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Abstract

We have previously suggested a central role for mitochondria in the observed sex differences in
metabolic traits. However, the mechanisms by which sex differences affect adipose mitochondrial
function and metabolic syndrome are unclear. Here we show that in both mice and humans,
adipose mitochondrial functions are elevated in females and are strongly associated with adiposity,
insulin resistance and plasma lipids. Using a panel of diverse inbred strains of mice, we identify
a genetic locus on mouse chromosome 17 that controls mitochondrial mass and function in
adipose tissue in a sex- and tissue-specific manner. This locus contains Naufv2and regulates

the expression of at least 89 mitochondrial genes in females, including oxidative phosphorylation
genes and those related to mitochondrial DNA content. Overexpression studies indicate that
Naufv2 mediates these effects by regulating supercomplex assembly and elevating mitochondrial
reactive oxygen species production, which generates a signal that increases mitochondrial
biogenesis.

To address the complexity of common metabolic disorders such as obesity, insulin resistance
and dyslipidaemias, we have employed a ‘systems genetics’ approach in which high-
throughput ‘omics’ technologies, such as transcriptomics, are used quantitatively to assess
the many molecular differences that occur among individuals in a population and then to
relate these to physiological functions or disease states. Mouse models offer important
advantages for such studies as environmental factors, particularly the diet, can be controlled,
relevant tissues can be examined and experimental perturbations can be performed. We
previously developed and characterized a systems genetics population resource, termed

the hybrid mouse diversity panel (HMDP), that consists of a panel of approximately 100
genetically diverse inbred mouse strains2. Important advantages of this resource include the
ability to carry out high-resolution association mapping, analogous to human genome-wide
association studies (GWAS) and, as the mice are members of inbred strains, to replicate data
and examine different environments on identical genetic backgrounds. During the past 10
years, we have characterized both male and female HMDP mice for many metabolic and
cardiovascular traits3-13,

In the present study, we used this resource to determine how genetic variations and sex
differences affect mitochondria and their functions, and how these in turn affect metabolic
phenotypes. Mitochondria clearly play major roles in cardiometabolic diseases'4-18, but
the causal relationships of mitochondrial function to these traits are not well understood.
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Similarly, sex differences in metabolic phenotypes have been amply described in mice,
humans and other species, with females generally exhibiting more beneficial metabolic
profiles, but the underlying mechanisms remain unclear®19-22, Notably, most detailed
studies have employed a single genetic background (strain C57BL/6 J) with no regard to
genetic variation. Recently, using the HMDP resource, we reported that in mice, female
adipose is enriched for mitochondria-related gene networks and that mitochondrial functions
exhibit gene-by-sex interactions?l.

Mitochondria are unique organelles made up of proteins encoded by two genomes. The
mitochondrial genome, composed of a circular DNA genome (mitochondrial DNA, ~16.5
kb in vertebrates) encoding essential subunits of respiratory complexes I, 111, IV and V, as
well as two ribosomal and 22 transfer RNAs, is required for translation by mitoribosomes
within the matrix. However, the vast majority of mitochondrial proteins, approximately
1200 in all, are encoded by the nuclear genome. Mitochondria not only provide energy

for the cells through ATP production, but they also generate metabolites for biosynthesis,
protein modification and signal transduction. In addition, in certain cell types such as brown
adipocytes and white adipocytes that have undergone ‘browning’, mitochondria produce
heat by futile cycling23. Therefore, an understanding of the sex differences regulating these
transcripts that in turn control metabolic traits could not only reveal targets for treatment but
would also be helpful for diagnosis and personalized medicine.

We now report that tissue-specific sex differences in mitochondria occur in adipose tissues
in both mice and humans, and that they are strongly associated with metabolic syndrome
traits in both species. We carried out mapping studies in the HMDP to identify the basis

of the sex-specific differences in mitochondrial gene expression and uncovered a female-
specific genetic locus in adipose that significantly controls ~10% of the approximately 1,200
mitochondria-related transcriptomes, with one-third belonging to oxidative phosphorylation
(OXPHOS). Furthermore, this genetic locus was significantly associated with obesity-related
traits in a female-specific manner. Using two different inbred strains, we demonstrate

that adipose Ndufv2is the causal candidate gene for this locus in regulating obesity via
promoting highly functional mitochondria and/or transcripts in a strain-by-sex manner.

Our study supports a causal relationship between adipose mitochondrial function and
cardiometabolic traits.

Sex-specific adipose mitochondrial expression in both mice and humans.

Using three common inbred strains, we recently reported that female mice had higher
mitochondrial function in their adipose tissue and that gene-by-sex interactions affecting
adipose mitochondrial functions contributed majorly to the sex differences in metabolic
traits11. Mitochondria are best known for their role in ATP production via OXPHOS.
Therefore, to explore the functional relevance of these gene-by-sex interactions, we focused
on the gene expression profiles of all nuclear-encoded adipose OXPHOS genes (91 genes,
134 probes) between the two sexes of HMDP. We observed that, in general, female HMDP
mice had higher adipose expression of OXPHOS genes (75 genes, 110 probes; 82% of
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OXPHQOS genes) compared to males (Fig. 1a). In contrast, no female-specific enrichments
were observed in liver expression of OXPHOS genes (Fig. 1b).

To examine the relevance in humans of our sex and tissue-specific observations in mice,
we examined the expression of OXPHOS-related genes in 600 human patient samples
from the Stockholm-Tartu Atherosclerosis Reverse Networks Engineering Task (STARNET)
study?4. We observed similar tissue-by-sex interactions in human samples, with female
subcutaneous adipose having higher expression of OXPHOS genes (56 genes; 67% of
OXPHOS genes) compared to males (Fig. 1¢) but not in liver tissues (Fig. 1d). We also
independently examined both the human subcutaneous adipose and liver tissues from the
GTEXx Project data2> and saw similar observations with only the adipose having higher
OXPHOS gene expression (41 genes; 44% of OXPHOS genes) in females (Fig. 1e) but no
differences between sexes in the liver tissues (Fig. 1f). Taken together, we conclude that
female adipose tissues have increased expression of mitochondrial OXPHOS genes in both
mice and humans.

Adipose mitochondria levels strongly predict metabolic syndrome traits in both mice and

humans.

To understand further whether this sex and tissue-specific regulation translates to metabolic
traits, we used adipose mtDNA copy number, as a surrogate measure for mitochondrial
mass26, across the HMDP. We quantified mtDNA content from 90 female and 104 male
strains (216 female and 260 male mice) of HMDP mice and observed that females were
significantly enriched with mtDNA compared to males (Fig. 2a). We also observed that
mtDNA levels were strongly associated with metabolic traits (Supplementary Table 1); for
instance, adipose mtDNA copy number was negatively correlated to both body weight (Fig.
2b) and homoeostatic model assessment for insulin resistance (HOMA-IR) (Fig. 2c) in both
sexes, albeit more strongly in females.

To examine the translational relevance of our mouse adipose mitochondrial associations,
we quantitated the mtDNA content in both adipose and blood tissues collected from a
well-characterized human cohort of the Finnish population, the METSIM study?’ (Fig.
2d). Using biweight midcorrelation (bicor), we observed that human adipose mtDNA copy
number was negatively correlated to body mass index (P = 2.72 x 1075) (Fig. 2e), HOMA-
IR (P=1.49 x 1077) (Fig. 2f) and plasma triglycerides (P= 8.54 x 1078) and positively
associated with high-density lipoprotein cholesterol levels (P= 1.68 x 1079) (Fig. 2g). In
contrast, the human blood mtDNA copy number was not correlated with any of these traits
(Fig. 2g). All possible associations are listed in Supplementary Table 2. As a coordinated
upregulation of mtDNA content and OXPHOS gene expression is a strong indication of
elevated mitochondrial biogenesis, we conclude that adipose tissue mitochondrial mass is a
strong predictor of metabolic traits in both mice and humans.

Sex and tissue-specific trans-regulatory hotspot in adipose mitochondria.

To understand further how natural genetic variations control sex-specific regulation of
mitochondrial biogenesis and their contribution to metabolic traits, we focused on the
expression profiles of nuclear-encoded mitochondrial genes, listed in MitoCarta2.028 in
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adipose tissues extracted from both sexes of approximately 100 strains of HMDP fed a high
fat, high sucrose (HF/HS) diet. Out of 1,158 genes listed in MitoCarta2.0, we retrieved
expression data for 911 genes (1,312 probes) and then mapped their respective expression
abundance levels to the HMDP genotypes. We refer to the genetic variants that alter
expression levels of nearby genes (<1 Mb) as cis (local) expression quantitative trait loci
(eQTLs) and the remainder as frans (distal) eQTLs. When a #frans-eQTL locus affects the
expression of multiple genes, we defined it as a frans-eQTL hotspot. Based on these criteria,
we identified both cisand trans regulated nuclear-encoded mitochondrial genes in a sex-
specific manner (Fig. 3a,b), with a prominent #rans-eQTL hotspot located on chromosome
(chr) 17 in female adipose (Fig. 3b). P value distribution of #rans associations between
mitochondria genes (1,312 probes) and the lead expression single nucleotide polymorphism
(eSNP) (rs48062344) of chrl7 trans-eQTL hotspot revealed strong enrichment of low P
values only in female but not male adipose. This enrichment suggested that the chrl7

locus is a female-specific master regulator of adipose mitochondrial biogenesis (Fig. 3c). In
contrast, when we examined the eQTL networks in HMDP liver tissues, we found no such
associations (Extended Data Fig. 1), thereby revealing a sex and tissue-specific regulation.
When we focused on the trans-eQTL hub located on chrl7, we observed that it significantly
controlled the expression of 89 genes (P< 1 x 1076) in female adipose tissue, representing
approximately 10% of the available mitochondrial genes (Fig. 3d). Among these, 28 frans-
genes (one-third) belong to nuclear-encoded OXPHQOS genes.

Chrl7 trans-eQTL controls metabolic syndrome traits in HMDP.

To understand further the sex and tissue-specific regulation mediated by the chrl7 lead
eSNP (rs48062344), we focused on the expression profiles of all nuclear-encoded adipose
OXPHOS genes. We observed that only female cohorts harbouring TT genotypes had higher
adipose expression of OXPHOS genes (46 genes, 65 probes; 51% of OXPHOS genes)
compared to cohorts harbouring CC genotypes (Fig. 4a). In contrast, no such genetic
associations were observed in the expression profiles of OXPHOS genes in male adipose

or liver from both sexes (Extended Data Fig. 2). In addition to gene expression, our analyses
also show that among the females, cohorts that harbour TT genotype had more mtDNA
compared to CC genotype (Fig. 4b). Again, we did not observe any associations in male
HMDP (Fig. 4f). Furthermore, the chrl7 locus appears to control mtDNA copy number, as
the peak SNP (rs48062344) exhibited a strong association (2= 6.06 x 107°) in females, but
not males (P= 0.57) (Extended Data Fig. 3).

Combining the previous two results, we hypothesized that the female cohorts harbouring

TT genotype had higher mitochondrial biogenesis in their adipose tissues resulting in lower
metabolic burden. To test this, we performed genotype-by-phenotype associations (GWAS)
in HMDP. We report that the frans-acting lead eSNP (rs48062344) explains about 30-40%
of the variance of several metabolic traits in a female-specific manner, with gWAT weight
shown as an example (Fig. 4d). Among the females, gWAT weights were significantly lower
in cohorts harbouring TT genotype (Fig. 4e). No such genotype differences were observed in
males (Fig. 4f).

Nat Metab. Author manuscript; available in PMC 2022 March 10.
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Adipose Ndufv2 mediates Chrl7 trans-eQTL effects in a sex-specific manner.

To identify the potential cis-effector gene mediating the effects of chrl7 trans-eQTL control,
we used three criteria: (1) the trans-acting lead eSNP must show c/s-regulation; (2) the
association occurs only in female adipose tissues; and (3) it has strong associations with
metabolic syndrome traits and adipose mtDNA content. Based on this, we identified adipose
Nadufv2as a potential cis-effector gene as it satisfied all these criteria. Secondary candidates
included Ralbp (not associated with adipose mtDNA levels (P=0.07)) and Pfprm (not
cis-regulated (P=3.70 x 1079)).

We reasoned that the genetic variants affecting the oestrogen receptor (ER) binding element
(ERE) might underlie the sex-specific regulation of Naufv2. Therefore, we identified ERE
in the region in LD with the trans-eQTL lead eSNP (rs48062344) at chr17:66-67.5 Mb
(Fig. 4g). By comparing ERE motif scores between genome sequence with “alternate’,
non-C57BL6/J alleles, relative to reference alleles, we identified ten SNPs in which
alternative sequence matched an ERE motif and scored higher than the reference sequence
(Supplementary Table 3). The top two SNPs with greatest predicted consequence on binding
affinity are shown in Fig. 4g. In support of these results, when we compared the gWAT
weights within female and male HMDP cohorts harbouring differential genotypes at the top
SNP (rs3713670), we observed significant genotype differences only in females (Fig. 4h).
Thus, these data identify candidate functional SNPs that regulate Naufv2transcription via
ER genomic binding.

High-resolution association mapping of female adipose NMdufv2 expression revealed that
the lead eSNP (rs48062344) is the same as the frans-acting lead eSNP (Fig. 5a). In
contrast, NMaufv2 expression in male adipose or in liver of either sex is not genetically
cis-regulated (Fig. 5b and Extended Data Fig. 4a,b). When we analysed the expression data
of Ndufv2in 98 sex-matched HMDP strains, female HMDP mice tended to have higher
expression compared to males (Fig. 5¢), and among the females, cohorts harbouring the
TT genotype had higher expression (Fig. 5d). Again, no such associations were observed
in male adipose (Fig. 5€) or liver tissues (Extended Data Fig. 4c—e). Further analyses using
gonadectomized mice that were fed either a chow or HF/HS diet revealed that Naufv2
expression is hormonally regulated in females irrespective of the diet (Fig. 5f). In contrast,
minor sex-by-diet interactions exist in male adipose (Fig. 5g), while no such hormonal
regulations were observed in liver tissues (Fig. 5h,i).

To relate functionally the frans-acting lead eSNP (rs48062344), adipose Naufv2 expression,
adipose mtDNA content and gWAT weights, we computed bicor between these traits and
calculated how the cis component of adipose NVaufv2 expression contributed to these
associations. We observed that adipose Naufv2expression is positively correlated to adipose
mtDNA content (Fig. 5j) and negatively correlated to gWAT weights (Fig. 5k) in females,
with the ¢/s component of the expression strongly contributing to both these associations.
Finally, we observed that adipose mtDNA copy number is negatively correlated to gWAT
weights (Fig. 51). In contrast, although we observed correlations (not as strong as in
females) between male adipose NVdufv2 expression, adipose mtDNA copy number and
gWAT weights, respectively, the c/is component of the male adipose Naufv2 expression did
not contribute to these associations. In addition, we did not observe strong correlations

Nat Metab. Author manuscript; available in PMC 2022 March 10.
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between adipose mtDNA copy number and gWAT weights in males (Fig. 5m-o0). Taken
together, we propose that the frans-eSNP effect on female adipose Naufv2 expression affects
weight-related metabolic traits through its effect on mitochondrial biogenesis.

Adipose Ndufv2 is causal for regulating adiposity in a strain-by-sex manner.

To test our hypothesis that Maufv2is the causal gene for mediating the frans-SNP

effects in regulating fat accumulation, we overexpressed either GFP or NDUFV2 in

an adipose-specific manner using adeno-associated viral serotype-8 (AAV8) vectors that
contain both adiponectin promoter/enhancer elements for adipose specificity and miR122
target sequences for liver exclusion (AAV8-hAdp-GFP-miR122T or AAV-hAdp-NDUFV2-
miR122T). To exclude host genetic bias, we used two different inbred strains harbouring
alternate genotypes at chrl7 locus lead eSNP (rs48062344), namely, C57BL/6 J (CC
genotype) and A/J (TT genotype). Despite the fact that both C57BL/6 J and A/J females
overexpressing NDUFV2 ate the same amount of food, C57BL/6 J females only showed

a minor decrease, whereas A/J females showed a more pronounced decrease in total body
weight (Fig. 6a,f, Extended Data Fig. 5a,c) that was explained by a reduction in body fat
mass (Fig. 6b,g and Extended Data Fig. 5a,c). The quantitative PCR (gPCR) analyses in
gWAT confirmed increased adipose Naufiv2expression both in C57BL/6 J and A/J (Fig.
6¢,h). To determine whether increased lipolysis was associated with decreased fat mass,

we measured the levels of the lipolysis product glycerol in plasma. We observed a trend

to a decrease in glycerol levels in C57BL/6 J females overexpressing NDUFV2 (Fig.

6d), which was significant in A/J females overexpressing NDUFV2 (Fig. 6i). Individual
tissue weights revealed that gWAT weights were significantly reduced both in C57BL/6

J and A/J females overexpressing NDUFV2 (Fig. 6e,j). As decreased body fat mass is
strongly associated with improved insulin sensitivity, we subjected a cohort of A/J mice
overexpressing GFP or NDUFV2 to insulin tolerance tests (ITTs). We observed that A/J
females overexpressing NDUFV2 had reduced basal/fasting glycaemia when normalized to
GFP glycaemia after insulin injection (Extended Data Fig. 5e). That the reduction in fasting
glucose was a result of improved insulin sensitivity was confirmed by a decrease in HOMA-
IR values and fasting insulinaemia in A/J females overexpressing NDUFV2 (Extended Data
Figs. 5f,g). The selective decrease in insulin resistance during fasting is consistent with
decreased white adipose tissue (WAT) lipolysis induced by NDFUV2 overexpression29, We
observed that C57BL/6 J males overexpressing NDUFV2 had a trend toward increased
weight gain, specifically fat mass (Extended Data Figs. 5b and 6a—,e). In contrast, A/J
males overexpressing NDUFV2 had lower body weight, total fat mass and gWAT weights
(Extended Data Figs. 5d and 6f—j). However, NDUFV2 overexpression in A/J males did
not change the ITT curves but increased HOMA-IR and fasting insulinaemia (Extended
Data Fig. 5h—j), the latter suggesting that NDUFV2 was increasing lipolysis during fasting
in A/J males. Taken together, these data support the conclusion that NDUFV2 regulates
adipose mass and insulin sensitivity in a sex-by-strain dependent manner, with its gain in
function being more beneficial in females of an A/J rather than C57BL/6 J background.
Additional genetic considerations might also explain the metabolic differences between A/J
and C57BL/6 J, such as the sex-specific regulation of mitochondrial function independently
of chromosome 17 and the lack of super assembly complex factor |1 (SCAFI) in C57BL/6
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330, Interestingly, it has been demonstrated that supercomplex formation can alter lipid
metabolism to optimize metabolic resources3?.

To determine whether the decrease in fat mass induced by NDUFV2 overexpression was
caused by increased energy expenditure (EE), we analysed whole body energy balance

in mice overexpressing NDUFV2 in mice using indirect calorimetry. We observed a

trend of increased EE and oxygen consumption rate (VO,) in A/J females overexpressing
NDUFV?2 that did not reach statistical significance by analysis of covariance (ANCOVA)
(Supplementary Fig. 1A-J). There were no significant changes between A/J males
overexpressing GFP or NDUFV2 (Supplementary Fig. 1K-T). As we observed lower lean
mass in A/J females overexpressing NDUFV2, which by itself decreases EE, we considered
the possibility that the effect on lean mass was masking an increase in EE in WAT induced
by NDUFV2 overexpression. Thus, to test whether an increase in EE in WAT explained
decreased body fat, we analysed the effects of NDUFV2 overexpression on mitochondrial
biogenesis and EE in isolated WAT.

Adipose Ndufv2 increases WAT mitochondrial biogenesis in a strain-by-sex manner.

Increased OXPHOS transcripts content are strong indicators of elevated mitochondrial
biogenesis. Thus, we determined whether NDUFV2 overexpression in WAT was sufficient
to change the content of OXPHOS transcripts. We observed that NDUFV2 overexpression
induced a robust expression of mitochondrial OXPHOS genes in both sexes and strains,
but more pronounced in the A/J strain (Fig. 7a—d). To confirm these data further, we
performed RNA sequencing on gonadal adipose tissues and focused on OXPHQOS genes.
Differential expression analyses revealed that a significant proportion of OXPHQOS genes
were upregulated in NDUFV?2 overexpressing animals (Supplementary Fig. 2A,B). To
gain further insight into the mechanisms behind increased mitochondrial biogenesis, we
measured Ppargcla and Ucpl expression in both C57BL/6 J and A/J females. We studied
these genes as important markers of an engagement of the transcriptional programme
increasing mitochondrial biogenesis in WAT32-34_ UCP1 is a marker of brown/beige
adipocytes located within WAT, which have higher mitochondrial content, and Ppargcla
is a transcriptional co-activator that increases mitochondrial biogenesis in multiple tissues.
We observed that both Ppargclaand Ucpl expression were only increased by NDUFV2
overexpression in A/J but not C57BL/6 J females (Supplementary Fig. 2C—F). Immunoblots
of mitochondria OXPHOS proteins corroborated the relevance of the transcriptional
upregulation induced by NDUFV?2 (Fig. 7e). Altogether, these data were either suggesting
that white adipocytes had more mitochondria or that there was an increase in beige
adipocytes. To determine whether beiging occurred, we examined NDUFV2 overexpressing
WAT by histology. We found that NDUFV2 overexpression in females of both strains
shifted the distribution towards smaller adipocytes (Extended Data Fig. 7a,c). Despite
being smaller, the adipocytes were unilocular, which advocated against an increase in
beige adipocyte recruitment induced by NDUFV2 expression in A/J females. In contrast,
NDUFV2 overexpression in C57BL/6 J males shifted the distribution toward larger
adipocytes (Extended Data Fig. 7b), while in A/J males there was a subtle shift towards
smaller adipocytes (Extended Data Fig. 7d). An analysis of their average sizes yielded
similar conclusions (insets of Extended Data Fig. 7).
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Adipose Ndufv2 increases mitochondrial coupling and total mitochondria EE in WAT in a
strain-by-sex manner.

We next determined the effects of NDUFV2 expression on mitochondrial EE and
uncoupling. Respirometry analyses on isolated mitochondria from WAT with pyruvate/
malate as a substrate showed an increased respiratory control ratio (RCR) (state 3/state 40)
(Fig. 7f) and an increased coupling efficiency ([state 3—state 40]/[state 3—-AA]) (Fig. 7g) in
C57BL/6 J females overexpressing NDUFV2. The increase in mitochondrial ATP synthesis
efficiency was much more pronounced in A/J females (Fig. 7h—i); in contrast, males of both
the C57BL/6 J (Extended Data Fig. 8a,b) and A/J (Extended Data Fig. 8c,d) strains exhibited
unaltered mitochondrial activities. Elevated coupled respiration suggests that UCP1 is

not the major effector of NDUFV2 expression on mitochondrial respiratory function, as
indeed UCP1 decreases coupling. Consequently, elevated coupled respiration is a functional
demonstration that NDUFV2 mediates a change in WAT mitochondria without inducing
beiging3°. Moreover, the respirometry data show that the electron transport chain capacity
per unit of mitochondria is not increased by NDUFV2. Indeed, the opposite effect was
observed, as respiration rates were decreased in all states in both C57BL/6 J and A/J females
overexpressing NDUFV2 in WAT (Extended Data Fig. 8e—h). Consequently, an increase

in the specific electron transport chain activity per mitochondria or uncoupling cannot
explain the decrease in adipose mass. However, isolated mitochondria measurements will
miss an increase in total WAT EE licensed by an increase in mitochondrial mass/biogenesis.
Therefore, we analysed the effects of NDUFV2 overexpression on mitochondria mass in
WAT by staining total WAT lysates with the mitochondrial dye (MitoTracker Deep Red FM
(MTDR)), as published36. We note that the MTDR dye can be used to stain mitochondria

in fixed cells and frozen samples and therefore can still specifically stain mitochondria that
do not have an active membrane potential3¢. We detected more mitochondria in NDUFV?2
overexpressing female A/J WAT lysates, normalized to total protein content (Fig. 8a).

In contrast, NDUFV2 overexpression did not affect complex activities or mitochondria
content in A/J males (Fig. 8c—d). To obtain a functional confirmation of this increase in
mitochondrial mass induced by NDUFV2, we measured total OXPHOS complex activities
in these WAT lysates. We observed increased complex-1V activity in total WAT lysates from
both A/J and C57BL/6 J mice (Fig. 8b,e), with the effect being larger in A/J and reaching
statistical significance for complexes Il and IV (P = 0.05) (Fig. 8b). Moreover, immunoblot
analyses revealed that fatty acid oxidation proteins, CPT1a and LCAD, were increased in
female C57BL/6 J mice, with no changes in UCP1 content (Fig. 8f). In contrast, NDUFV2
overexpressing male C57BL/6 J did not show any significant changes in complex activities
or protein levels (Fig. 8g,h). Thus, these data support the conclusion that NDUFV2 induces
an increase in mitochondrial biogenesis to support elevated EE in a sex- and tissue-specific
manner.

To discern whether these effects on mitochondrial function were upstream or downstream of
decreased fat mass, we designed our next experiment such that the GFP and NDUFV2 mice
had similar body fat mass. For this, we subjected the C57BL/6 J females to a HF/HS diet

for the first 6 weeks without any interventions. After 6 weeks, the animals were randomly
injected with AAV carrying either GFP or NDUFV2 and were continued on the diet. Further,
to exclude cage effects, all cages had mice that received either of the two viruses. Post-AAV
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injection, body weight and composition were regularly monitored, and the experiment was
ended (week 12) before the animals showed any noticeable differences in their body weight.
As designed, we did not observe any significant differences in body weight (Extended Data
Fig. 9a) or body composition (Extended Data Fig. 9b) or organ weights (Extended Data Fig.
9c) between the two groups, despite Naufv2 overexpression (Extended Data Fig. 9d). Yet,
the bioenergetic analyses revealed that NDUFV2 females had an increased RCR (Extended
Data Fig. 9e) and coupling efficiency (Extended Data Fig. 9f) with reduced respiration rates
(Extended Data Fig. 9g). These data support the conclusion that the effects of NDUFV2 on
mitochondrial function are not a consequence of decreased fat mass.

To determine whether NDUFV2 overexpression will have similar effects on mitochondria
from other tissues, we overexpressed GFP or NDUFV?2 in a liver-specific manner using
AAVS vectors that contain thyroxine binding globulin (Thg) promoter for liver specificity
(AAV8-Thg-GFP or AAV8-Thg-NDUFV?2). Although we did not observe dramatic changes
in body weight or WAT due to liver NDUFV2 overexpression, we did observe a similar
increase in mitochondrial transcripts, in both females and males, as seen in adipose
overexpression (Supplementary Fig. 3). We note that the liver-specific NDUFV2 expression
was several fold greater than adipose expression.

NDUFV2 overexpression changes supercomplex assembly and ROS-dependent
mitochondrial respiration.

Mitochondrial reactive oxygen species (ROS) were previously demonstrated to decrease
mitochondrial respiration acutely in WAT37, with these ROS known to transduce a
compensatory signal to increase mitochondrial biogenesis38:39. To test whether ROS

was responsible for the effects of NDUFV2 on mitochondria, we determined whether

the antioxidant NAC could reverse the actions of NDUFV2. To restrict NAC actions

to white adipocytes, we moved to a cell culture model. We overexpressed NDUFV2

in AML12 (liver) and differentiated 3T3-L1 (adipose) cells using plasmid transfection

and lentiviral transduction, respectively. The qPCR and immunoblot analyses confirmed
NDUFV2 overexpression in AML12 (Extended Data Fig. 10a) and differentiated 3T3-L1
(Fig. 8i), respectively. Similar to our in vivo analyses, our in vitro experiments revealed that
NDUFV2 overexpression increased coupled respiration, measured by higher RCR values on
different complex-I substrates, in both AML12 and differentiated 3T3-L1 cells (Extended
Data Fig. 10). Nevertheless and similar to our in vivo experiments (Extended Data Figs. 8e,g
and 9g), we observed lower oxygen consumption rates in both AML12 and differentiated
3T3-L1 cells expressing NDUFV2 (Extended Data Fig. 10). After validating our in vitro
system, we added NAC to scavenge ROS and observed that only NDUFV2 overexpressing
3T3-L1 cells increased mitochondrial respiration in response to NAC (Fig. 8j). Moreover,
we observed NDUFV2 overexpression increased OXPHOS genes in AML12 cells (Extended
Data Fig. 10n). Nevertheless, we were unable to see an increase in mitochondrial mass

in vitro possibly due to altered ROS-dependent transcriptional programmes, as previously
published??, resulting from the loss of important regulatory mechanisms in 3T3 cells as
compared to WAT or the hyperoxic and high glucose environment of cells in culture.
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NDUFV?2 is a core subunit of complex I, located in the region of NADH binding. Complex

I assembles with complex Il and IV of the electron transport chain to form supercomplexes,
which can increase the rates of electron transfer and decrease ROS production. Thus,

one could hypothesize that an excess of NDUFV2 subunits could change complex | or
supercomplex assembly to increase ROS production. As evidence exists that complex 111
dimers are known to reduce ROS production via intermonomer electron transfer! and

that ROS generated from complex 111 regulates adipocyte differentiation*2, we sought to
determine whether NDUFV2 affects the supercomplex composition by performing blue
native gel electrophoresis on 3T3-L1 cell lysates overexpressing NDUFV2. We observed
that NDUFV2 overexpression decreased the number of complex I11 dimers in differentiated
3T3-L1 cells, while preserving the content of supercomplexes I-111,—1V, (Fig. 8Kk). Such a
change can be explained by a decrease in complex 111 dimerization or by an increase in the
proportion of complex 111 dedicated to the respirasome®344. However, the increase in Cl and
CIl1I super assembly reduces ROS generation, supporting the conclusion that the decrease

in complex 111 dimers we observed is reflecting a decrease in complex 111 dimerization?®.
Alternatively, it is possible that having a decrease in the availability of free complex 11
dimers causes the electrons entering via complex Il to execute reverse electron transport,
namely providing the electrons to complex | instead of complex I11. Indeed, reverse electron
transport results in increased ROS production from complex I. Taken together, we conclude
that mitochondrial ROS generation mediated by NDUFV2 overexpression, via modifying
complex Il dimerization and distribution between complexes and supercomplexes, is likely
to be the signal initiating the increase in mitochondrial biogenesis.

In summary, our in vivo validation studies revealed that adipose Naufv2directly regulates
adiposity in a strain-by-sex manner via modulation of mitochondrial transcript levels and
that it increases mitochondrial ROS by directly affecting the supercomplex composition. It
is clear, however, that this is not the only genetic factor influencing mitochondrial functions
and sex differences in metabolic traits because its effects are in part dependent on sex and
genetic background.

Discussion

Our initial discovery relating adipose mitochondrial function to sex differences in
cardiometabolic traits came from systems genetics analyses in the HMDP populationll.
These studies strongly suggested a central role of mitochondria, and this was confirmed

by isolating the mitochondria and showing that adipose tissues of females of most strains
exhibited increased respiration!!. In the present study, we used the HMDP along with two
human cohorts (STARNET and METSIM) to investigate the role of sex and genetics in
regulating both mitochondrial content and metabolic syndrome traits. Several conclusions
have emerged. First, in both mice and humans (STARNET and GTEx cohort), we identified
sex- and tissue-specific regulation of mitochondrial transcripts. Second, we observed a
strong relationship between the mitochondrial DNA copy number in adipose and metabolic
traits in both mice and humans (METSIM cohort). Third, using systems genetics, we
identified a mouse locus that controls the increased mitochondrial function in adipose in

a sex-specific manner. Fourth, our mouse GWAS analyses identified a strong candidate gene,
Naufv2, which is regulated by both genetic variation and sex hormones in a tissue-specific
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fashion that controls, in frans, many nuclear-encoded mitochondrial transcripts in the
adipose. Finally, we performed overexpression studies in mice and reported that Naufv2 can
regulate obesity by controlling mitochondrial genes or function in a strain-by-sex manner.
We discuss these points in turn below.

An important question is whether sex differences similar to those observed in mice also
occur in human populations. There is a paucity of data on sex differences in adipose gene
expression, but at least one study found a large sex difference in the expression of UCP1,
involved in proton futile cycling, in white adipose, with females having much higher levels
than males®®. Here, we observed significantly higher levels of transcripts for mitochondrial
electron transport chain proteins in females of the STARNET cohort of about 600 WATS
from patients that have undergone open chest surgery?4. We found that mitochondrial
DNA content in adipose is strikingly associated with cardiometabolic traits in the Finnish
METSIM cohort. Thus, some of our sex-specific and tissue-specific observations are not
unigue to mice but are translatable to humans. We have thus far examined only gonadal
and subcutaneous fat depots, and the regulation of mitochondria may differ in other white
adipose depots and in brown fat.

Mapping of the loci controlling gene expression revealed that about 10% of nuclear-encoded
mitochondrial genes are significantly controlled (P< 1 x 1078) in zrans by a genetic

locus in chrl7 in a sex and tissue-specific manner (many other mitochondrial genes show
associations but not attaining significance when multiple testing comparisons are applied).
Further, we demonstrated that adipose gene NDUFV2, a core subunit of complex I, mediates
the effects of the genetic locus in a strain-by-sex manner. Mitochondrial complex I is

the largest among the electron transport chain and is composed of approximately 45
subunits, of which 7 are encoded by the mitochondrial genome*’~49. Complex | deficiency
is the most common mitochondrial pathology and has been associated with common
mitochondrial pathology and has been associated with a wide range of disorders, including
neurological, cancer and cardiovascular diseases!®0-52, NDUFV?2 is part of the matrix-
exposed N-module, which oxidizes NADH and is also the primary site of ROS production,
thus being a damage-prone area in need for constant turnover and replacement of damaged
subunits®3. On this note, Lazarou et al. proposed that complex | biogenesis involves two
mechanisms: (1) de novo synthesis and assembly of both mtDNA and nuclear-encoded
subunits, and (2) exchange of pre-existing subunits with freshly synthesized ones. They
also demonstrated that NDUFV2 is one of the subunits that can be imported into the
mitochondria to replace existing subunits®*. Recently, Szczepanowska et al. reported the
existence of a complex | salvage pathway mediated by mitochondrial membrane protease
(CLPXP) that selectively degrades damaged N-module subunits, enabling exchange of
freshly made N-module subunits®®. They also identified NDUFV?2 as a putative substrate
for CLPXP activity. Interestingly, our chrl7 frans-eQTL lead SNP was associated with the
protease gene, Clop (P=2.10 x 1076). Our results suggest that NDUFV2 levels may act

as a regulator of mitochondrial genes encoded by both nuclear and mitochondrial genomes,
probably via the mitochondrial ROS generation. We do, however, note that the NDUFV2
locus is not significantly associated with metabolic traits in human populations based

on searches of commonly used public databases. Whether this is due to genetic drift or
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differences in selection during the evolution of the two species or a lack of power in the
human studies is unclear.

Mitochondrial ROS has both physiological and pathophysiological roles in adipose

tissues. Physiological levels of ROS have been shown to be involved in regulating
mitochondrial respiration376:57  lipolysis®6°8 and differentiation®? in adipose, and
increasing mitochondrial biogenesis38-40. However, pathological increases in ROS
production during obesity lead to disorders such as insulin resistance and diabetes®. Here,
we showed that NDUFV2-mediated physiological ROS production, possibly via reduced
dimeric complex Il content, appears to be contributing to its functional role in regulating
mitochondrial biogenesis and function. In this regard, increased mitochondrial coupling
revealed by higher RCR values in females expressing increased NDUFV?2 indicates a
tightly coupled mitochondrial pool, suggesting that ROS generation induced by NDUFV2
is not damaging the mitochondrial membranes to induce proton leak. Also, we showed that
NDUFV2 overexpression may increase mitochondrial biogenesis via complex I11-mediated
ROS generation, as complex |11 dimerization was decreased. It should be noted that as these
are effects that only occur at low physiological concentrations in ROS, acting as a signalling
molecule, there are no methodologies sensitive enough to detect these transient increases

in ROS in WAT in vivo. Most of the ROS estimations done in vivo are in liver, heart and
muscle, cell types with 10-100 times more mitochondria per cell than WAT. We are aware
that this is a limitation of our study. Taken together, these findings suggest that increased
NDUFV2 overexpression in females results in an increased number of coupled mitochondria
to meet the increased ATP demands to prevent lipotoxicity in obesity.

It is noteworthy that reduced mitochondrial function is associated with the same set

of metabolic syndrome traits in mice and humans, including obesity, impaired glucose
tolerance, hyperinsulinaemia, reduced high-density lipoprotein cholesterol and increased
triglycerides®. Since Reaven noted in 1988 that insulin resistance could underlie much

of the clustering of these traits81, a large body of work has supported the concept that
metabolic syndrome traits exhibit causal interactions and common aetiologies®2. Our present
results in mice and humans now show that mtDNA content and mitochondrial function in
WAT also strongly associate with these traits. Moreover, our experiments with NDUFV2
in mice support the concept that mitochondrial function is not only associated with but
also is causal for the set of metabolic syndrome traits. The evolutionary explanation for
increased adipose mitochondrial function in females is as yet unclear. It may be related to
differences in physical characteristics such as body mass or differences in requirements for
thermoregulation, such as during pregnancy®3.

In conclusion, we show that adipose mitochondrial function is regulated in a tissue-specific
and sex-specific manner and that this has profound effects on a variety of metabolic traits
related to type 2 diabetes and cardiovascular diseases in both mice and humans. We have
identified one pathway, involving sex-specific regulation of the complex | protein NDUFV2,
that contributes to the sex differences. However, there are clearly additional genetic or
environmental factors that contribute to the variation in adipose mitochondrial functions.
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Mice were handled according to approved Institutional Animal Care and Use Committee
(IACUC) protocols (no. 92-169) of the University of California at Los Angeles (UCLA)
and were housed in an IACUC-approved vivarium with daily monitoring. The HMDP study
design was previously described in detail3. Briefly, mice were fed ad libitum a chow diet
(Ralston Purina Company) until 8 weeks of age and then placed ad libitum on a HF/HS diet
(Research Diets-D12266B) with 16.8% kcal protein, 51.4% kcal carbohydrate, 31.8% kcal
fat for an additional 8 weeks. The gonadectomy study design was previously described?.
Briefly, at 6 weeks of age, female and male C57BL/6 J mice were either gonadectomized
or sham-operated under isoflurane anaesthesia and placed on a HF/HS diet around 8 weeks
of age. All mice were purchased from the Jackson Laboratory and bred at UCLA. Mice
were maintained on a 14-h light/10-h dark cycle (light is on between 6:00 and 20:00) at a
temperature of 25 °C and 30-70% humidity. On the day of the experiment, the mice were
killed after 4-h fasting.

HMDP adipose gene expression analysis.

Global gene expression of HMDP adipose tissue was analysed using Affymetrix
HT_MG430A arrays as previously described2. To remove known batch effects on the gene
expression data, the ComBat method from the SVA Bioconductor package®4 was used.

Human population cohorts.

Association

Gene expression of human visceral and subcutaneous adipose tissue and liver were obtained
from the STARNET study?4. Human subcutaneous adipose DNA and metabolically relevant
clinical traits were obtained from the METSIM study?’.

mapping and correction for population structure.

Genotypes for the mice strains were obtained using the mouse diversity array2. After
filtering for quality or missing genotypes, about 200,000 remained. Genome-wide
association for phenotypes and transcript levels was performed using FaST-LMM, which
applies a linear mixed model to correct for population structure5®. A cutoff value for
genome-wide significance was set at 4.1 x 1075, as previously determined2. Whereas
GWAS results imply causality and therefore correction for population structure is essential,
correlation does not imply causality, and to conclude that a relationship is causal requires
genetic mapping or experiments. Although our correlations are not corrected for population
structure, only a small fraction of correlation appears to be explained by this. Thus, for the
metabolic and molecular traits studied here, the correlations observed in the recombinant
inbred strains, a subset of the HMDP that do not have significant population structure,
exhibited very similar correlations as the entire HMDP.

Mitochondrial DNA content.

Mitochondrial DNA content was measured as previously described®6-68, Briefly, total
(mitochondrial and nuclear) DNA from gonadal adipose tissue was isolated by phenol/
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chloroform/isoamy! alcohol extraction. Both mitochondrial and nuclear DNA were amplified
by gPCR with 25 ng of total DNA using the primer pairs listed in Supplementary Table

4. mtDNA content, normalized to nuclear DNA, was calculated using the equation 2 x
2-ACT(ACt = mito Ct — nuclear Ct) and for AAV experiments, reported as relative units of
corresponding GFP groups.

Motif mutation analyses within the chr17:66—67.5 Mb genomic region.

To test for potential functional SNPs whose alleles distinguish DNA motifs of the ERE,

to which ER binds, sequence variants were retrieved from the Sanger Institute (mgp.v3
SNPs and Indels59) and restricted to genomic region in LD with lead Naufv2 cis-eQTL
SNP rs48062344 (chr17:66-67.5 Mb; mm10 genome build) using vcftools’®. The genomic
region from 66 to 67.5 Mb on chrl7 was binned into 1,000 bp regions and input into
MMARGE! and analysed using the ‘mutation_analysis’ subroutine using the ERE motif
and —keep option for reference and alternate alleles (as downloaded from the Sanger vcf
files). This resulted in output files demarcating genomic locations where the ERE motif was
present, the genomic background (reference or alternate) on which the motif was discovered,
as well as the strength with which that genomic sequence matched the motif. Using this
information, custom bash and R code were used to match up positions of ERE motifs on
either genomic background and ERE motifs of equal position and strength were discarded.
The variants that mutated ERE motifs were further restricted to those in which the alternate
allele had greater ERE scores (versus reference) and were ranked according to these scores.

Adeno-associated virus generation.

Recombinant adeno-associated virus serotype 8 (AAV8) was generated as described
elsewherel2.72 ysing either mouse Naufv2 complementary DNA or GFP. For adipose-
specific expression, an adiponectin promoter (AAV8-hAdp) with a liver-specific micro RNA
target sequence (MiR122T) was used’2, while a thyroxine binding globulin (AAV8-Thg)
promoter was used for liver-specific expression. The University of Pennsylvania vector core
was utilized for complete viral generation.

NDUFV2 overexpression studies.

Eight-week-old female and male C57BL/6 J or A/J mice were injected intravenously with
adipose or liver-specific AAV containing NDUFV2 or GFP constructs for overexpression
studies (1012 titre in 200 pl saline). A day after the injection, the animals were placed on
HF/HS diet for an additional 8 weeks. Body composition (fat and lean mass) was determined
using NMR (Briiker Biospin). On the day of euthanasia, the animals were fasted for 4 h.
Retro-orbital blood was collected to isolate plasma for analysing glucose, insulin and lipid.
Liver, four white adipose depots (gonadal, subcutaneous, mesenteric and retroperitoneal)
and brown adipose were collected for weight measurements.

Quantitative polymerase chain reaction.

We performed qPCR following the manufacturer’s protocol. Briefly, total RNA from adipose
tissues was first isolated using QIAzol (QiagenD), then first-strand cDNA was made using
the high-capacity cDNA reverse transcription kit (Applied Biosystems). Finally, relative
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quantitative gene expression levels were measured using a Kapa SYBR fast qPCR kit (Kapa
Biosystems) on a LightCycler 480 Il (Roche). All analyses were done using the Roche
LightCyclerl.5.0 software. Relative normalized expression was measured using the equation
2-BACt with the geometric mean of B2M and TBP used to normalize all qPCR targets’3. All
gPCR primer sequences were listed in Supplementary Table 5.

Bioenergetics of isolated mitochondria.

Isolated mitochondrial respiration from adipose tissue’* was measured as described
previously. Briefly, mitochondria were obtained by dual centrifugation and resuspended in
respiration buffer’* and kept on ice. Mitochondrial respiration was obtained with an XF24
or XF96 Seahorse bioanalyzer (Agilent). For the complex | respiration, the measures were
collected in the presence of 10 mM pyruvate (complex | substrate), 2 mM malate and 4

mM carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP). RCR (state 3/state 40)
is a mitochondrial quality index representing how well the oxygen consumption is coupled
to ATP synthesis’®. Thus, higher RCR values in females expressing increased NDUFV2
indicate a tightly coupled mitochondrial pool. On the other hand, coupling efficiency ([state
3-state 40]/[state 3—AA]) is defined as the proportion of mitochondrial oxygen consumption
used for ATP synthesis’®76 and an increased coupling efficiency could be a result of lower
proton leak that decreases respiration under an oligomycin or higher ADP phosphorylation
rate that increases respiration after stimulation with ADP.

Immunoblotting of adipose mitochondria.

Immunoblotting of adipose mitochondria for the different OXPHOS proteins was done
as previously described®. Primary antibodies used were Total OXPHOS Rodent WB
Antibody Cocktail (1/5,000 dilution, no. ab110413, Abcam), SDHA (1/5,000 dilution,
no. 459200, Thermo Fisher Scientific), NDUFB8 (1/5,000 dilution, no. 459210, Thermo
Fisher Scientific), LCAD (1/5000 dilution, no. ab129711, Abcam), CPT1a (1/2000 dilution,
no. 15184-1-AP, Proteintech), UCP1 (1/5,000 dilution, no. ab10983, Abcam), NDUFV2
(1/5,000 dilution, no. 15301-1-AP, Proteintech), MYC (1/2,000 dilution, no. 05-724,
Millipore), GAPDH (1/5,000 dilution, no. GTX100118, GeneTex) and Vinculin (1/5,000
dilution, no. V9131, Sigma). Image contrast was uniformly reduced to enhance visibility.
Band densitometry was quantified using ImageJ Gel Plugin (National Institutes of Health
(NIH)).

Insulin tolerance test.

For ITT, animals were first fasted for 6 h before being injected intraperitoneally with insulin
(1 U kg™1), following which regular plasma glucose measures were done using a glucometer.

Indirect calorimetry analyses.

Oxygen (Oo)/carbon dioxide (CO») levels and physical activity (XYZ, laser beam breaks
counts) were determined using Oxymax Comprehensive Lab Animal Monitoring System
(CLAMS, Columbus Instruments) at UCLA. Mice were first acclimated for 3 days in
CLAMS and then the data were collected the following 2 days and nights. RER was
calculated as CO, consumption (VCO,)/O, consumption (VO5). EE in cal min~1 was
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derived from the Lusk equation: (3.815 + 1.232 x RER) x VO, with VO, in ml min~1. The
system was calibrated with gas of a known O, and CO, percentage before every experiment.
The ANCOVA was performed with Sigma Plot 14, Systat Software Inc. using the MMPC
website: https://www.mmpc.org/shared/regression.aspx.

Frozen respirometry analyses.

Respirometry in previously frozen samples was performed as described elsewhere using
total tissue lysates36.77,

Cellular bioenergetics.

AML12 cells previously seeded in 6-well plates were transfected with a plasmid containing
either GFP or Naufv2 cDNA using TransIT-X2 Dynamic Delivery System (Mirus Bio).
Ndufv2 overexpression was confirmed by qPCR. After 30 h of transfection, cells were
replated on a XF24 plate (25,000 cells per well) with either 25 mM glucose or 25 mM
galactose. Coupling assays with PMP permeabilization reagent (Agilent) in the presence of
10 mM pyruvate, 40 uM palmitoyl-carnitine and 10 mM glutamate (individually or together)
were run as previously described®. 3T3-L1 pre-adipocytes were cultured and differentiated
according to the manufacturer’s instructions (Zen-Bio). Briefly, cells were transduced with
either a control or NDUFV2-Lentivirus (Origene) and selected with 2.5 pug mI~1 puromycin.
Naufv2 overexpression was confirmed by western blot using a specific antibody (no. 15301-
1-AP, Proteintech). To measure respiration, cells were differentiated in 6-well plates and
replated in a XF24 plate (40,000 cells per well) at day 5 and analysed at day 6. Coupling
assays with PMP permeabilization reagent (Agilent) in the presence of 10 mM pyruvate, 40
UM palmitoyl-carnitine or 10 mM succinate were run as previously described®. To measure
ROS-sensitive respiration, cellular respiration in complete unbuffered Dulbecco’s modified
Eagle’s medium was measured before and 100 min after 10 mM NAC injection.

Blue native gel electrophoresis.

Blue native gel electrophoresis was performed in differentiated 3T3 cells. Samples were
prepared as previously described’8 with slight modifications. Briefly, 2 x 106 adipocytes
were resuspended in 200 pl PBS. To permeabilize the plasma membrane, 70 ul of digitonin
(8 mg mlI~1 freshly prepared) was added to the cell suspension and samples were incubated
on ice for 10 min. After this incubation, 1 ml of ice-cold PBS was added and samples were
centrifuged at 4 C at 10,000¢ for 10 min, the pellet was then resuspended in 100 pl of BN
sample buffer (500 mM 6-aminohexanoic acid, 50 mM imidazole, 1 mM ethylenediamine
tetraacetic acid, pH 7). Mitochondrial supercomplexes were solubilized by adding 10 pl

of digitonin 10%. Samples were incubated on ice for 5 min and then centrifuged at 4 C

at 20,000¢ for 30 min. Supernatant containing supercomplexes were mixed with 5% Blue
G-250, 5% glycerol in BN sample buffer and loaded on a 4-12% native gel (Invitrogen)
following the manufacturer’s recommendations. Gel was transferred to a polyvinylidene
difluoride membrane and blotted using the following antibodies: NDUFA9 (1/5,000 dilution,
no. ab14713, Abcam); UQCR2 (1/5,000 dilution, no. 14742-1-AP, Proteintech); SDHA
(1/5,000 dilution, no. 459200, Thermo Fisher Scientific).
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Statistical analysis.

Statistical analyses were performed using Prism v9.2.0 (GraphPad Software). Errors bars
plotted on graphs are presented as the mean + s.e.m. unless reported otherwise. The critical
significance value (a) was set at 0.05, and if the Pvalues were less than a, we reported that
the observed differences were statistically significant. Correlations were calculated using
biweight midcorrelation using the bicorAndPvalue function of the WGCNA package’®.

Extended Data
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Extended Data Fig. 1 |. Chr17 locusis not associated with liver mitochondria.
Related to Fig. 3. High-resolution association mapping of 911 (1312 probes) mitochondrial

gene abundance levels from (a) male and (b) female liver tissues isolated from ~100 HMDP
strains to identify eQTL networks. The X- and Y- axis represent SNP and gene position
on the mouse genome, respectively. Each dot represents a significant association. (c)
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Frequency distributions of Pvalues of association between the chrl7 frans-eQTL lead eSNP
(rs48062344) and mitochondria-related transcripts in the male and female liver tissues. P
values of association were calculated using (A — C) FaST-LMM that uses Likelihood-Ratio
test.
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Extended Data Fig. 2 |. Chr17 trans-eQTL do not affect the expression profiles of oXPHO0S genes
in male adipose or both sexes of liver tissues.

Related to Fig. 4. Volcano plots showing genetic (lead SNP of chrl7 locus) differences in
the expression profiles of OXPHOS genes in the (a) male adipose (n = 98 male strains;

CC: 56 & TT: 42); (b) female and (c) male liver (n = 97 sex-matched strains; CC: 55

& TT: 42) isolated from HMDP. Genes corresponding to individual OXPHOS complexes
are color-coded. Horizontal dotted lines represent 5% FDR-corrected significance threshold.
Data are presented as log, fold change between genotype. Pvalues were calculated using (A
— C) DESeq2 Bioconductor package that uses Wald test.
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Extended Data Fig. 3 |. Association mapping of adipose mtDNA levelsin HMDP.
Related toFig. 4. Association mapping of mtDNA levels from (a) female and (b) male

adipose in the HMDP cohort (n = 216 female and 260 male mice) Red line represents
significance threshold (HMDP: P= 4.1E-06). P values of association were calculated using
(A - B) FaST-LMM that uses Likelihood-Ratio test.
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Extended Data Fig. 4 |. Liver Ndufv2 is unaffected by the chr17 trans-eQTL locus.
Related toFig. 5. Association mapping of (a) male and (b) female liver Nadufv2 expression

from HMDP. Red line represents significance threshold (P= 4.1E-06). (c — €) Sex and
genetic (lead SNP of chrl7 locus) differences in the liver Naufv2 expression from HMDP (n
= 97 sex-matched strains; CC: 55 & TT: 42). Data are presented as median and interquartile
range (boxplots). Pvalues were calculated using (A — B) FaST-LMM that uses Likelihood-

Ratio test; (C — E) Unpaired two-tailed Student’s t test.
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Extended Data Fig. 5 |. Changesin body weight and insulin sensitivity mediated by adipose
Ndufv2 overexpression.

Related to Fig. 6. Eight-week old females or males of (a—b) C57BL/6 J or (c—j) A/J mice
were injected with AAV vectors expressing either GFP or NDUFV2 in an adipose-specific
manner and fed a HF/HS diet for eight additional weeks. Changes in (A - D) fat mass and
total body weight measured every two-weeks (females n = 7 per group; males n = 8 per
group), (E and H) ITT, (F and 1) end-point HOMA-IR and (G and J) fasting insulin levels (F
— A/J n =8 per group; M- A/J GFP n =7, NDUFV2 n = 8) are shown. Data are presented
as mean = SEM. P values were calculated using (A — E and H) Repeated measures 2-factor
ANOVA corrected by post-hoc ‘Holm-Sidak’s” multiple comparisons test; (F, G, | and J)
Unpaired two-tailed Student’s t test.
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Extended Data Fig. 6 |. Adipose Ndufv2 overexpression regulated adiposity in a sex-by-strain
manner.
Related to Fig. 6. Eight-week old males of (a—€) C57BL/6 J or (f —j) A/J mice were

injected with AAV vectors expressing either GFP or NDUFV2 in an adipose-specific manner
and fed a HF/HS diet for eight additional weeks. Metabolic traits such as (A and F) total
mass and food intake; (B and G) fat and lean mass were monitored over eight weeks.
Comparisons of (C and H) adipose Naufv2expression; (D and 1) plasma free glycerol;

(E and J) tissue weights from C57BL/6 J and A/J males, respectively. Data are presented

as mean + SEM (n = 8 per group). Pvalues were calculated using (A and F) Repeated
measures 2-factor or (B and G) 3-factor or (E and J) 2-factor ANOVA corrected by post-hoc
‘Holm-Sidak’s” multiple comparisons test; (C, D, H and I) Unpaired two-tailed Student’s t
test.
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Extended Data Fig. 7 |. Adipose Ndufv2 overexpression regulated adipocyte sizein a sex-by-
strain manner.

Related to Fig. 7. Comparisons of adipocyte size distribution in the gonadal adipose tissues
from females and males of (a— b) C57BL/6 J or (c — d) A/J mice overexpressing GFP
or NDUFV?2, respectively. Representative histological sections are shown for each group
(scale: 100 um). Red and blue shades (or bars) represent female and male NDUFV2
datapoints, while brown represents respective GFP datapoints, respectively. Data are
presented as frequency distribution of adipocyte sizes or mean + SEM (F — C57BL/6 J
GFP n = 5064 cells from 7 mice, NDUFV2 n = 5249 cells from 7 mice; M — C57BL/6 J
GFP n =11721 cells from 8 mice, NDUFV2 n = 7290 cells from 7 mice; F — A/J GFP n
= 5423 cells from 7 mice, NDUFV2 n = 4687 cells from 7 mice; M — A/J GFP n = 4084
cells from 8 mice, NDUFV2 n = 4863 cells from 8 mice). Pvalues were calculated using
Unpaired two-tailed Student’s t test.
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Extended Data Fig. 8 |. Adipose Ndufv2 overexpression regulated mitochondrial respiration in a

sex-by-strain manner.

Related toFig. 7. Comparisons of mitochondrial RCR and coupling efficiency in the gonadal
adipose tissues from males of (a—b) C57BL/6 J or (c— d) A/J mice overexpressing

GFP or NDUFV2, respectively. Coupling assays of isolated gonadal adipose mitochondria
from females and males of (e—f) C57BL/6 J or (g — h) A/J mice overexpressing GFP or
NDUFV2, respectively. Data are presented as mean + SEM (n = 4 per group). P values were

calculated using 2-factor ANOVA.
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Extended Data Fig. 9 |. Adipose Ndufv2-mediated mitochondrial regulation isnot a consequence

of body weight.

Related toFig. 7. Eight-week old female C57BL/6 J mice were fed a HF/HS diet for the first
six weeks without any intervention, after which were injected with AAV vectors expressing
either GFP or NDUFV?2 in an adipose-specific manner and diet continued for six additional
weeks. Metabolic traits such as (a) total mass; (b) fat and lean mass were monitored over 12
weeks. Comparisons of (c) tissue weights; (d) adipose Naufv2 expression; (€) mitochondrial
RCR,; (f) coupling efficiency and (g) coupling respiration rates between GFP and NDUFV?2
animals, respectively. Data are presented as mean + SEM (n = 6 per group). P values were
calculated using (A) Repeated measures 2-factor or (B) 3-factor or (C and G) 2-factor
ANOVA corrected by post-hoc ‘Holm-Sidak’s” multiple comparisons test; (D — F) Unpaired

two-tailed Student’s t test.
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Extended Data Fig. 10 |. Ndufv2 overexpression regulated mitochondrial function in both
AML 12 (liver) and differentiated 3T3-L 1 (adipose) cells.

Related toFig. 8. Comparisons between GFP and NDUFV2 overexpressing AML12 (liver)
cells in (a) relative normalized expression values of NaufvZ2 (n = 9 per group); Coupling
assays and RCR with all three complex | substrates (Pyruvate, Palmitoyl carnitine and
Glutamate) either added (b — €) together (n = 5 per group) or (f - m) separately (n = 4 per
group except Glutamate, n = 8 per group); and (N) relative normalized expression values of
Naufs4 (complex 1), Sahc (complex I1), Atp5al (complex V) and Cptla (FAO) (n =9 per
group). Similarly, comparisons between control and NDUFV2 overexpressing differentiated
3T3-L1 cells in (O — R) coupling assays and RCR with different substrates (Pyruvate,
Palmitoyl carnitine and Succinate) added separately (n = 6 per group). Data are presented as
mean + SEM. Pvalues were calculated using (A and J — N) Unpaired two-tailed Student’s

t test; (B — I and O — R) 2-factor ANOVA corrected by post-hoc ‘Holm-Sidak’s” multiple
comparisons test.
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Fig. 1|. Sex and tissue-specific expression profiles of 0XPHoS genesin both mice and humans.
a—f, Volcano plots showing sex differences in the expression profiles of OXPHOS genes in

a, adipose (17 =98 sex-matched strains) and b, liver tissues (n7=97 sex-matched strains)
isolated from HMDP. To check for translational relevance, we examined the sex differences
in the expression profiles of OXPHOS genes in the ¢, subcutaneous adipose and d, liver
tissues from the STARNET cohort (/7= 600 patients) or e, subcutaneous adipose and f, liver
tissues from the human GTEX cohort (7= 663 adipose or 226 liver donors), respectively.
Genes corresponding to individual OXPHOS complexes are colour coded. Horizontal dotted
lines represent 5% false discovery rate (FDR)-corrected significance threshold. Data are
presented as log,(fold change) between sex. Pvalues were calculated using DESeq2
Bioconductor
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Fig. 2|. Adipose mitochondria levels strongly predict metabolic traitsin both mice and humans.
a, Sex differences in the adipose mtDNA levels isolated from HMDP (/7= 90 female and

104 male strains). Bicorrelation plots of female or male adipose mtDNA levels and b,

body weight or ¢, HOMA-IR levels in HMDP. d, Distribution of mtDNA levels isolated
from adipose (77 =483) and blood (7= 179) from the human Metabolic Syndrome in Men
(METSIM) cohort. Bicorrelation plots of adipose or blood mtDNA levels and e, body mass
index or f, HOMA-IR levels in METSIM. g, List of bicorrelations between adipose or blood
mtDNA levels and multiple metabolic traits in the METSIM cohort. Red and blue dots
represent female and male HMDP datapoints, respectively. Yellow and grey dots (or bars)
represent adipose and blood from METSIM, respectively. Data are presented as median
and interquartile range (boxplots). Pvalues were calculated using (a) unpaired two-tailed
Student’s #test; (b, c, e-g) BicorAndPvalue function of the WGCNA R-package that uses
unpaired two-tailed Student’s #test. See also Supplementary Tables 1 and 2.
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Fig. 3|. Sex-specific genetic architecture of adipose mitochondrial gene expression.
High-resolution association mapping of 911 (1,312 probes) mitochondrial gene abundance

levels from a, male and b, female adipose tissues isolated from ~100 HMDP strains to
identify eQTL networks. The xand y axis represent SNP and gene position on the mouse
genome, respectively. Each dot represents a significant association. Associations between
gene expression and genetic variants located within 1 Mb of the respective gene location
were considered as ¢/s-eQTLs (P< 1 x 107°) and are shown along the diagonal axis and the
rest were considered as frans-eQTLs (P< 1 x 1076). Based on these criteria, we uncovered
a distinct female-specific frans-eQTL hotspot located on chrl7 that significantly controls 89
adipose genes (red arrow). ¢, Frequency distributions of P values of association between

the chrl7 trans-eQTL lead eSNP (rs48062344) and mitochondria-related transcripts in the
male and female adipose tissues. d, Circos plot representation of the female-specific chr17
trans-eQTL hotspot and the genomic location of 89 target adipose mitochondrial genes

(P< 1% 107%). Pvalues of association (a—d) were calculated using factored spectrally
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transformed linear mixed models (FaST-LMM) that uses the likelihood ratio test. See also
Extended Data Fig. 1.
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Fig. 4|. Chr17 trans-eQTL controls metabolic syndrometraitsin HMDP.
a, Volcano plots showing genetic (lead SNP of chrl7 locus) differences in the expression

profiles of OXPHOS genes in the female adipose (7= 98 female strains; CC: 56 and TT:
42). Genotype distribution plots of mtDNA levels in the b, female and c, male adipose at
chrl? trans-eQTL lead SNP, respectively (7= 89 female (CC: 51 and TT: 38) and 104

male (CC: 57 and TT: 47) strains). d, Sex differences in the variance explained by the
chrl? trans-eQTL lead SNP (rs48062344) for multiple metabolic traits in HMDP. Genotype
distribution plots of gonadal white adipose tissue (QWAT) weights in the e, female and f,
male HMDP at chrl7 trans-eQTL lead SNP, respectively (17 = 98 sex-matched strains; CC:
56 and TT: 42). g, The Naufv2 gene locus is shown on mouse chromosome 17 from 66 to
68 Mb. Linkage disequilibrium (LD), calculated by /2 to gonadal gWAT 548062344 (green
vertical line), which was the chrl7 trans-eQTL lead SNP as well as peak ¢/s-eQTL for
Naufv2, is shown in the upper triangular heatmap. Red pixels indicate complete LD between
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pairwise genomic segments. The LD block from 66 to 67.5 Mb was subjected to motif
mutation analysis for the ERE motif and the top two variants, rs3713670 and rs46900561,
whose reference (C57BL6/J) alleles decrease ERE motif scores are highlighted by red and
yellow arrows, respectively. The ERE motif position weight matrix is shown beneath each
sequence alignment. h, Genotype distribution plots of gWAT weights in the female and male
HMDP at the top variant, rs3713670 (7= 102 female (AA: 49 and TT: 53) and 111 male
(AA: 54 and GG: 57) strains). Red and blue dots (or bars) represent female and male HMDP
datapoints (or associations), respectively. Data are presented as median and interquartile
range (boxplots). Pvalues were calculated using DESeq2 Bioconductor package that uses
Wald test (a) or unpaired two-tailed Student’s £test (b, c, e, f and h). See also Extended Data
Figs. 2 and 3 and Supplementary Table 3.
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Fig. 5|. Adipose Ndufv2 isthe causal regulator of chrl17 trans-eQTL locus.

Association mapping of a, female and b, male adipose Naufv2 expression from HMDP. The
red line represents the significance threshold (P= 4.1 x 1076). Adipose Naufi2 expression
between ¢, sex or genotypes (lead SNP of chrl7 locus) within d, female or e, male HMDP
(n =98 sex-matched strains; CC: 56 and TT: 42). Average NaufvZ2expression in f, female
and g, male adipose or h, female and i, male liver isolated from intact or gonadectomized
C57BL/6 J mice of both sexes (1= 4 per group). Bicorrelation plots between adipose
Ndufv2and j, mtDNA levels or k, gWAT weights, and |, between adipose mtDNA levels
and gWAT weights from female HMDP (7= 86-103 female strains). Similarly, bicorrelation
plots between adipose Naufv2and m, mtDNA levels or n, gWAT weights, and o, between
adipose mtDNA levels and gWAT weights from male HMDP (7= 100-112 male strains).
Red and blue dots represent female and male HMDP datapoints, respectively. Data are
presented as median and interquartile range (boxplots). P values were calculated using
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FaST-LMM that uses the likelihood ratio test (a, b), unpaired two-tailed Student’s #test (c—
€), two-factor analysis of variance (ANOVA) corrected by post-hoc Holm-Sidak’s multiple
comparisons test (f—i) or BicorAndPvalue function of the WGCNA R-package that uses
unpaired two-tailed Student’s #test (j—0). See also Extended Data Fig. 4.
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Fig. 6 |. Adipose Ndufv2 overexpression regulated adiposity in a strain-by-sex manner.
Eight-week-old females of a—e, C57BL/6 J or f—j, A/J mice were injected with AAV vectors

expressing either GFP or NDUFV?2 in an adipose-specific manner and fed a HF/HS diet
for 8 additional weeks. Metabolic traits such as a, total mass and food intake; b, fat and
lean mass were monitored over 8 weeks. Comparisons of ¢, adipose Naufv2 expression;
d, plasma free glycerol; e, tissue weights from C57BL/6 J females overexpressing GFP or
NDUFV2, respectively. Similarly, f, total mass and food intake; g, fat and lean mass; h,
adipose Ndufv2expression; i, plasma free glycerol and j, tissue weights were measured
from A/J females overexpressing GFP or NDUFV2, respectively. Data are presented as
mean + s.e.m. (n7=7 per group). P values were calculated using repeated measures two-
factor (a, ) or three-factor (b, g) or two-factor (e, j) ANOVA corrected by post-hoc Holm—
Sidak’s multiple comparisons test, or unpaired two-tailed Student’s #test (c, d, h, i). See
also Extended Data Figs. 5- and 6 and Supplementary Fig. 1.
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Fig. 7|. Adipose Ndufv2 overexpression regulated mitochondriain a strain-by-sex manner.
Relative normalized expression values of Madufv2 (complex 1), Sahc (complex 1), Atp5al

(complex V) and Cptla (FAO) in gonadal adipose tissues from a, female and b, male
C57BL/6 J or c, female and d, male A/J mice overexpressing GFP or NDUFV?2, respectively
(C57BL/6 J n=5 per group; A/J n= 6 per group). e, Representative immunoblots probed
for OXPHOS proteins (Cl to CV) and vinculin as a loading control, and their corresponding
quantifications (females /7= 4 per group; males /7= 3 per group). Comparisons of f,
mitochondrial RCR and g, coupling efficiency in the gonadal adipose tissues from female
C57BL/6 J mice overexpressing GFP or NDUFV2, respectively (n= 4 per group). Similarly,
h, RCR and i, coupling efficiency were measured in the gonadal adipose tissues from female
AJJ mice overexpressing GFP or NDUFV2, respectively (n= 4 per group). Red and blue
dots (or bars) represent female and male datapoints, respectively. Data are presented as
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mean + s.e.m. Pvalues were calculated using unpaired two-tailed Student’s #test. See also
Extended Data Figs. 7-9 and Supplementary Fig. 2.
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Fig. 8. Adipose Ndufv2 overexpression increased mitochondrial biogenesis and protein levelsvia
RoS generation by altering supercomplex composition in a strain-by-sex manner.

Comparisons of a, MTDR staining of the mitochondria and b, frozen respirometry
quantifications in frozen gonadal adipose homogenates between GFP and NDUFV?2
overexpressing female A/J mice (GFP n=6; NDUFV2 n=8). Similarly, c, MTDR staining
of the mitochondria and d, frozen respirometry quantifications were measured between GFP
and NDUFV2 overexpressing male A/J mice (GFP n=7; NDUFV2 n= 8). Likewise, €,
frozen respirometry quantifications and f, immunoblot analyses of CPT1a, LCAD, UCP1
and vinculin (loading control) levels and their corresponding quantifications from female
C57BL/6 J mice (n=7 per group except UCP1 1= 4 per group) and g, frozen respirometry
quantifications and h, immunoblot analyses of CPT1a, LCAD, UCP1 and vinculin (loading
control) levels and their corresponding quantifications from male C57BL/6 J mice (7=8
per group except UCP1 7= 4 per group), respectively, are shown. Finally, i, immunoblot
staining of NDUFV2 overexpression; j, oxygen consumption rates before and after the
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addition of N-acetylcysteine (NAC) (/7= 10 replicates per group), and k, blue native gel
electrophoreses followed by immunablotting for NDUFA9 (complex 1), Core2 (complex I11)
and SDHA (complex II) for supercomplex visualization in stably transduced differentiated
3T3-L1 cells are shown. Data are presented as mean + s.e.m. P values were calculated using
two-factor ANOVA corrected by post-hoc Holm-Sidak’s multiple comparisons test (b, d,

h, j) or unpaired two-tailed Student’s #test (a, c, j). See also Extended Data Fig. 10 and
Supplementary Fig. 3.
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