays
Mitochondrial content in samples of different cell types (different
stages of oocytes and muscle tissue) was first assessed by western blot-
ting for their citrate synthase levels (Supplementary Figs.1b and 2¢,d).
Next, similar amounts of mitochondrial fractions were solubilized in
1% n-dodecyl-B-D-maltoside (DDM) or digitonin, and were resolved in
the native state using NativePAGE 3-12% Bis-Tris (Thermo, BN1001BOX)
gradient gels as described before*. The left part of the gel was cut and
stained with Coomassie (InstantBlue, Sigma) after BN-PAGE to reveal
the native protein molecular weight marker protein (Supplementary
Figs.1a,band 2a,c,d). Complex I and complex 1V activity in-gel assays
were performed as described previously?. Briefly, immediately after
the run, BN-PAGE gels were incubated in assay solution: for complex |
in2 mM Tris pH 7.4,0.1 mg mI"NADH and 2.5 mg ml™ nitro blue tetra-
zolium chloride (NBT) to asses NADH:FMN electron transfer, denoted
by the appearance of dark purple colour; and for complex1Vin10 mM
phosphate buffer pH 7.4, 1 mg ml™ cytochrome c and 0.5 mg ml™ of
3,3’-diaminobenzidine (DAB) in the presence or absence of 0.6 mM
KCN to assess the specific cytochrome c oxidation, denoted by the
appearance of dark brown colour. The intensities of reduced nitro blue
tetrazolium chloride (NBT) were normalized to citrate synthase levels
ofthesame samples, detected by SDS-PAGE followed by immunoblot-
ting. Gels were imaged using an Amersham Imager (GE Healthcare;
Supplementary Figs.1and 2). Intensity measurements were performed
using Fiji software.

Immunoblot analysis

Denaturing SDS-PAGE gels were transferred to nitrocellulose mem-
branes through wet transfer using a Mini Trans-Blot Cell (Bio-Rad).
Membranes were blocked in Intercept (TBS) Blocking Buffer (LI-COR),
and incubated overnight at 4 °C with primary antibodies diluted in
Intercept 0.05% Tween-20 as follows: anti-ATP5A1 (Abcam; ab14748;
1:1,000), anti-citrate synthase (Abcam, ab96600;1:1,000), anti-GAPDH
(Thermo, AM4300;1:5,000), anti-HSPE1(Thermo, PA5-30428;1:1,000),
anti-NDUFBS8 (Abcam, ab110242; 1:1,000), anti-NDUFS1 (Abcam,
ab169540; 1:1,000), anti-PRDX3 (Abcam, ab73349; 1:1,000) and
anti-SDHB (Abcam, ab14714;1:1,000). Primary antibodies were washed
with TBS-T (0.05% Tween-20) and membranes were incubated in the
secondary antibodies anti-mouse IgG DyLight 680 (Thermo, 35518;
1:10,000) or anti-rabbit IgG DyLight 800 4x PEG (Thermo, SA5-35571;
1:10,000). After washing, membranes were imaged by a near-infrared
imaging system (Odyssey LI-COR) with Image Studio software (Li-COR,
v5.2; Supplementary Figs.1and 2). Densitometric analysis of immuno-
blotting images was performed using Fiji software.

BN-PAGE gels were transferred to polyvinylidene fluoride (PVDF)
membranes using a Mini Trans-Blot Cell (Bio-Rad). After wet trans-
fer, polyvinylidene fluoride (PVDF) membranes were destained in
methanol, blocked and incubated with antibodies against NDUFS1
(Abcam, ab169540; 1:1,000) and ATP5A1 (Abcam, ab14748;1:1,000)
for complex I and complex Vimmunodetection, respectively (Sup-
plementary Fig. 2a).

Transcriptlevels

RNA from early oocytes and spin-crashed yolk-free late-stage oocyte
lysates was extracted using TRI reagent (Sigma, T9424) followed by
RNeasy and Oligotex mRNA column (Qiagen) purification, following the
manufacturer’sinstructions. cDNA was synthesized with aFirst Strand
cDNA synthesis kit (Thermo, K1612). Quantitative real-time PCR was
performed using SYBR Green I Master (Roche, 04887352001) inaLight-
Cycler 480 with LightCycler software v1.5.1 (Roche); with the following
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pairs of primers: ndufsI forward: 5-GGTGCGGTATGATGATGTGG-3’,
reverse: 5’-ACAGCTTTCACACACTTGGC-3’; ndufsS forward: 5’-
GTCCGAAAGTTGTGCAGTCA-3’, reverse: 5'-CGGATCTG
CCCAATTCCATG-3’; ndufv2forward: 5’-GCATACAATGGAGCAGGTGG-3’,
reverse:5’-CATCCATGCTGTCTCTGTGC-3’; mt-nd3forward: 5-ATTTG
ATCCTCTGGGCTCTG-3, reverse: 5-AGCGCAATCTCTAGGTCAAA-3;
mt-nd5forward: 5-GGTCATCCACGATCAAATCCA-3/, reverse: 5-ACCG
AAACGATAATAGCTGCC-3’; gapdh forward: 5-AGTTATCCCTG
AGCTGAACG-3’, reverse: 5-CTGATGCAGTCTTAATGGCG-3’; mt-rnr2
forward: 5-ACTACCCGAAACTAAGCGAG-3’, reverse: 5’-ATCTTCC
CACTCTTTTGCCA-3’. Nuclear-DNA-encoded genes were normalized
togapdh levels and mitochondrial-DNA-encoded genes were normal-
izedtomt-rnr2.

Measurement of FMN and glutathione

Samples were prepared using the automated MicroLab STAR system
from Hamilton Company in the presence of recovery standard for qual-
ity control by Metabolon. After protein precipitation in methanol,
metabolites were extracted and analysed by ultrahigh-performance
liquid chromatography with tandem mass spectrometry by negative
ionization. Raw data were extracted, peak-identified and processed for
quality control using Metabolon’s hardware and software.

Immunostaining paraffin ovary sections

Human and frog ovaries were fixed in 4% PFA in PBS overnight at 4 °C,
washed, embedded in paraffinblocks and cutinto 5 pM sections. After
deparaffinization, antigenretrieval was performed by heating the slides
for15 minin10 mMsodium citrate at pH 6. Sections were blocked and
permeabilized in 3% BSA, 0.05% Tween-20 and 0.05% Triton X-100 for
1hatroom temperature. Sections were incubated overnight at 4 °C
in the presence of primary antibodies (1:100): anti-ATP5A1 (Abcam,
ab14748) and anti-HSPE1 (Thermo, PA5-30428); then2 hat room tem-
perature with secondary antibodies (1:500). Antibodies and dyes used
were as follows: goat anti-rabbit Alexa488 or Alexa555 (1:500, Thermo,
A-11008, A-21428), goat anti-mouse Alexa647 (Thermo, A21236) and
Hoechst dye (1:500, Abcam, ab145597). A droplet of mounting medium
(Agilent, S302380) was added onto the section before imaging using
the LAS X software (Leica, v3.5.5.19976) ina Leica TCS SP8 microscope
equipped with 40x (NA1.30, Leica 506358) and 63x (NA 1.40, Leica
506350) objectives.

Statistics and reproducibility

Sample sizes were chosen based on published studies to ensure reli-
able statistical testing and to account for variability among outbred
populations. Experimental limitations were also taken into account,
such asthe number of primordial oocytes that could be obtained from
human ovaries. Allexperiments were performed onisolated oocytes or
tissues. Sample randomization was performed by two means. First, all
outbred frogs usedin this study were chosen by blinded animal facility
personnel without our knowledge. Second, allisolated oocytes or tissue
samples were first grouped together and then randomly distributed
to different experimental groups. Blinding during data collection was
not required as standard experimental procedures were applied for
different groups, such as western blots and immunohistochemistry.
Blinding during data analysis was performed in oocyte survival experi-
ments by involving multiple lab members for analysing blinded data-
sets. Blinding for the analysis of other experiments was not required
since the different experimental groups were analysed using the same
parameters. All data are expressed as mean +s.e.m. A simple linear
regression was performed to fit a model between the mitochondrial
protein abundances of primordial follicle and ovarian somatic cell sam-
ples (Fig.3d,e). Unpaired two-tailed Student’s t-test was used in all other
analysis, Pvalues are specified in figure legends, and those <0.05 were
considered significant. Multiple t-tests were used in Figs. 1d, 4cand 5b,c
and Extended Data Figs. 2¢,d, 3k,l and 6b, and were corrected by the

Sidak-Bonferroni method using GraphPad Prism. In Xenopus prot-
eomics experiments, g values were calculated as adjusted Pvalues and
significance was considered for g value < 0.05 for comparing protein
levels. A fold-change heatmap was generated using JMP (version13.2)
software. For Extended Data Fig. 6f, we excised the indicated bands
in Extended Data Fig. 6e from one of three gels represented in Fig. 4a;
gel-identification MS was performed once.

MS

Sample preparation. For isobaric-tag-based quantification for
Xenopus, mitochondrial extracts from early (stage I) oocytes, late
(stage VI) oocytes, gastrocnemius muscle, heart, liver and white
adipose tissues were processed intwo parallel experiments: stagel,
stage Vland musclein triplicates; and stage I, heart, liver and white
adipose tissue in duplicates. Samples were quantified and 100 pg of
eachsample was processed with slight modifications fromref. *¢.In
brief, methanol-precipitated proteins were dissolved in 6 M guani-
dine hydrochloride (GuaCl). Samples were then digested with LysC
(20 ng pl™) in 2 M GuaCl overnight at room temperature. The next
morning, samples were further diluted to 0.5 M GuaCl and digested
with trypsin (10 ng pl™) and further LysC (20 ng pl™) for 8 hat 37 °C.
Later, samples were speed-vacuumed, and the resulting pellet was
resuspended in 200 mM EPPS pH 8.0. Ten-microlitre volumes of
tandem mass tag (TMT) stock solutions (20 pg pl™ in acetonitrile)
were added to 50 pl of samples, and samples were incubated 3 h
atroom temperature. The TMT reaction was quenched with a 0.5%
final concentration of hydroxylamine. The samples were combined
in one tube, acidified by 10% phosphoric acid, and subjected to a
MacroSpin C18 solid-phase extraction (The Nest Group) to desalt
and isolate peptides. TMT mixes were fractionated using basic pH
reversed-phase fractionation in an Agilent 1200 system. Fractions
were desalted with a MicroSpin C18 column (The Nest Group) and
dried by vacuum centrifugation®.

For label-free proteomics for human oocytes, human primordial
follicles and ovarian somatic cells were collected from two individuals
who underwent ovariansurgery. Samples were dissolvedin 6 M GuacCl
pH 8.5, diluted to 2 M GuaCl and digested with LysC (10 ng pl™) over-
night. Samples were further diluted down to 0.5 M GuaCl and digested
withLysC (10 ng pl™) and trypsin (5 ng pl™) for 8 hat 37 °C. Samples were
acidified by 5% formic acid and desalted with home-made C18 columns.

For detection of complex I and Il subunits from BN-PAGE gels, gel
bands were destained, reduced with dithiothreitol, alkylated with
iodoacetamide and dehydrated with acetonitrile for trypsin diges-
tion. After digestion, peptide mix was acidified with formic acid before
analysis through liquid chromatography with MS/MS.

Chromatographic and MS analysis. TMT and label-free samples were
analysed using a Orbitrap Eclipse mass spectrometer (Thermo) coupled
to an EASY-nLC 1200 (Thermo). Peptides were separated on a 50-cm
C18 column (Thermo) with a gradient from 4% to 32% acetonitrile in
90 min. Dataacquisition for TMT samples was performed using a Real
Time Search MS3 method®.. The scan sequence began with an MS1
spectruminthe Orbitrap. In each cycle of data-dependent acquisition
analysis, following each survey scan, the most intense ions were se-
lected for fragmentation. Fragmention spectrawere produced through
collision-induced dissociation at anormalized collision energy of 35%
and they were acquired in the ion trap mass analyser. MS2 spectra were
searchedinreal time with data acquisition using the PHROG database™
withadded mitochondrially encoded proteins. Identified MS2 spectra
triggered the submission of MS3 spectra that were collected using the
multinotch MS3-based TMT method™®.

Label-free samples were acquired in data-dependent acquisition
mode and full MS scans were acquired in the Orbitrap. In each cycle
of data-dependent acquisition analysis, the most intense ions were
selected for fragmentation. Fragment ion spectra were produced



through high-energy collision dissociation at a normalized collision
energy of 28%, and they were acquired in the ion trap mass analyser.

Gel bands were analysed using a LTQ-Orbitrap Velos Pro mass
spectrometer (Thermo) coupled to an EASY-nLC 1000 (Thermo).
Peptides were separated on a 25-cm C18 column (Nikkyo Technos)
with a gradient from 7% to 35% acetonitrile in 60 min. The acquisi-
tion was performed in data-dependent acquisition mode and full MS
scans were acquired in the Orbitrap. In each cycle, the top 20 most
intense ions were selected for fragmentation. Fragmention spectra
were produced through collision-induced dissociation at a normal-
ized collision energy of 35%, and they were acquired in the ion trap
mass analyser.

Digested bovine serum albumin was analysed between each sample
and QCloud (ref. **) was used to control instrument performance.

Data analysis. Acquired spectra were analysed using the Proteome
Discoverer software suite (v2.3, Thermo) and the Mascot search en-
gine (v2.6, Matrix Science®). Label-free data were searched against
the SwissProt Human database. Data from the gel bands were searched
against a custom PHROG database®® that includes 13 further entries
that correspond to mitochondrially encoded proteins for the Xenopus
samples and the SwissProt mouse database for the mouse samples.
TMT datawere searched against the same custom 'PHROG' database.
False discovery rate in peptide identification was set to a maximum
of 5%. Peptide quantification data for the gel bands and the label-free
experiments were retrieved from the 'Precursor ion area detector’
node. The obtained values were used to calculate an estimation of
proteinamount with the top3 area, whichis the average peak area of
the three most abundant peptides for a given protein. For the TMT
data, peptides were quantified using the reporter ion intensities in
MS3. Reporterionintensities were adjusted to correct for the isotopic
impurities of the different TMT reagents according to the manufac-
turer's specifications. For final analysis, values were transferred to
Excel. Forall experiments, identified proteins were selected as mito-
chondrialif they were found in MitoCarta 3.0 (ref. **). MS3 spectra with
abundanceless than100 or proteins with fewer than 2 unique peptides
were excluded from the analysis. Each TMT channel was normalized to
total mitochondrial protein abundance. A total of 926 mitochondrial
proteins were identified (and 807 quantified) in 3 biological repli-
cates from wild-type outbred animals, representing 80% of known
mitochondrial proteins (Supplementary Table 1 and Extended Data
Fig.3b). Although the mitochondrial proteome in diverse cell types
could be quite different”, we found comparable levels of mitochon-
drial housekeeping proteins (such as the import complexes TIMMs
and TOMMs) across different maturity stages (Extended Data Fig. 3¢
and Supplementary Table 1), enabling us to compare and contrast
changesin other pathways.

For human somatic cell samples, we analysed three dilutions: the 1x
reference had asimilar level of proteinloading to that of the primordial
follicle sample (0.55 pg total protein); atwofold dilution (0.25 pg total
protein); and afivefold dilution (0.1 pg total protein). In scatter plots
(Fig.3d,e), we estimated differences in mitochondrial complex I pro-
tein abundance using the twofold somatic cell dilution, a conservative
approach that compared primordial follicle samples (0.55 pg total
protein) to somatic cells halftheir loading concentration (0.25 pg total
protein), nevertheless observing similar levels of the mitochondrial
import machinery subunits TOMMs and TIMMs. The fivefold-dilution
somatic cell sample was useful for establishing detection limits;
indeed, many complex I subunits absent in oocytes were detected
with high confidence even at this dilution. Inthe heatmap (Extended
DataFig.5), we considered normalizing our data using the mitochon-
drialloading controls citrate synthase and COX4lI1to estimate differ-
encesin protein abundance. The abundance of COX4lI1 fell within the
linear range of our proteomic methodology (R*= 0.99), in contrast to
that for citrate synthase (R?= 0.89) whose higher abundance led to

measurementsaturationat higher concentrations. Therefore, COX411
was chosen to normalize protein abundances in the heatmap repre-
sentation. We identified 454 mitochondrial proteins (Supplementary
Table 3; 298 and 397 proteins were quantified for early oocyte and
somatic cell samples, respectively), representing 40% of all known
mitochondrial proteins. Here too, levels of the mitochondrial import
proteins TIMMs and TOMMs were similar between oocytes and ovarian
somaticcells (Fig. 3d,e), demonstrating an equivalent mitochondrial
abundance that facilitated comparison of protein levels between dif-
ferent cell types.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Isobaric-tag-based quantification datashowninFig.3, Extended Data
Fig. 3 and Supplementary Tables 1and 2 are available through PRIDE
(ref. ®) with the identifiers PXD025366 and PXD030576. Label-free data
showninFig. 3, Extended Data Fig. 5 and Table 3 are available through
PRIDE (ref. *®) with the identifier PXD025369. Data for the gel band
identification in Extended Data Fig. 6 and Supplementary Table 4 are
available through PRIDE (ref. 3®) with the identifier PXD025371. Source
data are provided with this paper.
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a, Acomparisonbetween select reproductive traits of humans and Xenopus
laevis, whichlive on average 76 years*® and 15 years in captivity®, respectively.
Xenopus oocytes have longbeenusedinreproductionstudies®®, in part
because they are more accessible and share many conserved features with
humanoocytes, suchas (1) along dormancy period: Xenopus oocytes arrest at
late-stage I for several years. Moreover, alarge population of early oocytesis
maintained in adult female ovaries throughout most of its life-time, suggesting
the presence of an oocyte reserve similar to humans®®. (2) A similar duration
ofthe maturation period from early oocytes to mature eggs. (3) Ameasurable
declinein fertility with age®®®%", (4) A cytoplasmic distributionand activity of
organelles similar to humans, including a Balbiani body found in the ooplasm of
both species®*®°, On the other hand, humans and Xenopus differ in their
modes of fertilization: humans undergo internal fertilization, while Xenopus
fertilization takes place externally. Thisimportant difference affects several
featuresrelated to fertilization: Xenopus lay many eggs, each with considerable
internal nutrient reserves for survival outside of the body, whereas humans
ovulate only1-22 eggs per cycle with little internal nutrient reserves’® 72,

b, A schematic of Xenopus laevis oogenesis according to**. Oogenesisin
Xenopusis divided into six stages based on the morphology of the developing
oocytes:oocytesare transparent and measure 50-300 micronsin stagel.
Oocytes grow and gradually accumulate pigments and yolk to become opaque
and measure more than1mminstage VI, when they are ready to be ovulated.
c,Schematicrepresentation of human and Xenopus early oocytes with
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maghnification.d, f, Live-cellimaging of Xenopus early (stage ) oocytes with
attached granulosa cells with MitoSOX (d), and CelIROX (f) to detect their ROS
levels. Granulosa cells were imaged in the basal plane of the oocyte. DIC,
differential interference contrast. Scale bars: 50 pmand 10 um for oocytes and
granulosa cells, respectively. e, g, Quantification of MitoSOX (e) and CellIROX
(g) probesinside oocytes and in granulosa cells (n=3; biological replicates
shownin colours). The datarepresent the mean +s.e.m.**P=4.298 x10"®and
**P=1.86x107° using two-sided Student’s t-test. h, Live-cellimaging of ROS in
early oocytes untreated or treated with menadione 10 uM for 2h. Untreated
oocyteswereincubated with Wheat Germ Agglutinin (WGA)*® (green) to mark
the plasmamembrane, then combined with treated oocytesin the same dish
and labelled with MitoSOX. Scale bar: 50 um. i, Quantification of MitoSOXin
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using two-sided Student’s t-test. j, Experimental design for the assessment of
survivalupon mild ROS production. Freshly isolated early (stage 1), maturing
(stagellandlll), and late-stage (stage VI) oocytes of were treated with 10 pM
menadioneinthepresenceorintheabsence of 10 mM N-acetyl cysteine (NAC).
After 2h, menadione was removed and NAC was maintained for an overnight,
when survival was determined.
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Extended DataFig.2|Oxidative phosphorylationis essentialin early
oocytes. a, b, Quantification of the mean fluorescence intensity (MFI) of TMRE
inthe oocyteandinthe population of granulosacells surrounding the
equatorial plane of the oocyte for human (a) and Xenopus oocytes (b). The data
representthe mean+s.e.m.**P=2.83 x10"? n=2 biological replicates in human;
and ***P=1.09 x10° n=3 in Xenopus; using two-sided Student’s t-test.
Replicates shownin colours.c,d, Quantification of the mean fluorescence
intensity (MFI) of JC-1aggregates (red) and monomers (green) inthe oocyte
andinthe population of granulosa cells surrounding the equatorial plane of the
oocyte for human (c) and Xenopus oocytes (d). We could not detect any red
fluorescencein oocytes; an additional 2-hour incubation with JC-1did not lead
todetection of red fluorescence inside the oocyte either. The datarepresent
themeants.e.m.*P=0.005and **P=0.002in human, n=4;and **P=5.67x10"°
and ***P=4.42x107°,n=3 in Xenopus; using two-sided Student’s t-test with
Sidak-Bonferroni-adjusted Pvalues for multiple comparisons. e, Oxygen

consumptionrate (OCR) asassessed by aseahorse analyser (XFe96) in early
(stagel) Xenopusoocytes (mean + SEM, n = 9).f, Maximal oxygen consumption
rateinearly (stagel) and growing (stage Ill) Xenopus oocytes, normalized for
total protein/sample (n=17 for stage land n=8 for stage Ill). The datarepresent
the mean +s.e.m.n.s. notsignificant (P=0.299) using two-sided Student’s
t-test. g, Representative images of Xenopus oocytes after an overnight
treatment with mitochondrial poisons (5 tM Rotenone, 50 mM malonicacid,
SpMantimycinA,50 mM KCN, 200 uM DCCD or 30 pM CCCP). Upper panel
shows early (stageI) oocytes and bottom panel displays late (stage VI) oocytes.
Celldeathcanberecognizedinearly (stagel) oocytes by loss of plasma
membraneintegrity and/or loss of nucleus; and in late (stage VI) oocytes by
development of amottling patternin the pigmentation of the animal pole (see
main Fig. 2 for quantifications of three independent experiments). Scale bars:
250 umand1mm forstagelandstage Vloocytes, respectively.
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Extended DataFig.3| OXPHOS machineryisreducedin Xenopus early
oocytes. a, Aschematic representation of isobaric-tag-based quantification of
the mitochondrial proteomes of early (stagel), late (stage VI) oocytes, and
muscle. Theimage was created with BioRender.com. b, Percentage of proteins
identified intheisobaric-tag-based quantification compared to allknown
subunits of OXPHOS machinery belonging tocomplexesItoV.c, Avolcano plot
showing Pvalues versus fold changes of mitochondrial proteins between early
(stagel) and late (stage VI) oocytes. Proteins significantly changing (g value
<0.05,>1.5-fold change) are depicted in black. Subunits of mitochondrial
import machinery (TIMs and TOMs) are highlighted in light blue. n=3 biological
replicates. d, Avolcano plot showing Pvalues versus fold changes of
mitochondrial proteins between early (stagel) oocytes and muscle. Subunits
of OXPHOS and mitochondrialimport machinery are highlighted in indicated
colours. Other proteins significantly changing (g value <0.05, >1.5-fold
change) are depicted in black.n=3 biological replicates. e, Heatmap of fold
changes (early- vs late-stage oocytes) of all quantified subunits of the OXPHOS
and mitochondrialimport machinery. # marks core subunits of complex|.

f,g,h,Volcano plots displaying Pvalues versus fold changes of mitochondrial
proteins between early (stage I) oocytes and heart (f), liver (g) and white
adipose tissue (WAT) (h). Subunits of OXPHOS and mitochondrialimport
machinery are highlighted inindicated colours. Other proteins significantly
changing (g value <0.05, >1.5-fold change) are depicted in black. n=2 biological
replicates. i, Mitochondrial proteome in Xenopus muscle ranked by abundance.
UPR™ proteinsareindicatedinred. The datarepresent themean+s.e.m.from
n=3animals.j, Immunoblotting of Hspelinearly (stage ), late (stage VI)
oocytes, muscleand HeLa cells. Gapdhis used as aloading marker. H.E: High
Exposure. One representative immunoblot from two independent
experimentsisshown.k,l, mRNAlevels of early (stage ) and late (stage VI)
oocytes of nuclear (k) and mitochondrial (I) encoded complex I subunits. The
datarepresentthe mean +s.e.m. (n=5for stage land n=3 for stage VI). *P=0.041,
*P=0.0081using two-sided Student’s t-test with Sidak-Bonferroni-adjusted P
values for multiple comparisons. CI- CV: Complex - Complex V; IM: Import
machinery.In (c,d,f,g,h) Pvalues were calculated using two-sided Student’s
t-test,an g values were obtained by multiple comparison adjustment.
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Extended DataFig.4 | UPR™ is constitutively activein early oocytes of
human and Xenopus. a,b, Immunofluorescence of paraffinembedded
sections of Xenopus (a) and human (b) ovaries with antibodies against HSPE1
(tomonitor UPR™) and ATP5A1 (to mark mitochondria). Hoechst was used to

mark DNA. ATP5A1was detected bothin oocytes and somatic cells of the ovary.

HSPE1, onthe other hand, was so abundantin oocytes compared to
surrounding cells that no signal could be detected from somatic cells without

oversaturating the HSPE1signal fromearly oocytes. Representative images
fromthreeindependent experimentsare shown. Sl: early (stagel) oocyte; SVI:
late (stage VI) oocyte; GC: Granulosa cells; Bb: Balbiani body. DIC, differential
interference contrast. Scale bars: 50 um (upper panel) and 10 pm (lower panel)
for Xenopus, and 30 um (upper panel) and 10 pm (three lower panels) for
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Extended DataFig. 6| Complexlis notassembledinearly oocytes.a,
Fraction ofthe mean abundance of the indicated modules amongall complex|
modulesinXenopusoocytesand muscle tissue. Note that this analysis
inevitably misses undetected subunits. The datarepresent the mean+s.e.m.
for n=3 animals. b, Quantification of reduced NBT intensity in BN-PAGE gels
after complexlin-gel activity assays. The datarepresentthe meants.e.m. (n=5
forstage VI, n=4for stage l and frog muscle, and n=3 for mouse muscle;
biologicalreplicates).*P=0.0062,**P=0.00046,and ***P=1.44 x10* using
two-sided Student’s t-test with Sidak-Bonferroni-adjusted Pvalues for multiple

comparisons. ¢, DDMsolubilized mitochondrial fractions were resolved by BN-

PAGE followed by immunoblotting using antibodies against Ndufsland Atp5al
todetectcomplexeslandV, respectively. Lower panels show high exposure
(H.E.) blots. Onerepresentativeimmunoblot from three independent
experimentsisshown.d, SDS-PAGE and immunoblotting of mitochondrial
fractionsin (Fig. 4a) for complex 1 (Ndufsland Ndufb8), complex 1l (Sdhb) and

complexV (Atp5al) subunits, and citrate synthase as mitochondrial loading
control. H.E. denotes high exposure. One representative immunoblot from
threeindependent experimentsis shown. e, Representation of excision sites
for mass spectrometricidentification of complexand complex Il subunits.
f,Heatmap of protein abundances detected inbands excised from regions
corresponding toassembled complex,and complexIl. ComplexIsubunits are
organized by module, and # marks core subunits. Proteins that were not
quantified areindicated in grey. g, Spectrophotometric analysis of citrate
synthase activity in mitochondrial extracts from early (stagel), late (stage VI)
oocytesand muscle. The datarepresentthe mean+s.e.m., n=3 biological
replicates. h,iDigitonin solubilized mitochondrial fractions were resolved by
BN-PAGE. Complex | (h) and complexV (i) activities were assayed to detect
supercomplexes (SC). Representative gels from threeindependent
experiments are shown.
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indicated. Gapdh was used as aloading control. One representative
immunoblot from fourindependent experimentsis shown.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested

X ]

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O 0O OX OO0OF
X

NN

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Commercial software LAS X (Leica. v3.5.5.19976), Amersham Imager (GE Healthcare), Seahorse Wave (Agilent, v2.6), Tecan i-control (Tecan,
v3.23), Image Studio (Li-COR, v5.2), and LightCycler (Roche, v1.5.1).

Data analysis FlJI software (ImageJ 1.52d), Microsoft Excel (v16.16.6), GraphPad Prism (v6), Metabolon software, Proteome Discoverer software suite (v2.3,
Thermo Fisher Scientific), Mascot search engine (v2.6, Matrix Science), and JMP (v13.2).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets

- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Isobaric tag-based quantification data shown in Figure 3, Extended Data Figure 3, and Supplementary Tables 1 and 2 are available via PRIDE with identifiers
PXD025366 and PXD030576. Label-free data shown in Figure 3, Extended Data Figure 5 and Table 3 are available via PRIDE with identifier PXD025369. Gel band
identification shown in Extended Data Figure 6 and Table 4 are available via PRIDE with identifier PXD025371.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were chosen based on published studies (select examples listed below) to ensure reliable statistical testing and to account for
variability among outbred populations. Experimental limitations were also taken into account, such as the number of primordial oocytes that
could be obtained from human ovaries. Statistical tests were applied to evaluate the significance of studied effects for the given sample size.
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https://doi.org/10.1093/humrep/dex284
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https://doi.org/10.1126/science.abj3944

Data exclusions  No data were excluded with the exception of few cases in which the full batch of oocytes died independently of the experimental
condition used in the experiment.

Replication The majority of the experiments were performed with at least 3 biological replicates involving outbred animals or human subjects. Sample
limitation became too severe for human subjects during the coronavirus pandemic when elective surgeries are either canceled or severely
reduced for long periods. Thus, in Figure 2a we only included two replicates from two individuals, but the data nevertheless had strong
statistical power (p value = 0.0000121) as the effect is very reproducible between different oocytes and individuals. All experimental findings
were reliably reproducible.

Randomization  All experiments were performed on isolated oocytes or tissues. Randomization was performed by two means. First, all outbred frogs used in
this study were chosen by blinded animal facility personnel without our knowledge. Similarly, all human participants in the study was chosen
by our collaborators in hospitals without our knowledge according to the inclusion criteria previously agreed. Second, all isolated oocytes or
tissue samples were first grouped together and then randomly distributed to different experimental groups.

Blinding Blinding during data collection was not required as standard experimental procedures were applied for different groups, such as western blots
and immunohistochemistry. Blinding during data analysis was performed in oocyte survival experiments by involving multiple lab members for
analysing blinded datasets. Blinding for the analysis of other experiments was not required since the different experimental groups were
analysed using the same parameters.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies g |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
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Antibodies

Antibodies used 1. ATPSA1 (Abcam; Catalog #ab14748, Clone 15H4C4, Lot GR3306993-21)
2. Citrate synthase (Abcam; Catalog #ab96600, Lot GR3362557-2)
3. GAPDH (Thermo; Catalog #AM4300, Clone 6C5, Lot 00959879)
4. HSPE1 (Thermo, Catalog #PA5-30428, Lot VJ3112392C)
5. NDUFB8 (Abcam; Catalog #ab110242, Clone 20EQDH10C12 Lot GR3264924-7)




Validation

6. NDUFS1 (Abcam; Catalog #ab169540, Clone EPR11521(B) Lot GR124081-13)
7. PRDX3 (Abcam; Catalog #ab73349, Lot GR3283254-1)

8. SDHB (Abcam; Catalog #ab14714, Clone 21A11AE7 Lot GR3272683-2)

9. anti-mouse IgG DyLight 680 (Thermo, #35518, LOTVG299844)

10. anti-rabbit IgG DyLight 800 4X PEG (Thermo, #SA5-35571, Lot SE251154B)
11.anti-rabbit Alexa488 (Thermo, #A-11008, Lot 2256822)

12. anti-rabbit Alexa555 (Thermo, #A-21428, Lot 2308257)

13. anti-mouse Alexa647 (Thermo, #A-21236, Lot 2326487)

We have only purchased and used antibodies from credible suppliers (Abcam or Thermo) with ample proof of validation in the
literature. Of course, all experiments were performed with negative (no primary antibody) and positive (He-La cells/extracts)
controls. Below is a detailed list of antibodies used in this study, we include two examples each (among tens or hundreds available in
the literature) for validation. Antibodies against:

ATP5A1:
Refl: https://doi.org/10.1038/nature19754
Ref2: https://doi.org/10.1016/j.molcel.2020.12.034

Citrate synthase:
Refl: https://doi.org/10.15252/embj.2019102817
Ref2: https://doi.org/10.1038/s41598-019-42902-7

GADPH has been widely used as a loading control in the literature:
Refl: https://doi.org/10.1038/s41467-019-11671-2
Ref2: https://doi.org/10.1038/nature14156

HSPE1 was chosen because of the manufacturers prediction to reactivity to all Xenopus, mouse and human proteins; and was
validated in our lab before for mitochondrial localisation.

NDUFBS8:
Refl: https://doi.org/10.1073/pnas.2000640117
Ref2: https://doi.org/10.1007/s00401-017-1794-7

NDUFS1:
Refl: https://doi.org/10.1016/j.cmet.2017.03.010
Ref2: https://doi.org/10.1172/1CI79964

PRDX3:

Refl: https://doi.org/10.1016/j.freeradbiomed.2020.06.020

Ref2: https://doi.org/10.1016/j.chembiol.2018.12.002

This antibody was validated by the supplier in genetic knockout of endogenous PRDX3 in HAP1 cells.

SDHB:

Refl: https://doi.org/10.1038/s41467-021-22117-z

Ref2: https://doi.org/10.1073/pnas.2000640117

This antibody was validated by the supplier in genetic knockout of endogenous SDHB HEK293 cells.

anti-mouse 1gG DyLight 680:

Refl: https://doi.org/10.1038/s42255-021-00366-y

Ref2: https://doi.org/10.3389/fcell.2021.683038

The specificity of the antibody was validated by the supplier checking the lack of fluorescence in the absence of mouse IgG
antibodies.

anti-rabbit IgG DyLight 800 4X PEG:

Refl: https://doi.org/10.1016/j.jmb.2021.167277

Ref2: https://doi.org/10.1083/jcb.202012114

The specificity of the antibody was validated by us checking the lack of fluorescence in the absence of rabbit 1gG antibodies.

anti-rabbit Alexa488:
Refl: https://doi.org/10.1007/s00709-021-01678-2
Ref2: https://doi.org/10.1016/j.redox.2022.102280

The specificity of the antibody was validated by the supplier checking the lack of fluorescence in the absence of rabbit IgG antibodies.

anti-rabbit Alexa555:
Refl: https://doi.org/10.1016/j.jbc.2022.101904
Ref2: https://doi.org/10.1242/dev.200200

The specificity of the antibody was validated by the supplier checking the lack of fluorescence in the absence of rabbit IgG antibodies.

anti-mouse Alexa647

Refl: https://doi.org/10.1038/s41467-022-29967-1

Ref2: https://doi.org/10.3390/molecules27082440

The specificity of the antibody was validated by the supplier checking the lack of fluorescence in the absence of mouse IgG
antibodies.
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Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

Hela cells were obtained from ATCC (CCL2).

Cells were evaluated based on morphological inspection.

Mycoplasma contamination Cells were negative for mycoplasma contamination in tests performed regularly.

Commonly misidentified lines  No commonly misidentified cell lines were used in this study.

(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

Xenopus laevis adult females between 2 and 4 years old were purchased from Nasco (NJ, USA) and maintained in water tanks in the
following controlled conditions: 18-219C, pH 6.8-7.5, 02 4-20 ppm, conductivity 500-1500 us, ammonia < 0.1 ppm.

The C57BL/6J mice used in the experiments were purchased from Charles River laboratories and maintained in the Animal Facility of
the Barcelona Biomedical Research Park (PRBB, Barcelona, Spain, EU) under specific pathogen-free conditions at 22°C with 40-60%
humidity, in a 12 hours light/dark cycle, and with access to food and water ad libitum. Female mice of 7 weeks-of-age were used for
extracting muscle tissue.

The study did not involve wild animals

The study did not involve samples collected from the field.

Animals used in this study were housed in the Barcelona Biomedical Research Park, accredited by the International Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC). All use of animals was performed according to the requirements

of directive 2010/63 EU and the Guide. All animals mentioned in the manuscript were sacrificed by accredited animal facility
personnel before their tissues were extracted.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

Women aged from 18 to 35 undergoing ovarian surgery.

Women fulfilling the inclusion criteria undergoing ovarian surgery were asked to participate in the study. No other biases are
present. Informed consent was obtained from all women.

Inclusion criteria: Age between 18 to 35, fertile (assessed by un-induced menstrual cycles or presence of antral follicles
identified by ultrasound examination), presence of at least one ovary, signed informed consent.

Exclusion criteria: women with menopause, endometriosis, or who underwent bilateral oophorectomy.

Ethical Committee permission to work with primordial oocytes from human ovary samples was obtained from the Comité Etic
d’Investigacié Clinica CEIC-Parc de salut MAR (Barcelona) and Comité Etico de investigacion clinica CEIC-Hospital Clinic de
Barcelona with approval number HCB/2018/0497. Written informed consent was obtained from all participants prior to their
inclusions in the study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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