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Single-nucleus transcriptomics identifies separate
classes of UCP1 and futile cycle adipocytes
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SUMMARY

Adipose tissue can recruit catabolic adipocytes that utilize chemical energy to dissipate heat. This process
occurs either by uncoupled respiration through uncoupling protein 1 (UCP1) or by utilizing ATP-dependent
futile cycles (FCs). However, it remains unclear how these pathways coexist since both processes rely on
the mitochondrial membrane potential. Utilizing single-nucleus RNA sequencing to deconvolute the hetero-
geneity of subcutaneous adipose tissue in mice and humans, we identify at least 2 distinct subpopulations of
beige adipocytes: FC-adipocytes and UCP1-beige adipocytes. Importantly, we demonstrate that the FC-
adipocyte subpopulation is highly metabolically active and utilizes FCs to dissipate energy, thus contributing
to thermogenesis independent of Ucp1. Furthermore, FC-adipocytes are important drivers of systemic en-
ergy homeostasis and linked to glucose metabolism and obesity resistance in humans. Taken together,
our findings identify a noncanonical thermogenic adipocyte subpopulation, which could be an important
regulator of energy homeostasis in mammals.

Cell Metabolism 36, 1-16, September 3, 2024 © 2024 The Author(s). Published by Elsevier Inc. 1
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INTRODUCTION

Mammals maintain body temperature and control energy expen-
diture through heat generated as a by-product of skeletal muscle
activity and other metabolic processes. However, if ambient
temperatures fall, additional thermogenic mechanisms are
induced in the adipose tissue, and thus these mechanisms are
termed “adaptive thermogenesis.”"

Adipocytes are believed to exist mainly in two variants. While
anabolic white adipocytes are thought to be responsible for stor-
ing lipids, catabolic brown and beige adipocytes are capable of
expending chemical energy to produce heat.” This view has
recently been expanded by several studies performed at sin-
gle-cell resolution, which demonstrate that the heterogeneity
within the pool of adipocytes is much greater than previously
anticipated.®>* Currently, brown and beige fat cells are defined
by their expression of UCP1, which can dissipate the proton
gradient across the inner mitochondrial membrane to produce
heat.® While brown adipose tissue in rodents is the major organ
contributing to thermogenesis by uncoupled respiration,® repet-
itive cold exposure (CE) can recruit beige adipocytes in inguinal
white adipose tissue (ingWAT) in mice.

Beyond the traditional UCP1-dependent thermogenesis,
several seminal studies have been published in recent years
demonstrating that both brown and beige adipocytes might uti-
lize UCP1-independent mechanisms. One major UCP1-inde-
pendent system to dissipate energy is futile cycles (FCs), which
utilize cycles of various substrates such as creatine calcium and
lipids, which in turn results in the net consumption of ATP.” As
UCP1 activity is inhibited by both ADP and ATP, these findings
present a paradox as to how adipocytes simultaneously support
both uncoupled and coupled respiration.

The existence of beige adipocytes has a positive impact on
metabolism,® '° including systemic glucose tolerance and insu-
lin sensitivity, obesity resistance, reduced WAT inflammation,
and protection against hepatic steatosis."'~'* This adaptive pro-
cess is less well defined in humans. While numerous studies
demonstrate the presence of metabolically active adipocytes
in positron emission tomography/computed tomography (PET/
CT) studies, the moderate occurrence of UCP1 in adult human
adipose tissue biopsies has suggested the existence of UCP1-
independent thermogenic adipocytes in humans.'>""

While our understanding of the adipocyte subpopulations in
the inguinal and visceral adipose tissue” in obesity and brown
adipose tissue has progressed substantially,®'® little information
exists on the appearance of thermogenic adipocytes in inguinal
WAT."® Thus, we explored the heterogeneity of adipocytes to
characterize thermogenic adipocytes across species.

RESULTS

Single-nucleus RNA sequencing reveals the
heterogeneity of ingWAT adipocytes

We performed single-nucleus RNA sequencing (snRNA-seq) in
inguinal adipocytes from transgenic mice that express nuclear
red fluorescent protein (RFP) under the control of the Adipog
promoter (Figure S1A). Using RFP as a selection marker,® we
captured and profiled 9,159 high-quality adipocyte nuclei from
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mice housed at room temperature (RT) (Figures S1A and S1B).
We identified five subpopulations of adipocytes, designated
RTO to RT4, within ingWAT (Figure S1B). All subpopulations of
adipocytes expressed canonical adipocyte markers, such as
Adipoqg and Lipe (Figure S1C).

The thermogenic potential of adipose tissue is enhanced upon
prolonged CE.?° Cold acclimation alters the ingWAT transcrip-
tional profile?'**? and induces the appearance of beige adipo-
cytes.® %23 Thus, we generated a comprehensive atlas of adipo-
cyte subpopulations in response to CE at single-cell resolution
from mice exposed to cold (8°C) for 4 days (CE4, 16,902 adipo-
cytes) and for 7 days (CE7, 21,219 adipocytes). An integrated,
unsupervised analysis of nuclei from adipocytes of mice at RT,
CE4, and CEY7 revealed a total of ten adipocyte subpopulations,
which we denoted PO-P9 (Figure 1A). Canonical adipocyte
markers Adipoq and Lipe (Figures 1B and S1D) were expressed
in all subpopulations. Among the 10 subpopulations, PO, P3, and
P6 had very low Ucp1 expression, while P1, P4, P7, P8, and P9
did not express Ucp1, indicating that they represented white ad-
ipocytes (Figure 1B). Notably, two beige adipocyte subpopula-
tions (P2 and P5) were identified upon CE, suggesting that beige
adipocytes can be divided into more subpopulations than previ-
ously anticipated (Figures 1A and 1B).

To study the different adipocyte subpopulations, we first per-
formed a differential gene expression (DEG) analysis to define
specific markers for each subpopulation (Figures 1C and S1E).
For white adipocytes, we identified St3gal6 and Trhde as markers
of PO, while Alcam and Gulp1 were enriched in P1. P3 highly ex-
pressed Sh3kbp1, while Nnat and Npr3 were enriched in P4. P6
showed high expression of Gria4. P8 was enriched Irs2 and Gas6,
while P7 highly expressed Fam20a, Gsg1/, Gas6, and Irs2. Pdgfra
and Cd34 were expressed exclusively in P9?*2° (Figures 1C and
S1E). In beige adipocytes, Atp5k, Atp5e Cox7al, and Lgr6 were
specific markers of P2 (Figures 1C, 1E, and S1F), while Ttc25,
Adrb1, Hmgcs1, and Pygl were identified as markers of beige
P5 adipocytes (Figures 1C and S1G).

A more detailed gene expression analysis was performed to
derive insight into the potential functionality of the various sub-
populations. We noted that Nnat and Car3 were enriched in P4,
while Acly expression was low (Figure S1H), indicating that P4
is similar to the previously identified subpopulation of lipid-scav-
enging adipocytes (LSAs).” P1 is one of the most abundant sub-
populations of white adipocytes and unresponsive to cold (Fig-
ure 1D). GO enrichment analysis of the top 50 DEGs in P1
suggested that P1 is an insulin- and hormone-responsive adipo-
cyte subpopulation (Figure S1l) that might maintain white adipose
tissue’s ability to respond to the nutritional status.” PO was the
most prominent white adipocyte subpopulation under CE (Fig-
ure 1D), and it was enriched for triglyceride and fatty acid meta-
bolism pathway-related genes (Figure S1J), indicating that these
adipocytes may be involved in lipid metabolism in response to
CE. P6 represents a smaller cluster of adipocytes that are en-
riched for similar pathways as defined for PO (Figure S1K), with
differential expression of Gria4 (Figure 1C). P3 adipocytes dis-
played numerous markers in common with PO adipocytes, indi-
cating that while P3 adipocytes preserve the intrinsic cellular
identity characteristic of the PO adipocyte, they manifest a
different cellular state at RT. P7 and P8 shared many markers
(Figure S1L), suggesting that these two subpopulations possibly
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represent two functional states of the same adipocyte subpopu-
lation at different temperature conditions.

Toinvestigate distinct features of the beige adipocyte subpop-
ulations, we performed a DEG analysis of P2 and P5 that re-
vealed that P2 cells showed an enriched expression of genes
involved in coupled respiration (e.g., Atp5k, Atpbe, Atp5j2,
Uqgcrq, Uqgcr10, Uqcr1l, Cox7al, Cox8b, and Ndufa3)
(Figures 1E and S2A). Furthermore, P2 showed enriched expres-
sion of genes involved in glyceroneogenesis, such as Gk, Pck1,
and Pdk4 (Figure S2A). Last, some of the GO terms identified for
P2 adipocytes were linked to oxidative phosphorylation
(OXPHOS), ATP generation from ADP, and triglyceride biosyn-
thetic processes (Figure 1F). Taken together, we identified P2
as a novel subpopulation of catabolic adipocytes that is enriched
in genes encoding for the respiratory chain, ATP metabolic pro-
cesses, and triglyceride metabolic pathways and that might uti-
lize coupled respiration.>®

Characterization of P2 adipocytes
To study if P2 adipocytes could be distinguished from other ad-
ipocytes, in vivo, we analyzed the expression of the most prom-
inent marker gene of P2, Atp5k, a nuclear encoded facultative
subunit of ATP synthesis.”’ First, we employed an adipocyte-
specific Atp5k knockout mouse model (Atp5k AKO) to validate
the specificity of the ATP5K antibody (Figures S2D and S2E).
Co-staining of ATP5K and PERILIPIN1 on ingWAT from control
(Atp5k fl/fl) and Atp5k AKO mice at CE4 confirmed the ATP5K
antibody specificity (Figure S2F). Moreover, immunostaining re-
vealed the localization of ATP5K in mitochondria, marked by
TOMM20, in ATP5K-expressing adipocytes (Figure S2H). To
further demonstrate that ATP5K is an appropriate marker for
P2 adipocytes, we showed that Atp5k expression was enriched
in the mature adipocyte fraction of ingWAT at CE4 (Figure S2G).
In addition, our findings confirmed that there was no overlap be-
tween ATP5K and the endothelial cell marker CD31, indicating
that ATP5K is indeed a specific marker of P2 cells (Figure S2I).
To determine the localization of P2 adipocytes, we performed
co-immunostaining of ATP5K and PERILIPIN1 in the ingWAT of
Ucp1-Dtr-eGfp mice, which expressed a Dtr-eGfp fusion protein
under the control of the Ucp? promoter (Figure S2J).° We
observed a distinct ATP5K* (P2) adipocyte population (Fig-
ure 1G) at CE4, and analysis of whole ingWAT further revealed
that P2 adipocytes were distributed unevenly (Figures 1G-1I)

Cell Metabolism

and were primarily localized adjacent to the lymph nodes and
in the posterior region (Figure 11). Notably, we observed that
P2 adipocytes were composed mainly of UCP1™ adipocytes,
suggesting that UCP1 expression is only a discretionary feature
of P2 adipocytes (Figures 1G-1J).

While it has been reported that Ucp7 mRNA can be used to
assess tissue responsiveness to a cold stimulus, the thermo-
genic capacity of a cell is dependent on UCP1 protein content.?®
The observed discrepancy between Ucp7 mRNA and UCP1 pro-
tein expression might be due to altered Ucp1 translation effi-
ciency dependent on its 3' UTR region, which is activated by
CPEB2. In mice, the loss of Cpeb2 has been reported to result
in reduced UCP1 levels and impaired thermogenesis.*® Notably,
we found that P2 adipocytes exhibit a much lower expression of
Cpeb2 (Figures S2K and S2L). Moreover, a blended Feature Plot
indicates that Atp5k* and Cpeb2* adipocytes are not co-local-
ized (Figure S2M), suggesting that most of P2 adipocytes do
not express UCP1, possibly due to the absence of Cpeb2.

To elucidate if P2 adipocytes are co-localized with nerve fibers,
we performed ATP5K and tyrosine hydroxylase (TH) co-staining
and found a high degree of association, indicating that P2 adipo-
cytes might be activated in a manner similar to classical beige
adipocytes (Figure S2N). Since P2 adipocytes are enriched for
pathways associated with OXPHOS, we co-stained OXPHOS
and ATP5K, which revealed a remarkable overlap, suggesting
that P2 adipocytes might have a catabolic OXPHOS-dependent
function that does not rely on uncoupled energy dissipation®°
(Figure 2A). In conclusion, we demonstrate that besides classical
beige adipocytes, ingWAT harbors a heterogeneous population
of catabolic adipocytes (i.e., P2).

P2 adipocytes utilize futile cycles

It has been reported previously by others and us that in the
absence of UCP1, ATP metabolic process and FCs are
induced.®"*? Concurrently, it has been shown that in the absence
of UCP1 upon CE, an increase in the number of multilocular adi-
pocytes is observed.*® To discern if UCP1 knockout (UCP1 KO)
mice have a heightened number of P2 adipocytes, we analyzed
transcriptomics data from UCP1 KO and wild-type (WT) mice af-
ter CE,®' and Atp5k, Atp5e, and Cox7a1 were increased in UCP1
KO mice (Figure 2B). To validate the RNA-seq observation, we
performed snRNA-seq on UCP1 KO inguinal adipocytes after
progressive CE and integrated the data with CE4 snRNA-seq

Figure 1. snRNA-seq analysis reveals diverse adipocyte subpopulations in mouse ingWAT in response to CE
(A) UMAP plots of an integrated analysis of snRNA-seq, including 46,444 adipocyte nuclei from ingWAT from RT, CE4, and CE7 mice. The ten subpopulations

(PO-P9) are shown, with a yield of 1,676 genes (median).
(B) Feature plots for Adipog and Ucp1 in an integrated analysis.

(C) Heatmap of signature genes for each population in an integrated analysis (based on 3,000 randomly selected cells).

(D) Cluster composition of the different conditions: RT, CE4, and CE7.
(E) Feature plots for Atp5k and Atp5e in an integrated analysis.
(F) Representative pathways based on a GO analysis, enriched in P2 and P5.

(G) Representative immunofluorescence co-staining of ATP5K and PERILIPINT in ingWAT of Ucp 1-Dtr/egfp mice at CE4 of P2-enriched regions. Representative

image from 3 independent experiments. Scale bars, 100 pm.

(H) Representative immunofluorescence co-staining of ATP5K and PERILIPINT in ingWAT of Ucp 1-Dtr/egfp mice at CE4 in regions devoid of P2. Representative

image from 3 independent experiments. Scale bars, 100 um.

(I) Representative immunofluorescence staining of ATP5K in ingWAT of Ucp 1-Dtr/egfp mice at CE4 of the whole inguinal adipose tissue. Scale bars, 1,000 pm

(white asterisks denote lymph node).

(J) Quantification of the ratio of ATP5K*/UCP1~, ATP5K*/UCP1*, and ATP5K™/UCP1* adipocytes in CE4 and CE7 mice. n = 3 mice per group; results are reported

as mean + SEM.
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Figure 2. P2 adipocytes employ futile cycling

(A) Representative co-immunofluorescence staining of ATP5K OXPHOS in ingWAT of Ucp1-Dtr-egfp mice at CE4. Representative image from 3 independent
experiments. Scale bar, 100 pm.

(B) RNA expression levels of Atp5k, Atp5e, and Cox7a1 in WT or UCP1 KO mice after CE.

(C) UMAP plots of an integrated analysis of snRNA-seq from ingWAT of CE4 and UCP1 KO mice after gradual CE to 8 degrees.

(D) Quantification of P2 adipocytes from snRNA-seq data in CE4 and UCP1 KO mice.

(E) Time-resolved OCR of ex vivo-differentiated adipocytes from ingWAT in UCP1 KO mice after Ctrl or Atp5k-siRNA-mediated knockdown. n = 9, t = 2.421,
df = 16.

(F) Levels of ATP of ex vivo-differentiated adipocytes from ingWAT in UCP1 KO mice after Ctrl or Atp5k-siRNA-mediated knockdown. n =9, t = 3.670, df = 16.
(G) Representative co-immunofluorescence staining of ATP5K with CKMT2 in ingWAT of Ucp 1-Dtr-egfp mice at CE4. Representative image from 3 independent
experiments. Scale bar, 40 um.

(H) Representative co-immunofluorescence staining of OXPHOS with CKMT2 in ingWAT of Ucp1-Dtr-egfp mice at CE4. Representative image from 3 inde-
pendent experiments. Scale bar, 100 pm.

(legend continued on next page)
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data (Figure 2C). snRNA-seq results affirmed an increase in the
amount of P2 adipocytes after CE (Figure 2D), suggesting that
P2 adipocyte formation might be induced to compensate for
the absence of UCP1.

Given the enrichment of ATP metabolic processes (Figure 1F)
in P2 adipocytes and the observed increase in P2 adipocyte
numbers in UCP1 KO mice, we sought to investigate whether
P2 adipocytes utilize ATP-dependent respiratory mechanisms.
Therefore, we ex vivo differentiated the stromal vascular fraction
(SVF) from ingWAT of UCP1 KO mice as well as WT mice to ad-
ipocytes, which consisted of both ATP5K* and ATP5K™ adipo-
cytes (Figure S3A), and ablated the expression of Atp5k using
short interfering RNA (siRNA) (Figures S3B and S3C). gPCR of
adipogenesis markers suggests that the ablation of Atp5k did
not affect adipocyte differentiation (Figure S3E). However, the
oxygen consumption rate (OCR) induced by isoproterenol (iso)
was diminished following the depletion of Atp5k in UCP1 KO pri-
mary mature adipocytes compared to the control group (Fig-
ure 2E), while basal respiration was not changed significantly.
In line with this, ATP levels were lower in iso-stimulated UCP1
KO primary mature adipocytes depleted for Atp5k (Figure 2F),
suggesting that iso-induced P2 adipocyte cellular respiration
functions in an ATP-dependent manner. Interestingly, depletion
of Atp5k did not alter oxygen consumption in WT primary adipo-
cytes (Figure S3D), possibly due to compensation of UCP1
(Figure S3E).

To explore which ATP-dependent FCs were enriched in P2 ad-
ipocytes, we first conducted a heatmap enrichment analysis on
FC-related genes among the P2 snRNA-seq expression data
(Figure S3F). We observed that the triglyceride FC-related genes
(including Gk, Gpat3, Pck1, Gpd1, Gpd2, and Pdk4) were en-
riched in P2 adipocytes. To explore more FC genes and validate
the heatmap results, we performed immunostaining of the most
prominent FC genes, together with ATP5K or OXPHOS, in Ucp1-
Dtr-eGfp mice, which allowed us to distinguish between P2 and
UCP1™ cells. Strikingly, CKMT2 and GK showed a remarkable
overlap with P2 or OXPHOS, which is consistent with published
data®® (Figures 2G, 2H, and S3G).

To investigate whether P2 adipocytes employ FCs, we
measured oxygen consumption in ex vivo differentiated UCP1
KO primary inguinal adipocytes, with or without Atp5k knock-
down, following pharmacological inhibition of key FC compo-
nents. When we inhibited the creatine FC by applying creatine
analogs (B-GPA), or the inhibitor of TNAP (tissue-nonspecific
alkaline phosphatase; SBI-425 [SBI]), we observed that inhibi-
tion of the creatine FC in UCP1 KO adipocytes led to an impair-
ment of respiration (Figures 2I-2K), which is consistent with
published data.'" 23435 |nterestingly, this effect was abolished
in the absence of Atp5k (Figures 2L and 2M), demonstrating
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that ATP5K is required to fuel the creatine FC. In addition, we
observed that inhibition of adipocyte triglyceride lipase®-°
(ATGL) or hormone-sensitive lipase (HSL) reduced cellular
respiration in UCP1 KO adipocytes (Figures S3H and S3l).
This effect was lost in the absence of ATP5K (Figures S3H-
S3J), suggesting that fatty acids derived from lipolysis are either
required to fuel the additional ATP demand or possibly drive a
lipid FC. These data were supported by experiments in which
we showed that administered BODIPY FL C16 (Fluo-Alb-FS)
to CE mice demonstrated a high degree of co-localization be-
tween fatty acid uptake and ATP5K, which suggests that P2 ad-
ipocytes require fatty acids to engage in a lipid FC (Figure S3K).
In conclusion, P2 adipocytes show an enrichment of proteins of
the creatine and lipid FCs, and ATP5K is required to drive these
cycles.

Ablation of P2 adipocyte number or Atp5k impairs
thermogenesis

We further explored P2 adipocytes’ potential thermogenic func-
tion in the mouse physiology response to CE. Therefore, we
designed AAV8-Atp5k_loxP_3xstop_loxp-Dtr (AAV-DTR) and
AAV8-Atp5k-loxp_3xstop_loxp-eGfp (AAV-GFP) to overexpress
DTR and eGFP (Figure S4A), respectively. This AAV system facil-
itated the labeling of P2 adipocytes with eGFP or DTR, enabling
the specific ablation of P2 adipocytes upon diphtheria toxin (DT)
administration in AAV-DTR mice (Figure 3A). We directly injected
these AAVs into the ingWAT fat pad of Adipo-cre mice (Fig-
ure 3A), which ensured exclusive expression of AAVs within the
ingWAT. Four weeks post injection, mice were subjected to CE
for 4 days (Figure 3A). gPCR of eGfp conducted on mature adi-
pocytes and SVF verified exclusive expression of the AAVs in
mature adipocytes (Figure 3B). Notably, eGFP expression was
found to exclusively co-localize with ATP5K in AAV-GFP mice
(Figure 3C) and exhibited no overlap with other white adipocyte
subpopulations (Figures S4B and S4C). On day CE 5 we injected
the mice with DT for two consecutive days, followed by tissue
harvesting (Figure 3A). Using immunostaining, we showed that
only P2 adipocytes were specifically ablated (Figures 3C, 3D,
and S4D). Moreover, in the anterior regions devoid of P2 cells,
the number of adipocytes was not changed, again validating
the specificity of the AAV-DTR system (Figure 3D).

By analysis of the OCR using indirect calorimetry on the AAV-
GFP mice group before and after DT administration, as well as
comparison of the OCR between 2 groups before DT injection
in the dark cycle, we found that neither DT injection nor the
AAV system affected OCR (Figure 3E). In addition, we observed
a significant reduction in the OCR in the AAV-DTR compared to
the AAV-GFP mice. Similarly, there was a substantial decrease in
the OCR in the AAV-DTR group after DT administration

(I) OCR of ex vivo-differentiated adipocytes from ingWAT in UCP1 KO mice after Ctrl or Atp5k -siRNA-mediated knockdown. n = 6, t = 2.361, df = 10.
(J) OCR of ex vivo-differentiated adipocytes from ingWAT in UCP1 KO mice after Ctrl-siRNA-mediated knockdown with B-GPA inhibitors. ncy = 6, Noy-gpa=8,t=

3.006, df = 12.

(K) OCR of ex vivo-differentiated adipocytes from ingWAT in UCP1 KO mice after Ctrl-siRNA-mediated knockdown with SBI-425 inhibitors. ncy = 6, Ncr-sei = 7,

t=2.396, df = 11.

(L) OCR of ex vivo-differentiated adipocytes from ingWAT in UCP1 KO mice after Atp5k-siRNA-mediated knockdown with B-GPA inhibitors. nagpsk = 6,

Nagpsk-apa = 10, t = 1.958, df = 14.

(M) OCR of ex vivo-differentiated adipocytes from ingWAT in UCP1 KO mice after Atp5k-siRNA-mediated knockdown with SBI-425 inhibitors. n = 6, t = 0.1269,

df =10.

The results are reported as mean + SEM. Statistical significance was calculated using a two-tailed unpaired Student’s t test, *p < 0.05, *p < 0.01, and ***p < 0.001.
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Figure 3. Ablation of P2 adipocytes impairs thermogenesis during CE
(A) Schematic illustration of the experimental set-up.

(legend continued on next page)
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compared to before DT injection (Figure 3E). To substantiate
these findings, we measured rectal temperature of mice at
different time points and found that mice without P2 adipocytes
were unable to maintain their body temperature for at least 8 h
(Figure 3F). This return to baseline might be due to increased
UCP1 levels in brown adipose tissue, compensating for the
loss of P2-mediated thermogenic function (Figure S4E).>’

To further elucidate if ATP5K itself contributes to energy meta-
bolism, we generated an Atp5k AKO model (Figure S2D) and
measured the OCR and rectal temperature in response to CE. Af-
ter 3 days of CE, we observed a reduction in OCR and rectal tem-
perature in Atp5k AKO mice compared to controls, indicating
impaired thermogenesis (Figures 3G and 3H). However, the
OCR levels returned to normal after 4 days of CE (Figure S4F),
which is consistent with the results observed in the AAV-DTR
mouse models. Thus, our data suggested ablation of P2 adipo-
cytes leads to an impaired thermogenic response upon CE. To
study the function of P2 adipocytes in more detail, we designed
an Atp5k promotor-driven Dir-eGfp lentiviral system, similar to
the aforementioned AAV system, to ablate P2 adipocytes
ex vivo (Figure S4G). After 5 days of pLenti-Atp5k-Dir-eGfp
expression, adipocytes were stimulated with iso in vitro to mimic
cold stimulation and treated with DT or saline to deplete P2 ad-
ipocytes (Figures S4H and S4l). Respirometry analysis corrobo-
rated our in vivo finding, demonstrating that the ablation of P2
adipocytes led to a considerable decrease in oxygen consump-
tion (Figure S4J). Taken together, our data suggest that P2 adi-
pocytes contribute to thermogenesis in cold adaptation.

Ucp1 dependency of P2 cell function

Ablation of UCP1* beige adipocytes does not impair systemic en-
ergy metabolism,*® and UCP1 KO mice can adapt to gradual CE,
indicating that UCP1* adipocytes are dispensable for thermogen-
esis.*** In humans, UCPT mRNA expression levels vary substan-
tially between individuals and do not correlate with PET/CT
glucose uptake data,'**° but metabolically active adipose tissue
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can be found in most humans upon mild CE, especially during
the cold season," indicating that humans might utilize UCP1-in-
dependent thermogenesis.'>*? As ingWAT adipocytes of UCP1
KO mice might resemble the human scenario®® and because in-
gWAT in UCP1 KO mice is enriched in OXPHOS and Atp5k genes
(Figures 2B and S4K),®" we explored whether P2 adipocytes play a
role in thermogenesis in UCP1 KO mice. Therefore, we ablated P2
adipocytes in UCP1 KO mice, using the aforementioned AAV over-
expression system (Figure S4A). Four weeks after injection, mice
were exposed to a gradual reduction of temperature for 12 days
and subsequently injected with DT for 2 consecutive days (Fig-
ure S4L). By immunostaining, we found that eGFP co-localized
with ATP5K and that P2 adipocytes were ablated successfully af-
ter DT injection (Figure 3l). Strikingly, we observed a significant
reduction in the OCR after DT injection in AAV-DTR compared to
AAV-GFP mice (Figure 3J)indark cycles. Moreover, the rectal tem-
perature was lower for more than 24 h after DT injection compared
to the AAV-GFP group (Figure 3K), suggesting that UCP1 KO mice
without P2 adipocytes are unable to maintain their normal core
body temperature. To further investigate the function of Atp5k in
the absence of Ucp1, we generated mice that lack both Atpbk
and Ucp1 (Figure S4M). We observed that loss of Atp5k in UCP1
KO mice led to a reduction in the OCR (Figure 3L) and a significant
decrease in rectal temperature (Figure 3M), suggesting that in the
absence of Ucp1, mice lacking Atp5k cannot maintain normal
body temperature. These results confirm the energy-dissipating
capacity of P2 adipocytes and suggest an important thermogenic
role of P2 adipocytes in the absence of Ucp1. In conclusion, we
demonstrate that P2 adipocytes represent a subpopulation of
catabolic adipocytes that are formed in response to CE.

The amount of P2-like adipocytes in human deep neck
adipose tissue correlates with the propensity for cold-
induced thermogenesis

As UCP1 mRNA expression levels vary substantially in humans,
we queried the presence of CE-induced P2 adipocytes and their

(B) Egfo mRNA levels in mature and SVF from UCP1 KO and Adipo_cre ingWAT after AAV8-Atp5k-loxp_3xstrop_loxp-egfp (AAV-GFP) overexpression. Nyota = 10,

F =108.5.

(C) Representative immunofluorescence staining of ATP5K in ingWAT from eGFP and AAV8-Atp5k-loxp_3xstrop_loxp-dtr (AAV-DTR) and Adipo_cre mice

administered after 2 days of DT administration after CE. Scale bar, 100 pm.

(D) Quantification of P2 adipocytes (n = 3, t = 4.305, df = 4) in a P2-enriched region and in a region devoid of P2 adipocytes.

(E) Relative oxygen consumption of AAV-injected Adipo_cre mice before and after administration with DT. n = 6, tpr = 2.542, df = 5; n = 6, togrp = 2.068, df = 5.
Relative oxygen consumption of AAV-injected Adipo_cre mice administered with DT. n =6, t = 3.417, df = 10.

(F) Rectal temperature of AAV-injected Adipo_cre mice administered with DT. n = 6, t4, = 2.310, df = 10. Decreased rectal temperature of AAV-injected WT mice

administered with DT. n = 6, t4, = 3. 238, tg,, = 2.070, df = 10.
(G) Relative oxygen consumption of Atp5k AKO mice. n =5, t=2.768, df = 8.

(H) Rectal temperature of Atp5k AKO mice. Nagpsk ako = 8, Neontrol = 7, df = 13, t = 2.683.

(I) Representative immunofluorescence staining of ATP5K in ingWAT from AAV-injected UCP1 KO and Adipo_cre mice administered with DT after CE. Scale
bar, 100 um.

(J) Relative oxygen consumption of AAV-injected UCP1 KO and Adipo_cre mice before and after administration with DT. nptr = 6, totr = 2.788, dfptr = 5; Negrp =
5, tarp = 1.007, dfgep = 4. Relative oxygen consumption of AAV-injected UCP1 KO and Adipo_cre mice administered with DT. nptr = 6, ngep = 5, t =2.285, df = 9.
(K) Rectal temperature of AAV-injected UCP1 KO and Adipo_cre mice administered with DT. nptr = 9, ngep = 7, df = 14, 14, = 2.684, tg, = 1.923, togn = 2.530.
Decreased rectal temperature of AAV-injected UCP1 KO and Adipo_cre mice administered with DT. nptr = 9, ngep = 7, df = 14, t4, = 2.739, tg, = 2.363,
togn = 2.589.

(L) Relative oxygen consumption of Atp5k AKO and UCP1 KO mice. natpsk ako,ucp1 ko = 7, Neontrol = 5, df = 9, t = 2.411, df = 10.

(M) Rectal temperature of AtpSk AKO and UCP1 KO mice. Nagpsk ako,ucP1 Ko = 5, Neontrol = 6, df =9, t = 3.571.

The results are reported as mean + SEM. Statistical significance was calculated using one-way ANOVA for (B). Statistical significance was calculated using a two-
tailed unpaired Student’s t test for (D), (E)-(H), and (J)—(M). Statistical significance was calculated using a two-tailed paired Student’s t test for (E) and (J). *p < 0.05,
**p < 0.01, **p < 0.001 and ***p < 0.0001.
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thermogenic importance in human adipose depots. Notably, it
has been reported that human deep neck adipose tissue is en-
riched in OXPHOS gene expression and can utilize both un-
coupled and coupled respiration.** Moreover, in vitro differenti-
ated beige human multipotent adipose-derived stem cells
(hMADSCs)*® were shown to produce heat by both UCP1-
dependent and ATP-dependent mechanisms.** As these pieces
of evidence suggest that P2 adipocytes might be conserved in
humans, we first asked whether specific functional components
of P2 have a thermogenic function in hMADSCs. Therefore, we
differentiated hMADSCs into beige or white adipocytes and
analyzed ATP5K expression. Both beige and white adipocytes
consisted of ATP5K™ and ATP5K ™ adipocytes (Figure 4A), similar
to the situation observed in mice. Next, we ablated ATP5K in
both beige and white adipocytes by siRNA (Figures S5A and
S5B). Beige adipocytes in which ATP5K was depleted exhibited
lower oxygen consumption (Figure 4B). Moreover, depletion of
ATP5K resulted in the abolition of ATP-dependent oxygen con-
sumption (Figure S5C). This evidence suggests that a functional
conserved P2 adipocyte subpopulation exists in human beige
adipocytes and contributed to cellular metabolic activity in vitro.

To further investigate the heterogeneity of human adipocytes
and to characterize P2 adipocytes, we performed snRNA-seq
of human subcutaneous neck adipose tissue collected during
elective surgery in the neck region (Figure 4C) and utilized pre-
existing snRNA-seq data from deep neck adipose tissue (Fig-
ure 4D).® Unsupervised clustering identified 13 clusters in human
subcutaneous neck adipose tissue annotated by singleR
(Figures 4C and S5E) and 12 clusters in human deep neck adi-
pose tissue (Figure 4D). To stratify the adipocyte subpopula-
tions, we performed a round of sub-clustering of 3,293 predicted
adipocytes from human subcutaneous neck that identified seven
subpopulations of HP0-6 (Figures 4E, S5F, and S5G). Similarly,
the sub-clustering of 3,607 predicted adipocytes from human
deep neck adipose tissue identified eight adipocyte subpopula-
tions, H-Ad-1-8 (Figure 4F). Almost no UCP1* adipocytes were
detected in either deep neck or subcutaneous neck adipocytes
(Figures 4G and S5H). Interestingly, ATP5K* human adipocytes
constituted a defined cluster (H-Ad-3), which was characterized
by a highly conserved gene signature compared to the expres-
sion of P2 cells in mice, including ATP5K, ATP5E, COX7A1,
TPT1, and SLC26A3 (Figures 4H, 4l, and S1F). Therefore, we
next investigated the pathways activated in H-Ad-3. We selected
all enriched genes in the H-Ad-3 population for pathway analysis
and revealed pathways related to OXPHOS and ATP generation
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from ADP (Figure 4J) enriched in H-Ad-3, similar to P2 adipo-
cytes. These data indicated that ATP5K* adipocytes are a poten-
tial functionally conserved cell type in both mouse and human
thermogenic adipose tissue. To determine if H-Ad-3 exited in
other adipose depots in humans, we applied reference mapping
and analyzed the single-cell distribution across different adipose
tissue depots. A FeaturePlot indicates that H-Ad-3 adipocytes
are present in the subcutaneous depot (Figure 4K) and that
both HP6 and H-Ad-3 populations were found within the same
cluster, suggesting that the HP6 cluster encompasses the
H-Ad-3 cluster. The H-Ad-1 cluster showed an enrichment of
gene expression of ADRB1, HMGCS1, and PYGL (Figures S1G
and 4L), suggesting that these cells might be related to P5 adipo-
cytes in mice. Our data were substantiated by immunostaining of
ATP5K, which revealed that a substantial number of adipocytes
stained positive for ATP5K in deep neck adipose tissue, while
fewer cells were found in the subcutaneous region (Figure 5A).
Based on our data that suggest that H-Ad-3 cells might
represent a subpopulation of catabolic adipocytes in human
adipose tissue, we analyzed if H-Ad-3 cells might facilitate
cold-induced energy expenditure and thermogenesis in human
deep neck adipose tissue. Therefore, we analyzed the correla-
tion between thermogenic parameters determined by indirect
calorimetry (thermogenesis, energy expenditure, oxygen con-
sumption, and carbon dioxide) before and after mild CE as
well as 18-fluorodeoxyglucose ('®FDG) uptake into supracla-
vicular brown adipose tissue after CE by PET/CT and popula-
tions of cells or UCP1 expression in 15 healthy volunteers
with placebo control from a prospective clinical trial.*® We
analyzed RNA-seq data of deep neck adipose tissue and uti-
lized the CIBERSORTx"’ algorithm to deconvolute the RNA-
seq matrix (TPM) by all populations of cells from snRNA-seq
in human deep neck adipose tissue (Figure 4D). The deconvo-
lution estimated the proportion/score of all cell populations in
each human sample, which revealed that eight subpopulations
of adipocytes could be found in human deep neck adipose tis-
sue (Figure 5B). Among the 15 analyzed participants, everyone
had H-Ad-3 adipocytes, suggesting that this adipocyte sub-
population is stable across individuals. Next, we assessed
the correlation between the populations of cell proportion/
score or UCP1 expression and the above-mentioned parame-
ters related to thermogenesis (Figure 5C). The abundance of
H-Ad-3 cells exhibited a positive correlation with several ther-
mogenic parameters, including energy expenditure in cold
(EE_cold, R = 0. 52, p = 0.04) or oxygen consumption in cold

Figure 4. P2 adipocytes are conserved in human deep neck adipose tissue

(A) Representative co-immunofluorescence staining of ATP5K and OXPHOS in the differentiation of beige and white hMADS. Scale bar, 100 pm.

(B) Time-resolved OCR of beige hMADS (left). n = 5, tgasal = 6.795, dfgasal = 8, tiso = 4.370, dfiso = 8, tuncoupied = 3.079, dfuncoupled = 8, tr/a = 3.537, dfg/a = 8.
(C) snRNA-seq of human subcutaneous neck adipose tissue, unsupervised clustering of 19,859 nuclei, yielding 1,096 genes (median).

(D) snRNA-seq of human deep neck adipose tissue, unsupervised clustering of 36,590 nuclei.

(E) Unsupervised sub-clustering of 3,293 adipocyte nuclei from human subcutaneous neck adipose tissue, yielding 1,528 genes (median).

(F) Unsupervised sub-clustering of 3,607 adipocyte nuclei from human deep neck adipose tissue.

(G) Feature plot of UCP1 in human deep neck adipocytes.

(H) Feature plots of ATP5K, ATP5E, and COX7A1 in human deep neck adipocytes.
(I) Dot plots of ATP5K, ATP5E, TPT1, SLC26A3, and COX7AT in human deep neck adipocytes.

(J) Representative pathways of a GO analysis enriched in H-Ad-3 adipocytes.
(K) Feature Plot of deep neck adipocyte subpopulations.
(L) Dot plots of ADRB1, HMGCS1, and PYGL in human deep neck adipocytes.

The results are reported as mean + SEM. Statistical significance was calculated using a two-tailed unpaired Student’s t test, *p < 0.05, *p < 0.01, and ***p < 0.001.
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(VO,_cold, R = 0.55, p = 0.032) under cold conditions
(Figures 5C and 5D). Although UCPT mRNA expression showed
a trend toward correlating with energy expenditure and oxygen
consumption under cold conditions (Figures 5C and 5E), it
should be noted that only 30% of the participants had detect-
able levels of UCP1 expression (TPM > 20), which is consistent
with previous reports.* Taken together, these pieces of evi-
dence suggest that human cold-induced thermogenesis is
partially dependent on H-Ad-3 adipocytes.

H-Ad-3 adipocytes are associated with systemic
metabolism in humans

It has been reported that ATP-dependent thermogenic pathways
might regulate systemic glucose homeostasis'' and resistance
to obesity.*®“ Given our results, which indicated that P2 adipo-
cytes might be involved in human metabolic health as catabolic
adipocytes, we aimed to determine whether the abundance of
H-Ad-3 adipocytes is associated with human metabolic health
parameters (age, % hemoglobin Alc [%HbA1c], BMI, fasting
blood glucose [FBG], triglycerides, leptin, and weight). There-
fore, we collected and performed RNA-seq on subcutaneous ad-
ipose tissue from 1,099 participants/patients. As described
above, we deconvoluted RNA-seq data and estimated the pro-
portion/score of each adipocyte subpopulation for male and fe-
male participants. When analyzing the correlation between the
proportion of H-Ad-3 adipocytes within the subcutaneous fat
and metabolic parameters, we found an inverse correlation be-
tween the number of H-Ad-3 cells and %HbA1c, BMI, FBG, tri-
glycerides, and weight and a positive correlation with leptin
levels (Figure 5F). Abundance of H-Ad-1 did not correlate with
any of these clinical parameters, while some other subpopula-
tions of adipocytes were partially associated with markers of hu-
man metabolic health. Taken together, these data show that a
reduced proportion of H-Ad-3 adipocytes within the subcutane-
ous fat is an indicator of metabolic health in humans.

DISCUSSION

The scarcity of UCP7* brown adipocytes in humans*? and data
from UCP1 KO mice® suggest the presence of other noncanon-
ical thermogenic adipocytes in the WAT. For example, it was
demonstrated that UCP1 KO mice can adapt to gradual CE and
that the cold sensitivity of UCP1 KO mice can be completely
rescued by transgenic expression of PRDM16.°° Indeed, several
alternative mechanisms of thermogenesis have been reported in
recent years,'"?%3%39 including substrate cycles mediated by
futile ATP hydrolysis and glycolysis. However, the precise cellular

Cell Metabolism

localization, functional roles, and adaptability of these cycles
within adipocytes remain uncharted territory. Additionally, given
that UCP1 activity is inhibited by ADP and ATP, this raises a perti-
nent question: How do beige adipocytes reconcile uncoupled and
coupled respiratory processes concurrently? Utilizing snRNA-
seq, we identified a specific subset of adipocytes that possibly
engage FCs to dissipate energy. Thus, our findings provide novel
insights into the identity of ATP-dependent catabolic adipocytes
and provide clarity on the existing discrepancy between UCP1-
dependent and UCP1-independent thermogenic cell identity.

To date, the characteristics and identity of thermogenic adi-
pocytes in adult humans remain unclear.' Several studies pro-
posed that human deep neck adipose tissue is composed of
both beige adipocytes and brown adipocytes,'®°? whereas
some studies suggest that beige adipocytes are the most
important thermogenic adipocyte in human deep neck adipose
tissue,®°® while another study reported that only brown adipo-
cytes exist in human deep neck tissue.*” These inconsistencies
might be due to traditional cell-type identification approaches,
such as bulk RNA-seq, and the use of a limited number of pre-
selected marker genes (UCP1, ZIC1, and EPSTL1 for brown ad-
ipocytes and UCP1, CITED1, and HOX9a for beige adipocytes),
as well as the origin and quality of samples.®*°® Additionally,
few studies have conducted molecular and functional analyses
of human deep neck adipose tissue, and none have demon-
strated a correlation between human deep neck adipose tissue
catabolic activity and UCP1 levels.>’~>° Only one study demon-
strated a positive correlation between PET measurements and
human deep neck adipose mitochondrial uncoupled respiration
in 5 participants.®® This problem is ameliorated by snRNA-seq
and the deconvolution of human adipose tissue bulk RNA-seq,
which can accurately identify different types of adipocytes. In
contrast to UCP1 expression analysis, snRNA-seq data and de-
convoluted RNA-seq expression profiles in humans together al-
lowed us to characterize H-Ad-3 adipocytes. Remarkably,
H-Ad-3 adipocytes are present in most of the analyzed human
volunteers and their abundance positively correlates with
the propensity for energy expenditure, suggesting that they
constitute a permanent and functional catabolic adipocyte
subpopulation.

The presence of human catabolic adipose tissue has been re-
ported to be associated with an improved metabolic profile (i.e.,
reduced dyslipidemia, coronary artery disease, cerebrovascular
disease, congestive heart failure, and hypertension), with bene-
fits in individuals who are overweight.'” However, currently all
these data are based on glucose uptake studies, and no func-
tional studies characterizing the molecular pathways driving

Figure 5. H-Ad-3 adipocytes correlate with the propensity for cold-induced thermogenesis and systematic metabolic health
(A) Representative co-immunofluorescence staining of ATP5K and PERILIPIN1 in human deep neck adipose tissue and subcutaneous adipose tissue. Scale

bar, 100 um.

(B) Heatmap of 19 subpopulations of adipocytes from human deep neck snRNA-seq in each participant proportion/score.

(C) Correlation between 19 subpopulations of adipocytes or UCP1 TPM and human parameters related to thermogenesis, EE_warm, EE_cold, CIT, relCIT,
RQ_warm, RQ_cold, VO,_warm, VO,_cold, VCO,_warm, VCO,_cold, SUVmean, and SUVmayx, in 15 participants.

(D) Correlation between H-Ad-3 cell proportion/score and EE_cold or VO,_cold. n = 15.

(E) Correlation between UCP71 TPM and EE_cold or VO,_cold. n = 15.

(F) Correlation between human subcutaneous adipocyte proportion/score and metabolism-related parameters: age, BMI, FPG, %HbA1c, leptin, triglycerides,

and weight.

Statistical significance was calculated using Pearson correlation coefficients (C-E) and Spearman correlation coefficients (F), “o < 0.05, *p < 0.01, ***p < 0.001,

and ***p < 0.0001.
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human deep neck adipose tissue thermogenesis have been re-
ported. In the present study, we show that the abundance of
H-Ad-3 adipocytes in human subjects exhibits a positive corre-
lation with energy expenditure. In addition to the function of
H-Ad-3 adipocytes in thermogenesis, H-Ad-3 adipocytes were
also inversely correlated with %HbA1c, fasting glucose, and
BMI in humans, suggesting a potential function of H-Ad-3 in sys-
temic metabolic health.

In conclusion, we provide an in-depth single-nucleus analysis
of mature subcutaneous adipocytes in both mice and humans.
The P2/H-Ad-3 subpopulation that we identify might be involved
in adaptive thermogenesis in an ATP-dependent manner and is
preserved across species, especially in the absence of UCP1.
P2/H-Ad-3 thermogenic adipocyte function may explain why
most people possess thermogenic adipose tissue without any
overt UCP1 expression. The thermogenic mechanism of this
adipocyte offers a potential target to improve human metabolism.

Limitations of study

First, the snRNA-seq analysis was only done in adult mice after
CE or at RT. We did not analyze the recruitment, plasticity, and
function of P2 adipocytes in any other conditions (e.g., diet-
induced thermogenesis, obesity, or exercise). Second, although
we observed an impairment of respiration and a decrease of
rectal body temperature after ablation of P2 adipocytes in in-
gWAT, we cannot link these changes to long-term metabolic
changes in mice, owing to the lack of model systems given that
P2 adipocytes are only recruited by CE. Third, the fate of P2 ad-
ipocytes is not yet fully understood, and it is unclear why some P2
adipocytes express UCP1. Further research is needed to fully
characterize these aspects of P2 adipocyte biology. In our human
snRNA-seq analysis, we identified a low number of individuals
who possess detectable levels of UCP1+ adipocytes, although
this may be due to the limited number of participants. Further
research is needed to compare the thermogenic response, meta-
bolic health, and fate of H-Ad-3 adipocytes in humans who do
and do not express UCP1.
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Alexa Fluor 647 anti-goat

Alexa Fluor 647 anti-rat

Abcam

Abcam

Abcam

Jackson ImmunoResearch
Jackson ImmunoResearch
ThermoFisher

Jackson ImmunoResearch

Cat# ab2861; RRID: AB_2061425
Cat# ab110413; RRID: AB_2629281
Cat# ab126599; RRID: AB_11129767
Cat# 711-585-152; RRID: AB_2340621
Cat# 715-605-151; RRID: AB_2340863
Cat# A21447; RRID: AB_141844

Cat# 111-605-003; RRID: AB_233807

Chemicals, peptides, and recombinant proteins

Hoechst 33342

AAVanced Concentration Reagent
TransDux MAX Lentivirus Transduction Reagent
RNAIMAX Transfection Reagent
3-Isobutyl-1-methylxanthine
Dexamethasone

Indomethacin

Insulin

Rosiglitazone
Triiodo-L-Thyronine (T3)
CL-316,243

Collagen, Type |

DMEM, low glucose

Ham’s F12 medium
Penicillin-Streptomycin

DMEM, high glucose
Opti-MEM | reduced serum
L-glutamine

Trizol reagent

DNase | (RNase-free)

Forskolin

Tamoxifen

D-glucose

Oligomycin

Isoproterenol

Dibutyryl-cAMP

FCCP

Rotenone

Antimycin A

Sodium pyruvate

Cell Signaling
BioCat GmbH
BioCat GmbH
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Adipogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Lonza

Lonza

Gibco

Gibco

Gibco

Gibco
Invitrogen
NEB
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Adipogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Invitrogen

Cat# 4082

Cat# AAV110A-1
Cat# LV860A-1
Cat# 13778150
Cat# 15879
Cat# D4902
Cattt 17378
Cat# 19278
Cat# 71740
Cat# T6397
Cat# C5976
Cat# C3867
Cat# BE12-707F
Cat# BE12-615F
Cat# 15070063
Cat# 41965062
Cat# 31985062
Cat# 25030-024
Cat# 15596026
Cat# M0303
Cat# 6886

Cat# T5648
Cat# G7021
Cat# 11342
Catt# 15627
Cat# D0627
Cat# C2920
Cat# R8875
Cat# A8674
Cat# 11360070
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REAGENT or RESOURCE SOURCE IDENTIFIER
Seahorse XF Base Medium Agilent Cat# 102353

ATGL inhibitor Invitrogen Cat#SML1075

HSL inhibitor MedChemExpress Cat# HY-102056
SBI-425 inhibitor Sigma Cat# SML2935-25MG
FL C16-Bodipy Invitrogen Cat# D3821
Complete Protease Inhibitors Roche Cat# 05056489001
Halt Phosphatase Inhibitors ThermoFischer Cat# 78426

PEG-it Virus precipitation solution BioCat Cat# LV825A-1-SBI

Critical commercial assays

High-Capacity cDNA RT kit
TruSeq RNA library prep kit
DC Protein Assay

XFE96 FluxPak

Cell Counting Kit 8

ATP Detection Assay Kit
Chromium Single Cell V3.1

Applied Biosystems
lllumina

Bio-Rad

Agilent

Abcam

Abcam

10X Genomics

Cat# 4368814
Cat# RS-122-2301
Cat# 5000111
Cat# 102416-100
Cat# ab228554
Cat# ab113849

Cat # PN-1000121; PN-1000127; PN-1000213

Deposited data

Human and mouse snRNAseq DATA
Bulk RNAseq data from BAT
Bulk RNAseq data from VAT/SAT

NCBI
NCBI
NCBI

GEO: GSE184707
GEO: GSE220158

Available upon request from C.W. and M.B.

Experimental models: Cell lines

hMADSC cells
293-AAV
293-LTV

Ez-Zoubir Amri
Cell Biolabs
Cell Biolabs

Elabd et al.®’
Cat# AAV-100
Cat# LTV-100

Experimental models: Organisms/strains

C57BL/6N mice

UCP1 KO mice
AdipoCre—/+NucRed*~ mice
Ucp1 Dtr/egfp mice

Charles River

Christian Wolfrum
Christian Wolfrum
Christian Wolfrum

C57BL/6NCrl Strain code 027
Enerbick et al.®”

Sun et al.®

Rosenwald et al.”

AdipoCre mice Christian Wolfrum Sun et al.®

Atp5k fI/fl mice GemPharmatech N/A

Oligonucleotides

qPCR primers Microsynth Listed in STAR Methods

siRNAs Microsynth Listed in STAR Methods
Recombinant DNA

pLenti-MP2 plasmid Addgene Cat# 36097; RRID: Addgene_36097
Atp5k promoter sequences GenScript N/A

pAAV-CA Addgene Cat# 69616; RRID: Addgene_69616

Software and algorithms

Cellranger
CellBender
scDblFinder
Seurat
SingleR
clusterProfiler
SUSHI

STAR

10X Genomics
Fleming et al.®®
Pierre-Luc Germain®*
Hao et al.®®

Aran et al.®®

Wu et al.®”

Hatakeyama et al
Qi et al.®®

Dobin et al

1L

|.70
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Rsubread Liao et al.” v2.2.4

fastp Chen etal.”” v0.20

ImagedJ NIH, USA version 1.50b
Phenomaster software TSE systems version 5.6.5
Wave - XF96 software Agilent version 2.3.0.19
ImageQuant LAS 4000 GE Healthcare version 1.1
GraphPad Prism 9 GraphPad software version 9.1.0
ViiA7 software Applied Biosystems version 1.2.3
Genb BioTek version 1.10
Graphic abstract Created with BioRender.com N/A

RESOURCE AVAILABILITY

Lead contact
Additional information and requests for reagents and resources should be directed to and will be fulfilled by the lead contact, Chris-
tian Wolfrum (christian-wolfrum@ethz.ch).

Materials availability
(1) plasmids generated in this study will be available from the lead contact upon request.
(2) There is restriction to availability of Atp5k AKO mice due to Gempharmatech policy.

Data and code availability

(1) The data of snRNAseq and RNAseq generated in this study have been deposited at GSA with accession numbers listed in the
key resources table.

(2) This paper does not report the original code.

(3) Original western blot images are available as Data S1.

(4) Original data for creating all graphs in the paper are provided in Data S1 (Unprocessed data underlying the display items in the
manuscript, related to Figures 1, 2, 3, 4, 5, and S2-S5). Any additional information required to reanalyze the data reported in
this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Clinical sample acquisition of human adipose tissue

The prospective observational study of human subcutaneous neck adipose tissue was performed at the Baden Cantonal Hospital in
Switzerland and was approved by the local ethics committee (EKNZ: 2019-01872). 11 participants scheduled for neck surgery be-
tween February and October 2020 were included after informed consent to collect two fat samples: one from the deep cervical ad-
ipose tissue paravertebral or lateral to the thyroid gland and one from the subcutaneous adipose tissue. Patients with metabolic dis-
orders, or younger than 20 years old were excluded. The fat samples were taken during regular surgery and immediately transferred
to a —80°C freezer until the isolation of the nuclei. We included 10 females and 1 male; 62.2 + 12.3 years (41-79 years); BMI 26.2 +
5.4 kg/m? (19.8-38.9 kg/m?).

The clinical study of human deep neck adipose tissue was approved by the local ethics committee of the University Hospital in
Bratislava, Slovakia. All study participants provided witnessed written informed consent before entering the study. Samples of
BAT were obtained from the lower third of the neck by an experienced ear, nose and throat surgeon during neck surgery under gen-
eral anesthesia. The deep-neck BAT samples were taken from the pre- and paravertebral space between the common carotid and
trachea in the case of thyroid surgery and just laterally to the carotid sheath in the case of branchial cleft cyst surgery. Subcutaneous
WAT samples were taken from underneath the skin. In all cases, the surgical approach was sufficient to reach and sample the deep-
neck adipose tissue without any additional morbidity. Patients with malignant disease and individuals younger than 18 years were
excluded from participation in the study. Deep-neck BAT samples were collected from 16 individuals (4 males and 12 females;
49.2 + 19.0 years (22-77 years); BMI 24.8 + 4.7 kg/m? (16.9-35.2 kg/m?); body fat 29.1 + 8.5% (15.6-46.6%); thyroid surgery, n =
14 or branchial cleft cyst surgery, n = 2; data are expressed as mean average +s.d.). Samples were cleaned immediately from blood
and connective tissue, frozen in liquid nitrogen and stored at —80°C until isolation of nuclei.
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Prospective study of human CIT and human deep neck adipose tissue activity

Healthy male volunteers were enrolled into a prospective, randomized cross-over clinical trial (clinicaltrials.gov ID NCT03269747). In
order to evaluate human deep neck adipose tissue function, participants underwent mild CE using a medical cooling device (Hilo-
therm Clinic, Hilotherm, Argenbiihl, Germany) as described previously.”® Energy expenditure was measured (Quark RMR, Cosmed,
Rome, Italy) for 30 min before and after 2 h of CE and CIT was subsequently determined, with participants resting comfortably on a
hospital bed. Immediately after CE, participants were given an injection of 75 MBq of FDG and static FDG PET/CT scanning was
performed 30 min later with a Biograph mCT PET/CT scanner (Healthineers, Erlangen, Germany), with two bed positions covering
the neck and the upper thorax and lasting 15 min each. On the following day, an adipose tissue biopsy was performed from the supra-
clavicular adipose tissue at the site of most prominent FDG uptake. An experienced interventional radiologist was performing an ul-
trasound-guided cut biopsy using a 17G coaxial needle and an 18G core biopsy needle and instrument (Bard, Magnum, Covington,
GA) and took two core cylinders. Briefly, the skin was disinfected, sterile drapes were applied, and a safe position for the biopsy was
located by ultrasound. A local anesthetic was applied, and a coaxial needle was advanced guided by ultrasound to avoid vessels and
nerves. The biopsy cylinders were immediately frozen and stored at —80 C. After removal of the needle, pressure was applied to pre-
vent bleeding and the study participant was monitored clinically for an additional 30 min.

Study on human abdominal visceral and subcutaneous adipose tissue
For the purpose of this study, we selected 1099 individuals with obesity from the Leipzig Obesity Biobank with an age of 46.9 + 12.03
(17-89 years) and a BMI of 48.8 + 8.5 kg/m? (30.1-83.4 kg/m?).

We performed RNA-sequencing analysis in subcutaneous adipose tissue samples collected during elective laparoscopic abdom-
inal surgery, as described previously.”* Adipose tissue was immediately frozen in liquid nitrogen and stored at —80°C. The study was
approved by the Ethics Committee of the University of Leipzig (approval no: 159-12-21052012) and performed in accordance with the
declaration of Helsinki. All subjects gave written informed consent before taking part in this study. Measurement of anthropometric
and laboratory parameters was performed as described previously.””

All individuals fulfilled the following inclusion criteria: 1) men or premenopausal women, 2) age >17 years, 3) stable body weight,
defined as the absence of fluctuations of >3% of body weight for >3 months before blood tests. In addition, the following exclusion
criteria have been defined: 1) any acute or chronic inflammatory disease or symptoms of infection; 2) clinical evidence of either car-
diovascular or peripheral artery disease; 3) smoking; 4) LDL-cholesterol >4 mmol/L; 5) any type of malignant disease; 6) thyroid
dysfunction; 7) Cushing’s disease or hypercortisolism; 8) alcohol or drug abuse; 9) pregnancy.

Mice

All animal experiments were performed on adult male mice (7-16 weeks old) kept on an inverted light cycle (23°C, at 40% humidity, in
IV cages) with ad libitum access to chow diet and water. For cold stimulation, mice were housed in long type-Il cages in climate cham-
bers preset at 8°C. All animal studies were approved by the Veterinaramt Zurich.

Atp5k conditional knock out mice were purchased from gempharmatech, including: Atp5k fl/fl; Atp5k fl/fl, Adipo_cre; Ucp1 KO,
Atp5k fl/fl, Adipo_cre; Ucp1 KO, Ato5k fl/fl; Adipo_cre. Ucp1-Dtr-egfo mice®; Ucp1 KO, Adipo_cre; AdipoCre*NucRed*'~ mice,
Ucp? KO; AdipoCre™"*NucRed*~ mice® and Ucp? KO mice®® were generated previously. For CE, mice were housed in long
type-Il cages at 8°C or gradual cold accumulation for Ucp7 KO mice.

METHOD DETAILS

Isolation of nuclei from mice ingWAT and human adipose tissue

Adipocyte nuclei were isolated following a modified nuclear isolation protocol.”® 300-400 mg of fresh or frozen adipose tissue was
minced into 1-3 mm pieces on ice. The minced tissue was homogenized in a Dounce homogenizer on ice in 0.1% CHAPS in CST
buffer, lysed for 5 min, and quenched by 1% BSA in PBS. The homogenized adipose tissue was filtered through a 40 um cell strainer
and centrifuged at 500 x g for 5 min at 4°C. The pellet was resuspended and washed with 1% BSA in PBS. The nuclei suspension was
centrifuged again at 500 x g for 5 min at 4°C, resuspended in 1% BSA containing PBS, and filtered through a 35 um strainers. Mice
nuclei suspensions were stained with Hoechst 33342, loaded onto a BD FACSAria lll using a 130 um nozzle, sorted into a 1.5-mL tube
based on (Nuclear Red) RFP fluorescence, and loaded on a 10x Chip G. Human nuclei were loaded on a 10x Chip G directly, without a
FACS sorting.

snRNA-seq analysis

10X-libraries were prepared with the Chromium Single Cell V3.1 reagent kit following the manufacturer’s protocol (10X Genomics).
Nuclei suspensions containing around 1200 nuclei per uL were loaded into Chip G followed by reverse transcription to obtain cDNA.
The cDNA was amplified and used for library construction. Libraries were sequenced on a NovaSeq 6000 (lllumina). For data analysis,
the human genome assembly GRCh38.p13 or mouse genome assembly GRCm38.p6 were used. Mapping was performed using
Cellranger (V4.0.0). CellBender (V0.2.0)°® was used to remove empty droplets and ambient RNA; scDblFinder (V1.5.11)°* was
used to exclude potential doublets. Downstream analysis of batch correction, integration, clustering, sub-clustering and identifica-
tion of signature genes was performed on Seurat (V4.0.4).°° For mice, Log2 fold change more than 0.2 was selected as differentiation
expressed genes for each cluster. Markers were selected by Log2 fold change more than 0.4, then tested by feature plots and
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manually selected. Log?2 fold change more than 0.15 was selected as differentiation expressed genes for P2 and P5. For human, Log2
fold change more than 0.2 was selected as differentiation expressed genes for each cluster. Top 10 highly expressed gene in each
cluster are selected as markers. GO analysis was performed by ClusterProfiler(vV3.17.1).°” Monocle3 was used to generate cell tra-
jectories (V1.0.0).”” SingleR (V1.6.1) was used to annotate cell clusters in humans.®®

Indirect calorimetry

Indirect calorimetry measurements were performed with the Phenomaster (TSE Systems) according to the manufacturer’s guidelines
and protocols. Mice were single-caged and acclimated to the metabolic cages for 48 h before metabolic recording. And all data were
normalized to the control group to allow for the combined analysis of multiple cohorts.

Diphtheria toxin (DT)-mediated P2 ablation

To ablate P2 cells, we utilized AAV serotype 8 to package AAV, which demonstrated a specific transduction of adipocytes.”® To
ensure the specificity of the system, AAVs were directly injected into the ingWAT fat pad to label and ablate the P2 adipocytes. After
4 weeks recovery of surgery, AAV-injected mice were injected subcutaneously with 100 ng of DT (#322326-1MG, Millipore, Zug,
Switzerland) or saline every 6 h for 3 times on the first day. For the next two days, DT was administrated only once per day.*®

P2 adipocytes uptake fatty acids

Wild-type mice were cold exposed for 4 days. The fatty acid FL C16-Bodipy (Invitrogen) was (1 mg) dissolved in 500 uL DMSO. The
fatty acid was diluted 1:20 in 33% BSA (fatty-acid free, Sigma Aldrich) solution in PBS (Gibco). Coupling to the albumin was done by
incubation at 37°C for 1 h with shaking (500rpm) and exclusion of light. 100 uL of each dye (FLC16-Bodipy) was injected retro-orbitally
to CE mice.

Rectal temperature
In AAV-DTR or AAV-GFP injected mice, Atp5k AKO and Ucp1 KO mice, rectal body temperature was measured by rectal thermal
probe OAKTON (Temp10 T).

AAV production and administration

All cell lines used in this study were regularly tested for mycoplasma contamination and only negative tested cells were used. We first
cloned Atp5k specific promoter (Atp5k CDS upstream 2000bp) into adeno-associated virus without promoter (pAAV-CA (item
#69616, Addgene)) and ligated the loxP_3xstop_loxP_Dtr or loxP_3xstop_loxP_egfp to the Atp5k specific promoter to produce
AAV8-Atp5k_loxP_3xstop_loxp-Dir or AAV8-Atp5k-loxp_3xstop_loxp-egfp (Figure S5A). 10 pg of targeting vector was co-trans-
fected with 40 ng pDP8 and 200 uL PEI (1 mg/mL) in a P15 dish of 293AAV cells (AAV-100, Cell Biolabs), at 80% confluence. The
culture medium was refreshed 24 h after transfection. The culture medium was collected at 72 and 120 h after transfection and
concentrated by the AAVanced concentration reagent (AAV100A-1, System Biosciences). WT or Ucp1 KO mice had the virus directly
injected into the inguinal fat pad. 1.5% of blue food dye (E133, TRAWOSA AG, St. Gallen Switzerland) was added to the AAV virus
solution to visualize potential leakage. Five minutes prior to surgery, fentanyl (50 ng/kg body weight, Sintetica SA, Mendrisio,
Switzerland) was administered subcutaneously and mice were anesthetized with isoflurane (Isoflo, Zoetis GmbH, Zurich,
Switzerland). Proximally to the hip joints, a 1.5-2 cm skin incision was made at the flanks and skin was held open with a colibri
retractor to expose the underlying ingWAT from the apex toward the groin. Using a 100 L Hamilton syringe with an attached
33G beveled needle, about 85-95 pL of AAV (10" vg/ml) were injected into multiple (10-12) distinct spots while sparing a 1 mm
area around the lymph node. The skin incisions were closed with 7/0 nylon (AroSurgical, California, USA) with a continuous suture.
Carprofen (5 mg/kg of body weight, Rimadyl, Pfizer, Switzerland) was given subcutaneously after completion of surgery and on the
following post-surgical day.

Lentivirus production

An Atp5k promoter (CDS upstream 2000bp) driven Dtr-eGfp expression vector in pLenti-MP2 backbone (Addgene plasmid 36097)
without CMV promoter was created and propagated in house (Figure S5E). In a 70% confluent P10 (100 mm) dish of 293LTV cells
(LTV-100, Cell Biolabs), 10 pug of targeting vector was co-transfected with 3 ng pDM2.G, 8 ng of psPAX2 and 84 uL PEI
(1 mg/mL). The culture medium was refreshed 16 h after transfection. The culture medium was collected 72 h after transfection
and concentrated by PEG-it Virus Precipitation Solution (LV810A-1, System Biosciences). The virus was transduced using
TransDux MAX Lentivirus Transduction Reagent (LV860A-1, System Biosciences).

Isolation and in vitro differentiation of SVF derived primary adipocytes

The whole ingWAT depot was minced with scissors and incubated in a collagenase buffer (25 mM NaHCO3, 12 mM KH2PO4, 4.8 mM
KCl, 1.2 mM MgS04, 120 mM NaCl, 5 mM glucose, 1.4 mM CaCl2, 2.5% BSA, 1% penicillin-streptomycin, pH = 7.4, 1 mg/mL colla-
genase (C6885-1G, Sigma-Aldrich) for 30 min under agitation. An equal volume of culture medium (DMEM medium (61965026,
Gibco) containing 10% FBS and 1% penicillin-streptomycin) was added and centrifuged for 5 min at 300 x g. The pellet (SVF cells)
was re-suspended in a 10 mL culture medium and passed through 70-um cell strainers. SVF cells were then plated on collagen
coated plates. After the cells reached full confluency, the differentiation was induced as described previously (9). After 48-h, the
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induction medium was replaced by a maintenance cocktail (complete DMEM supplemented with 1 ug/mL insulin) which was re-
freshed every other day.*

siRNA mediated knockdown

In vitro differentiated primary cells, on day 4 of differentiation, were trypsinized and reverse transfected with siRNA. 100 nmol of
siRNA was mixed with 1.5% Lipofectamine RNAIMAX (13778150, Invitrogen) in Opti-MEM medium (31985062, Invitrogen) and added
into the culture wells with adipocytes. The medium was changed to maintenance medium 24 h post transfection. The cells were either
harvested after 120 h of transfection to determine knockdown efficiency or subjected to extracellular flux analysis. The siRNA
sequence is: Atp5k: CUG AUC AUC GGC AUG GCA UTT and UGA UCA UCG GCA UGG CAU ATT.

Fluorescence immunostaining of adipose cryosections

Adipose tissues from mice or human were excised and fixed in fresh 4% paraformaldehyde (Sigma-Aldrich) in PBS (Gibco) at a pH
of 7.4 for 16 h at 4°C, washed 4 times in PBS, and cryopreserved for 16 hin 10% sucrose in PBS and 16 h in 30% sucrose in PBS with
stirring at 4°C. The samples were flash-frozen on dry ice and stored at —80°C. ingWAT was cut at —25°C on an HM 500 O microtome
(Microm) at a thickness of 25um, mounted on Superfrost plus slides (Medite), dried at RT for 5 min, and permeabilized with PBST (1%
Triton X- in PBS) for 30 min at RT. Sections were blocked for 1 h with 10% donkey serum in PBST followed by anti -ATP5K (16483-1-
AP, proteintech), -OXPHOS (ab110413, Abcam) or -PERILIPIN1 (9349, Cell signaling) or- ATP2A2 (ab2861, Abcam)antibodies over-
night incubation in 10% donkey serum in PBST at 4°C. Sections were washed three times with PBST at RT, stained with Alexa Fluor
568 anti-rabbit (711-585-152, Jackson ImmunoResearch), Alexa Fluor 647 anti-mouse (715-605-151, Jackson ImmunoResearch) or
Alexa Fluor 647 anti-goat (A21447, Thermo Fisher Scientific) secondary antibody. Sections were washed three times with PBST at
RT. Slides were embedded in Mounting Medium with DAPI (ab104139, Abcam). Native Ucp 1-Dtr-egfp and AAV-GFP signal was ac-
quired without antibody staining. Fluorescence micrographs were acquired on an Olympus FluoView 3000 and Nikon SoRa Spinning
Disk HPM C13.1. Background was adjusted using samples without primary antibody.

For antibodies from same host staining, ingWAT sections were permeabilized with PBST (1% Triton X- in PBS) for 30 min at RT.
Sections were blocked for 1 h with 10% donkey serum in PBST followed by anti -ATP5K (16483-1-AP, Proteintech) antibody over-
night incubation in 10% donkey serum in PBST at 4°C. Sections were washed three times with PBST at RT, stained with Alexa Fluor
568 anti-rabbit (711-585-152, Jackson ImmunoResearch). Sections were washed three times with PBST at RT. Then sections were
blocked for 1 h with 10% donkey serum in PBST followed by anti-GK (ab126599, Abcam) or -CKMT2 (13207-1-AP, Proteintech) an-
tibodies overnight incubation in 10% donkey serum in PBST at 4°C. Sections were washed three times with PBST at RT, stained with
Alexa Fluor 647 anti-rabbit (715-605-151, Jackson ImmunoResearch). Sections were washed three times with PBST at RT. Slides
were embedded in Mounting Medium with DAPI (ab104139, Abcam). Native Ucp1-Dtr/egfp and AAV-GFP signal was acquired
without antibody staining. Fluorescence micrographs were acquired on an Olympus FluoView 3000 and Nikon SoRa Spinning
Disk HPM C13.1. Background was adjusted using samples without primary antibody.

Immunostaining of primary inguinal adipocytes and differentiated hMADs

Adipocytes were fixed in fresh 4% paraformaldehyde (Sigma-Aldrich) in PBS (Gibco) at a pH of 7.4 for 15 min at RT before they were
washed 4 times with PBS. Fixed inguinal adipocytes were permeabilized with PBST for 30 min at RT. Fixed adipocytes were blocked
with 10% donkey serum in PBS for 1 h, followed by incubation in GFP (ab290, Abcam), ATP5K (16483-1-AP, Proteintech), PERILIPIN1
(9349, Cell signaling) and/or OXPHOS (ab110413, Abcam) antibodies overnight in 10% donkey serum in PBST at 4°C. Cells were
washed three times with PBST at RT, stained with Alexa Fluor 594 anti-rabbit (711-585-152, Jackson ImmunoResearch), Alexa Fluor
647 anti-goat (A21447, Thermo Fisher Scientific), or Alexa Fluor 647 anti-mouse (715-605-151, Jackson ImmunoResearch) secondary
antibody and 300 nM of DAPI for 1 h at RT. Samples were subsequently washed three times with PBST at RT followed by imaging.

Cellular respiration
On day 9 of differentiation, in vitro differentiated primary inguinal adipocytes were plated in a seahorse plate (8,000 cells per well). The
differentiation and maintenance of cells was performed as described above. Seahorse assay (XF96 Extracellular Flux Analyzer, Agi-
lent) was performed on day 8 using the Mito-stress protocol. Briefly, Basal OCR/ECAR readings were recorded, followed by the auto-
mated sequential injection of 1 uM isoproterenol (for ex-vivo-differentiated mice inguinal adipocytes) or 0.5mM dibutyryl cAMP
(for hLMADS) (to induce respiration), oligomycin (1 pg/mL inhibitor of complex V to inhibit ATP synthesis coupled respiration),
FCCP (1 ung/mL, to calculate maximal mitochondrial capacity), and a cocktail of rotenone and antimycin A (3 uM and 2 pg/mL respec-
tively, to abolish mitochondrial respiration through complex | and Il wherein the residual OCR reflects the non-mitochondrial oxygen
consumption).

For FC analysis, cells were incubated with inhibitors of ATGL (50uM), HSL(100uM), B-GPA(2 mM), SBI-425(33uM) or DMSO for 1 h.
Then Seahorse assays were performed.

Quantification of cell number and intracellular ATP content

Cell numbers were estimated using the Cell Counting Kit 8 (WST-8/CCK8) (ab228554, Abcam) according to the manufacturer’s proto-
col. ATP levels were measured using the ATP Detection Assay Kit (ab113849, Abcam) following the manufacturer’s recommendations.
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Cellular respiration of hMADS cells

Human multipotent adipose-derived stem cells (nMADS) were differentiated into white and beige adipocyte as described previ-
ously.® siRNA (hATP5K: AGA AGA AGA AGC AGG AUG ATT) transfection was performed on day 13 of differentiation. Cellular respi-
ration measurements were performed on day 17 as described above.

Western blot

Adipose tissue or primary adipocyte samples were lysed in RIPA buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 0.1% SDS, 10% glycerol) containing phosphatase inhibitor (78420, Thermo Fisher Scientific) and a protease inhibitor cocktail
(11697498001, Sigma-Aldrich). Protein concentration was estimated using the DC Protein Assay (Bio-Rad). Protein samples were
resolved on 4-20% Mini-PROTEAN TGX Precast Protein Gel (4561096, BioRad) and transferred onto a nitrocellulose membrane.
Antibody ATP5I (ATP5K) (ab122241, Abcam), HSP90 (4887, Cell Signaling Technology), UCP1 (ab10983, Abcam), and HRP anti-rab-
bit secondary antibody (Calbiochem) incubation and standard wash protocol was used, and the chemiluminescent blot was detected
on ImageQuant system (LAS 4000 mini, GE Healthcare). Band intensity was quantified using Imaged.

RNA extraction and quantitative real-time PCR

Total RNA was extracted using Trizol reagent (# 15596026, Invitrogen). DNase (NEB BiolLabs) digestion was performed to remove
genomic DNA contamination and 0.5-1ug of the total RNA was reverse transcribed to cDNA using a reverse transcription kit
(# 4368814, Applied Biosystems). A Sybr Green (Themofisher) based RT-qPCR was performed on a ViiA7 (Applied Biosystems)
and the relative gene expression was calculated by AACt method taking 36B4 as housekeeping control. The primer sequences of
tested genes are the following: Atp5k (F: GGT CAC GGA CAA AAT GGT GC/R: GTC ATC TTG AGC TTC CGC CA); hATP5K
(F: GGA GCC ACG CGC TAC AAT TA/GTC GCA GGG TCA CTC ACT TT); 36b4 (F: GCCGTGATGCCCAGGGAAGA/R:
ATCTGCTTGGAGCCCACGTT); RPL13A (F: GGACCGTGCGAGGTATGCT/R: ATGCCGTCAAACACCTTGAG A).

Bulk RNA-seq

Human tissue sequencing libraries were prepared as described before.® RNA sequencing was performed at the FGCZ on an lllumina
NovaSeq instrument. The sequencing readings were analyzed using the SUSHI framework®®®° developed at the FGCZ. After the
quality control (adapter and low-quality base trimming) with fastp v0.20,”” raw readings were mapped against the reference human
genome assembly (build GRCh38.p13) using STAR v2.7.4a.”° The R package Rsubread v2.2.4”" was used to quantify the gene
expression values. Genes were considered to be detected if they had at least 10 counts in 50% of the samples. RPKM (Reads
Per Kilobase of transcript per Million mapped reads) was used as the unit for normalized gene expression.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details (including statistical tests and correlation) are available in the figure legends, where necessary.

For in vivo studies in mice, littermates randomly assigned to treatment groups were used for all experiments. Sample sizes were
determined on the basis of previous experiments using similar methodologies. The animal numbers used for all experiments are indi-
cated in the corresponding figure legends. All animals were included in statistical analyses, and the investigators were not blinded. All
cell culture experiments were performed with 2—4 technical replicates for RNA, protein and staining analysis; 5-10 replicates for mea-
surement of cellular respiration, and independently reproduced 2—4 times. All image experiments were independently repeated 2-4
times. The results are reported as mean + SEM. Two-tailed unpaired Student’s t test and two-Way ANOVA were applied on compar-
isons of two groups. Pearson’s or Spearman correlation coefficient was calculated, and all statistical analyses were performed using
GraphPad Prism 9. Statistical differences are as indicated, with *p < 0.05, **p < 0.01 and ***p < 0.001.
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