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SUMMARY
Six-transmembrane protein of prostate 4 (Steap4), highly expressed in adipose tissue, is associated with
metabolic homeostasis. Dysregulated adipose and mitochondrial metabolism contributes to obesity, high-
lighting the need to understand their interplay. Whether and how Steap4 influences mitochondrial function,
adipocytes, and energy expenditure remain unclear. Adipocyte-specific Steap4-deficient mice exhibited
increased fat mass and severe insulin resistance in our high-fat diet model. Mass spectrometry identified
two classes of Steap4 interactomes: mitochondrial proteins and proteins involved in splicing. RNA
sequencing (RNA-seq) analysis of white adipose tissue demonstrated that Steap4 deficiency altered RNA
splicing patterns with enriched mitochondrial functions. Indeed, Steap4 deficiency impaired respiratory
chain complex activity, causing mitochondrial dysfunction in white adipose tissue. Consistently, brown
adipocyte-specific Steap4 deficiency impaired mitochondrial function, increased brown fat whitening,
reduced energy expenditure, and exacerbated insulin resistance in a high-fat model. Overall, our study high-
lights Steap4’s critical role in modulating adipocyte mitochondrial function, thereby controlling thermogen-
esis, energy expenditure, and adiposity.
INTRODUCTION

Obesity has been recognized as a significant risk factor for

several health conditions, including type 2 diabetes (T2D), non-

alcoholic fatty liver disease (NAFLD), and cardiovascular dis-

ease.1 Emerging evidence suggests that adipose tissue

dysfunction is a critical component of obesity-associated pa-

thologies contributing to metabolic disorders.2,3 Both humans

and mice possess two major types of adipose tissue: white ad-

ipose tissue (WAT) and brown adipose tissue (BAT).4,5 Notably,

mitochondria, as the primary energy-producing organelles,

play a crucial role in maintaining the metabolic homeostasis of

WAT and BAT.6,7 In particular, mitochondria-rich brown and

beige adipocytes, also known as thermogenic adipocytes,

enable heat generation and energy expenditure through UCP1-

mediated uncoupling of oxidative phosphorylation.8 Notably,

BAT activity is inversely correlated with human obesity and

diet-induced murine obesity models.5,9 Individuals with higher

BAT activity tend to have a healthier metabolic profile and

a lower risk of obesity or related metabolic disorders; in

contrast, decreased BAT activity or impaired BAT function is

associated with a higher susceptibility to obesity and metabolic

complications.10–13
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It has been reported that six-transmembrane protein of pros-

tate 4 (Steap4), a metalloreductase, also known as tumor-necro-

sis factor (TNF)-induced adipose-related protein (TIARP) or six-

transmembrane protein of the prostate 2 (STAMP2), might play

an important role in coordinating glucose/lipid metabolism and

inflammation.14–17 Mouse global deficiency of Steap4 exerts

pronounced inflammation in their visceral adipose tissue, and

these mice develop spontaneous metabolic disorders on a

normal chow diet.14 While these findings suggest that Steap4

may play a protective role in metabolic-related pathologies, the

molecular and cellular mechanisms of action of Steap4, particu-

larly its role in adipocyte, remain largely unclear.

Herein, we report a previously unidentified function of Steap4

in the regulation of adipocyte thermogenesis beyond its metal-

loreductase capacity. We found that adipocyte-specific

Steap4-deficiency led to increased fat mass, reduced energy

expenditure, elevated severe insulin resistance and suppressed

mitochondrial function in a high-fat diet model. By mass spec-

trometry analysis, we identified two classes of Steap4 interac-

tomes: mitochondrial proteins and proteins involved in spliceo-

some. In parallel, transcriptomic analysis revealed the critical

role of Steap4 in the mitochondrial respiratory chain and alterna-

tive splicing events with enriched functions in mitochondria.
ary 21, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:xiao.li9@case.edu
https://doi.org/10.1016/j.isci.2025.111903
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2025.111903&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


iScience
Article

ll
OPEN ACCESS
Consistent with Steap4 interactome and transcriptome analysis,

Steap4 deficiency indeed led to adipocyte mitochondrial

dysfunction with substantial impairment of mitochondrial respi-

ratory chain complex activity. Additionally, thermogenic adipo-

cyte-specific Steap4-deficient mice showed impairedmitochon-

drial function, increased whitening of brown adipose tissue,

reduced energy expenditure, and exacerbated insulin resistance

upon high-fat diet (HFD) feeding. Overall, our findings elucidate

an unexpected role of Steap4 in regulating adipocyte thermo-

genesis and energy expenditure by controlling mitochondria

function through direct interactions with mitochondrial proteins

and modulating alternative splicing via spliceosome interaction.

RESULTS

Steap4 is predominantly expressed in mature
adipocytes
GTEx data suggest that STEAP4 exhibits elevated expression

level in subcutaneous and visceral adipose tissue compared to

other human tissues (Figures 1A and S1A).18 This expression

pattern remains consistent in C57/BL6J wild-type (WT) mice

fed with a normal chow diet, underscoring the potential role of

Steap4 in adipose tissue (Figure 1B). To investigate the primary

source of Steap4 in adipose tissues, we isolated stromal

vascular fractions (SVFs, comprising preadipocytes) and mature

adipocytes from inguinal white adipose tissue (iWAT), epidid-

ymal white adipose tissue (eWAT), and interscapular brown ad-

ipose tissue (iBAT). Subsequent analysis of Steap4 expression

levels in these depots showed that while preadipocytes

exhibited minimal Steap4 expression, mature adipocytes dis-

played much higher levels of Steap4 expression (Figure 1C),

consistent with what observed in 3T3-L1 cells.14 These findings

suggest that mature adipocytes, the primary cellular constitu-

ents of adipose tissue responsible for energy storage and endo-

crine regulation, may serve as a prominent source of Steap4

expression in adipose tissue.

Steap4 deficiency in adipocytes promotes high-fat diet-
induced obesity and metabolic dysfunction
Given the high expression pattern of Steap4 in mature adipo-

cytes, we hypothesize that Steap4 may have an impact on

diet-induced obesity. To test this hypothesis, we generated

adipocyte-specific Steap4-deficient (Steap4AKO) mice by

breeding Steap4 flox/flox (Steap4f/f) mice to Adiponectin-Cre

transgenic mice (Figure S1B). After 12 weeks of HFD feeding,

Steap4AKO mice gained more weight and had increased fat

mass in iWAT, eWAT, and iBAT, compared to sex- and age-

matched wild-type controls (Steap4f/f) (Figures 1D–1F). The

Steap4AKO mice also exhibited deteriorated glucose tolerance

and insulin sensitivity, compared with the Steap4f/f mice

(Figures 1G and 1H). Further, Steap4AKO iWAT displayed

increased adipocyte size and more crown-like structure forma-

tion compared to the control mice (Figure 1I). We next examined

the impact of adipocyte-specific Steap4 depletion on iBAT func-

tion. Interestingly, HFD-fed Steap4AKO mice displayed acceler-

ated whitening of iBAT and attenuated Ucp1 expression

compared with Steap4f/f control mice (Figure 1J). Consistently,

decreased thermogenic gene expression, including Ucp1,
2 iScience 28, 111903, February 21, 2025
Prdm16, Cidea, Dio2, and Cox8b, was observed in Steap4AKO

mice compared to control mice (Figure 1K). Overall, these phe-

notypes indicated that adipocyte-derived Steap4 may play an

important role in adipocyte homeostasis in HFD-induced meta-

bolic disorders.

Mass spectrometry analysis unveils the Steap4
interactome in mitochondria and its contribution to
mitochondrial function
To further understand the function of Steap4 in adipocytes, we

conducted mass spectrometry-based proteomic analysis to

elucidate the Steap4 interactome inmature adipocytes. Remark-

ably, a total of 91 proteins displayed specific interaction with

Steap4 in mature adipocytes, whereas no such interactions

were observed in Steap4 KO cells or WT preadipocytes (SVFs),

which exhibit minimal Steap4 expression.

These Steap4 interacting proteins exhibited subcellular local-

ization patterns that closely resemble the localization of Steap4.

According to the COMPARTMENTS database,19 which inte-

grates various sources of evidence on protein localization,

Steap4 was primarily found (confidence score >4) in the plasma

membrane, endosome, and nucleus, and has minimal evidence

(confidence score <1) supporting its localization in peroxisome,

Accordingly, 14, 1, and 46 Steap4-interacting proteins showed

high-confident (confidence score R4) localization in the plasma

membrane, endosome, and nucleus, whereas no protein

showed high-confident localization in peroxisome (Figure 2A;

Table S1). Notably, these localization patterns of Steap4 interac-

tome remained similar in human cells (Figure S2A).

Interestingly, 18 Steap4 interacting proteins showed high-

confident mitochondrial localization while COMPARTMENTS

database presented moderate evidence supporting the localiza-

tion of Steap4 inmitochondria (confidence score = 1.504). Similar

results were observed using MitoCarta3.020 and the MitoCoP in-

ventories21 (Table S2). We suspected it was due to the lower

baseline expression of Steap4 in tissue or cell types other than

adipose tissue. Steap4 is indeed localized inmitochondria, as re-

viewedby confocal imaging data (Figure 2B) aswell as previously

evidenced by the induced expression level in mitochondria in a

Dextran Sodium Sulfate (DSS)-induced colitis model.22

Consistently, GO enrichment analysis suggested that Steap4

interactome are enriched for proteins related to mitochondria

function (Figure 2C; Table S3). Importantly, these Steap4-inter-

acting mitochondria proteins are critical mediators in mitochon-

dria respiration, dysregulation of these proteins would lead

to mitochondrial dysfunction and metabolic disorders. For

example, we further performed co-immunoprecipitation of

Steap4 interacting proteins extracted in mitochondria fraction

of iWAT and confirmedmitochondrial aconitase (Aco2) and cyto-

chrome P450 family 1 subfamily B member 1 (Cyp1b1) as inter-

acting proteins of Steap4 (Figure 2D). Based on these results, we

hypothesized that Steap4 interacts with mitochondrial proteins

and has a critical regulatory function on mitochondria in adipose

tissue. Indeed, reduced mitochondrial basal and maximal respi-

ration were observed in iWAT explants from HFD-fed Steap4AKO

mice compared to those from Steap4f/f mice, as assessed by

Seahorse (Figure 2E), demonstrating a positive regulatory role

of Steap4 exerted in mitochondrial function.
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Figure 1. STEAP4 is highly expressed in adipose tissue and mature adipocytes, and its deficiency in adipocytes promotes HFD-induced

obesity

(A) Bulk tissue gene expression for STEAP4 in human tissues reported by GTEx.

(B) Steap4 expression measured in selected mouse tissues by western blot.

(C) Steap4 expressions analyzed in isolated SVF (stromal vascular fraction) or mature adipocytes by western blot.

(D) Body weight of Steap4f/f and Steap4AKO mice fed an HFD diet for 12 weeks (n = 7, 6).

(E) Indicated organs weight from HFD-fed Steap4f/f and Steap4AKO mice after 12 weeks HFD feeding (n = 6 pairs).

(F) EchoMRI analysis of fat mass and lean mass from Steap4f/f and Steap4AKO mice after HFD feeding (n = 7, 6).

(G–H) Glucose tolerance test (GTT) and insulin tolerance test (ITT) in HFD-fed Steap4f/f and Steap4AKO mice (n = 7, 6).

(I) Upper: Representative images (20x) of Hematoxylin and Eosin (H&E) staining andMac2 staining of iWAT sections from HFD-fed Steap4f/f and Steap4AKOmice.

Scale bars: 150 mm. Lower: Quantification of crown-like structure (CLS) numbers in 10x objective (n = 12 fields).

(J) Left: Representative images of H&E staining and Ucp1 staining of iBAT sections from HFD-fed Steap4f/f and Steap4AKO mice. Right: Quantification of relative

Ucp1+ area by ImageJ Software (n = 12 fields). Scale bars: 150 mm (H&E) and 75 mm (Ucp1).

(K) Expression of the indicated mRNAs in iBAT from HFD-fed Steap4f/f and Steap4AKO mice (n = 6 each group).

Statistical significance for all relevant graphs was determined by two-tailed Student’s test. Significance: * 0.01% p < 0.05, ** 0.001% p < 0.01, ***p < 0.001; ns,

not significant. All data represent means ± SEM.
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Steap4 deficiency promotes mitochondrial dysfunction
via suppression of mitochondrial-related gene
expression and electron transport chain complex
activity
To further characterize the impact of Steap4 on HFD-induced

mitochondrial dysfunction in adipose tissue, we performed
RNA-seq on iWAT collected from HFD-fed Steap4f/f and Stea-

p4AKO mice. A total number of 1,211 genes were identified as

differentially expressed genes. Functional GO enrichment anal-

ysis revealed that Steap4AKO iWAT exhibited increased inflam-

matory response terms, which is consistent with the elevated in-

flammatory gene expressions and elevated Mac2+ immune cell
iScience 28, 111903, February 21, 2025 3



A

B

C D E

Figure 2. Subcellular localization, functional characterization of Steap4 interactome
(A) Heatmap and bar figure summarizing subcellular localization distribution of Steap4 interactome as defined by COMPARTMENTS database. In the heatmap,

each row represents subcellular localization, each column represents a protein that interacts with Steap4 as identified by mass spectrometry analysis, and the

color represents the confident score of the subcellular localization of the indicated protein. The bar figure shows the number of Steap4-interacted proteins with

high subcellular localization confidence (confidence score R4).

(B) SVF cells (infected with lentivirus encoding Steap4-GFP) were fixed 4 days after infection and stained for Tom20, followed by imaging analysis. Scale bar:

50 mm. The white arrow indicates Steap4 localization in the nucleus, while mitochondrial localization is shown by the overlap with Tom20 staining.

(C) Circular visualization graph shows the selected significant GO terms (FDR <0.1) for Steap4 interacting proteins. The size of the colored bars in the inner circle

represents the significance of each functional term (-log10(FDR)). The color scale represents the number of identified Steap4 interacting proteins in the indicated

functional term. Pink outline: mitochondrial proteins; Blue outline: proteins involved in spliceosomes.

(D) CoIP verification of Steap4 interacting proteins extracted inmitochondria fraction of iWAT fromHFD-fed Steap4f/f andSteap4AKOmice. Each lane indicates an

individual sample.

(E) Left: Real-time kinetic rate of oxygen consumption (OCR) of iWAT explants from HFD-fed Steap4f/f and Steap4AKO mice (n = 5 each group). Right: Calculated

basal and maximum respiration. OCR levels were normalized to iWAT explant weights.

Statistical significance for all relevant graphs was determined by two-tailed Student’s t test. Significance: ***p < 0.001. All data represent means ± SEM.
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infiltration in Steap4AKO iWAT that were observed in Figure 1I

(Figure 3A; Table S4).

Interestingly, mitochondria-related terms were highly en-

riched, with genes involved in oxidative phosphorylation

(OxPhos), fatty acid oxidation, and mitochondrial respiration

electron transfer chain significantly downregulated in Steap4AKO

iWAT compared with that of Steap4f/f (Figures 3A and 3B).

Notably, mitochondrial respiratory complexes (or electron trans-

port chain, ETC), including complexes I–V, have a central role in

enhancing cellular respiration by creating and sustaining a pro-

ton-motive force across the inner mitochondrial membrane.

This proton-motive force is then utilized by the ATP synthase

complex (complex V) to drive the synthesis of ATP.23 In the

RNA-seq dataset, genes encoding each respiratory chain com-

plex I–V and ATP synthetases were greatly repressed in

Steap4AKO in the mitochondrial ETC pathway of the iWAT (Fig-

ure 3B). Real-time-qPCR (Quantitative real-time PCR) experi-

ments also validated the ameliorated expression of ETC com-

plex components in Steap4AKO iWAT compared to Steap4f/f

iWAT (Figure 3C). Moreover, the mitochondrial respiratory com-

plexes have been observed to organize themselves into higher-

order structures called supercomplexes, which further optimize

mitochondrial electron transfer and ATP production.24,25 Signif-

icantly, we found that mitochondria from iWAT of HFD-fed

Steap4AKO mice had impaired supercomplex assembly, as as-

sessed by BN-Native PAGE with identical loading of mitochon-

drial extracts following immune blotting (Figures 3D and S3A).

In support of this observation, the enzymatic activity of complex

I, III, and IV were also suppressed in Steap4AKO iWAT compared

to Steap4f/f controls (Figure 3E). Consistently, the impact of

Steap4 in mitochondrial function was also observed in ex vivo

differentiated primary adipocytes (Figures S3B–S3E). Taken

together, these data suggest that Steap4 plays an important

role in maintaining mitochondrial function of adipocyte.

Steap4-mediated alternative splicing events had
enriched functions in mitochondria
Besides mitochondrial proteins, Steap4 interactome is also

significantly enriched (false discovery rate [FDR] <10%) for pro-

teins related to RNA splicing (Figure 2B; Table S3). Specifically,

22 Steap4 interacting proteins were previously reported to be

involved in RNA splicing and spliceosome, including regulatory

splicing factors and core splicing factors. Consistently, we

observed robust nuclear localization of Steap4 (Figures 2B and

S2B). To further confirm these interactions between Steap4

and splicing factors, we validated the interactions of Steap4

with some of these splicing factors via coimmunoprecipitation

(coIP) performed in homogenates of iWAT from HFD-fed

Steap4f/f andSteap4AKOmice. As expected, Steap4 successfully

coimmunoprecipitated with SRSF6, SF3A1, SF3A2, SF3A3,

SF3B1, and PRPF19 in Steap4f/f iWAT (Figure 4A). Notably, the

expression level of these splicing factors, including the coIP vali-

dated ones, are comparable between Steap4f/f and Steap4AKO

mice (Figures 4A and S4A).

The interaction between Steap4 and multiple factors involved

in RNA splicing process suggests that Steap4 may play a role in

RNA splicing. To test this hypothesis, we analyzedRNA-seq data

to seek altered splicing events between Steap4f/f and Steap4AKO
iWAT. Specifically, LeafCutter program were used,26 which de-

tects differential splicing between sample groups by quantifying

and comparing spliced reads (i.e., reads that span an intron)

across samples. As a result, 182 genes were identified with

significantly altered splicing events (adjusted p value <0.05) in

iWAT from HFD-fed Steap4AKO mice compared with the control

mice. We further applied reverse transcription-polymerase chain

reaction (RT-PCR) experiment followed by agarose electropho-

resis analysis, and confirmed alternative splicing events of

Pkm, Tacc2, Abcc9, Bin1, and Mfn2 (Figures 4B–4E and S4B–

S4F). Taken together, these data confirmed the impact of Steap4

on regulating alternative splicing.

Interestingly, gene ontology (GO) enrichment analysis indi-

cated that these genes with alternative splicing events are signif-

icantly enriched (FDR <10%) in functions linked to mitochondria,

intracellular membranes related to mitochondria, and cytoskel-

eton structures (Figure 4F; Table S5). The regulation of splicing

by Steap4 on these genes may lead to the mis-regulation of their

expression or alterations in their protein structures, ultimately im-

pacting mitochondria-related function.

Notably, our investigation has identified SRSF6 as one of the

splicing factors interacting with Steap4 (Figure 4A). Previous

studies suggested a potential role of SRSF6 in the regulation of

mitochondrial function.27–31 For example, the DRAK2-SRSF6

signaling axis was implicated in the alternative splicing of genes

related to mitochondrial function in nonalcoholic fatty liver dis-

ease (NAFLD).31 In our study, while SRSF6 was found to pull

down both Steap4 and SF3A1 (a key spliceosome component),

the knockout of Steap4 reduced the interaction between SF3A1

and SRSF6. This highlights Steap4’s role in regulating the

SF3A1-SRSF6 complex, indicating its potential involvement in

modulating SRSF6-dependent splicing (Figure 4G).

Furthermore, we found a significant enrichment (p < 10�5)

between transcripts that are differentially spliced in Steap4 defi-

ciency with those regulated by SRSF6-mediated splicing,27,28

identifying 34 overlapping genes (Table S6). Interestingly, seven

out of these 34 overlapping genes are also downregulated in

Steap4 deficiency (adjusted p < 0.05) (Table S6). These genes,

as well as SRSF6, have been previously linked to mitochondrial

function, with similar phenotypes observed in Steap4 KO.27–35

For example, IMMT/MIC60 is a key factor in the mitochondrial

contact site and cristae organizing system (MICOS), where

many protein complexes (e.g., ETC) are localized.32,33 TPM1

has been shown to contribute to mitochondrial distribution and

morphology.34 Reduced PKM1 expression has been linked to

deficiencies in mitochondrial respiration and ATP production in

failing human and mouse hearts.35 These findings underscore

the potential role of Steap4 in regulating SRSF6-dependent

alternative splicing of mitochondrial-related genes.

Brownadipocyte Steap4maintains thermoregulation via
modulating mitochondrial activity
Considering the observed crucial impact of Steap4 onmitochon-

dria, we postulated that depletion of Steap4 in mitochondria-rich

thermogenic adipocytes, naming brown and beige adipocytes,

may impair thermogenesis via accelerating HFD-induced mito-

chondrial dysfunction. To test this hypothesis, we generated

thermogenic adipocyte-specific Steap4-deficient (Steap4BKO)
iScience 28, 111903, February 21, 2025 5
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Figure 3. Steap4 deficiency resulted in impaired mitochondrial function in adipocytes

(A) Circular visualization graph shows the selected significant GO terms (FDR <0.1) for differentially expressed genes between iWAT fromSteap4AKO andSteap4f/f

HFD-fed mice. Each dot in the outer circle represents an individual upregulated (red) or downregulated (blue) gene. Genes of the same functional term are

grouped together, and the description of each group is shown in the right table. The colored bar in the inner circle summarizes the median log2 fold change of the

genes sharing the same functional term. The size of the bar represents the significance of each functional term (-log10(FDR)).

(B) Upper: pathway illustration of electron transport chain (ETC) modified based on the Wikipathways database (ID: WP295). Lower: log2 fold change of gene

expression between HFD-fed Steap4AKO and Steap4f/f iWAT. Each dot represents a gene involved in the indicated ETC complex. Blue and red color indicates

downregulated and upregulated genes, respectively. Filled dots are statistically significant as assessed by DESeq2 (adjusted p value <0.05).

(C) Expression of the indicated mRNAs in iWAT from HFD-fed Steap4f/f and Steap4AKO mice (n = 6 each group).

(D) Mitochondrial proteins were extracted from iWAT of HFD-fed Steap4f/f and Steap4AKO mice, identical amounts of protein were loaded and analyzed by BN-

PAGE followed by western blot analysis with the indicated antibodies.

(E) Activities of respiratory complexes in the isolated mitochondria from iWAT of HFD-fed Steap4f/f and Steap4AKO (n = 6 each group).

Statistical significance for all relevant graphs was determined by two-tailed Student’s t test. Significance: ** 0.001 % p < 0.01, ***p < 0.001. All data represent

means ± SEM.
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Figure 4. Steap4 regulates RNA alternative splicing of mitochondrial function-related genes in adipose tissue

(A) Co-immunoprecipitation verification of Steap4 interacting proteins in homogenates of iWAT from HFD-fed Steap4f/f and Steap4AKO mice. Each lane indicates

an individual sample.

(B–D) Upper: LeafCutter identified alternative spliced gene patterns as shown in the schematic illustration (Figures S4B-S4F for details). Lower: alternatively

spliced events (events a vs. b) as indicated in the Figure) validated by RT-PCR using RNAs extracted from iWAT of HFD-fed Steap4f/f and Steap4AKO mice and

followed by agarose electrophoresis. Example(s) of mutually exclusive exons (Pkm) (B), transcript hosting alternative 50 splice site (Tacc2) (C), and cassette exon

(Abcc9, Bin1, and Mfn2) (D), between HFD-fed Steap4f/f and Steap4AKO iWAT. Each lane in (B)–(D) indicates an individual sample. M: marker.

(E) Quantification of the involvement of event a using band intensity measurement as of band a to lane total ratios from (B)–(D) by Image Lab software.

Statistical significance was determined by two-tailed Student’s t test. n = 4 each group. Significance: * 0.01 % p < 0.05, ***p < 0.001. All data represent

means ± SEM.

(F) Circular visualization graph shows the selected significant GO terms (FDR <0.1) for alternative spliced genes between iWAT from HFD-fed Steap4f/f and

Steap4AKO mice. The size of the colored bar in the inner circle represents the significance of each functional term (-log10(FDR)). The color scale represents the

number of identified alternative spliced genes in the indicated functional term.

(G) Steap4 WT and Steap4 KO SVFs differentiated on Day6 were subjected to coIP experiment (anti-SRSF6) followed by western blot.
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mice by breeding Steap4f/f mice to Ucp1-Cre transgenic mice

(Figures S5A and S5B). Following 12 weeks of HFD feeding,

Steap4BKO mice exhibited greater weight gain, increased fat

mass, and worsened glucose tolerance and insulin sensitivity

in Steap4BKO mice compared to sex- and age-matched wild-

type controls (Steap4f/f) (Figures 5A–5C). Notably, Steap4BKO

iBAT showed pronounced lipid accumulation along with sup-

pressed expression of thermogenic genes in response to HFD,

including Ucp1, Prdm16, Cidea, Dio2, and Cox8b, compared

with control mice (Figures 5D and 5E). HFD-fed Steap4BKO

mice also displayed lower body temperatures and showed sup-
pressed VO2, VCO2, and energy expenditure in Steap4BKO mice,

compared with the control mice (Figures 5F and 5G). Interest-

ingly, under mouse thermoneutral conditions (30�C), Steap4BKO

had already displayed impaired heat dissipation, and the sup-

pressed energy expenditure in Steap4BKO was more dramatic

under both 22�C and 4�C environmental temperatures

compared to Steap4f/f controls (Figure 5G). Taken together,

these data demonstrate that Steap4 is essential for maintaining

brown adipose thermogenesis.

To further investigate the influence of Steap4 on thermogenic

adipose tissue, the respiratory capacity was assessed using
iScience 28, 111903, February 21, 2025 7
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Figure 5. Steap4 deficiency resulted in impaired thermogenesis in brown adipose tissue

(A) Body weight of Steap4f/f and Steap4BKO mice fed an HFD diet for 12 weeks (n = 6, 5).

(B) EchoMRI analysis of fat mass and lean mass of Steap4f/f and Steap4BKO mice after HFD feeding (n = 6, 5).

(C) Glucose tolerance test (GTT) and insulin tolerance test (ITT) in HFD-fed Steap4f/f and Steap4BKO mice (n = 5 pairs).

(D) Left: representative images of H&E staining and Ucp1 staining of iBAT sections from HFD-fed Steap4f/f and Steap4BKO mice. Right: quantification of Relative

Ucp1+ area (n = 10 fields). Scale bars: 150 mm.

(E) Expression of the indicated mRNAs in total RNA extractions of iBAT from HFD-fed Steap4f/f and Steap4BKO mice (n = 6 each group).

(F) Rectal temperatures for HFD-fed Steap4f/f and Steap4BKO mice (n = 6, 5).

(G) Quantification of VO2 levels, VCO2 levels and heat production in HFD-fed Steap4f/f and Steap4BKO mice (n = 5 pairs), as measured by CLAMS metabolic

chambers using indirect calorimetry methods.

Statistical significance for all relevant graphs was determined by two-tailed Student’s t test. Significance: * 0.01% p < 0.05, ** 0.001% p < 0.01, ***p < 0.001. All

data represent means ± SEM.
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Seahorse analysis in HFD-fed Steap4f/f and Steap4BKO iBAT ex-

plants. As depicted in Figure 6A, the deficiency of Steap4 in

brown adipocytes resulted in a marked reduction in both basal

and maximal OCR compared to Steap4f/f controls. Additionally,

the mRNA expression levels of thermogenic genes were also

suppressed (Figure 6B). As anticipated, the enzymatic activities

mitochondrial ETC complexes was repressed in Steap4BKO iBAT
8 iScience 28, 111903, February 21, 2025
(Figure 6C), and supercomplex assembly in Steap4BKO iBAT was

significantly impaired compared with Steap4f/f controls

(Figures 6D and S5C), further supporting the modulatory role

of Steap4 in mitochondria. Finally, transmission electron micro-

scopy (TEM) analysis revealed a significant decrease in

mitochondrial cristae density, indicating mitochondrial structural

damage in Steap4BKO iBAT compared to the controls (Figures 6E
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Figure 6. Steap4 deficiency resulted in suppressed mitochondrial function in brown adipose tissue

(A) Left: real-time kinetic rate of oxygen consumption (OCR) of iBAT explants from HFD-fed Steap4f/f and Steap4BKO mice (n = 5 each group). Right: calculated

basal and maximum respiration. OCR levels were normalized to iBAT explant weights.

(B) Expression of the indicated mRNAs in iBAT from HFD-fed Steap4f/f and Steap4BKO mice (n = 6, 5).

(C) Activities of respiratory complexes in the isolated mitochondria from iBAT of HFD-fed Steap4f/f and Steap4BKO mice (n = 6 each group).

(D) Mitochondrial proteins were extracted from iBAT of HFD-fed Steap4f/f and Steap4BKO mice and analyzed by BN-PAGE followed by western blot analysis with

the indicated antibodies.

(E) TEM analysis of mitochondrial structure and (F) cristae area quantification in iBAT (n = 20 fields). Scale bars: 0.5 mm. M: mitochondrion, L: lipid droplet.

Statistical significance for all relevant graphs was determined by two-tailed Student’s t test. Significance: * 0.01% p < 0.05, ** 0.001% p < 0.01, ***p < 0.001. All

data represent means ± SEM.
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and 6F). Overall, these findings demonstrate the indispensable

role of Steap4 in maintaining mitochondrial homeostasis and

thermogenesis.

DISCUSSION

Adipose metabolism, particularly in the context of obesity, is

closely linked to mitochondrial function.36 Dysfunction in adi-

pose tissue metabolism and mitochondrial activity has been

implicated in the progression of obesity, underscoring the impor-

tance of understanding the interplay between adipose tissue and

mitochondria function.37,38 Previous research has provided evi-

dence that the expression level of Steap4 in human adipose tis-
sue is associated with adiposity and insulin resistance.39,40 Simi-

larly, studies conducted in global Steap4 knockout mouse

models suggest that Steap4 plays a crucial role in integrating in-

flammatory and metabolic responses, contributing to systemic

metabolic homeostasis.14 However, it remains unclear whether

and how Steap4 impacts adipocytes, especially regarding its

role in modulating energy expenditure.

In this study, we generated adipocyte- and thermogenic

adipocyte-specific Steap4-deficient mice to investigate the po-

tential effects of Steap4 on obesity induced by HFD. The defi-

ciency of Steap4 in both strains of mice resulted in impaired

metabolic function in response to the HFD, characterized by

accelerated weight gain, insulin resistance, glucose intolerance.
iScience 28, 111903, February 21, 2025 9
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Importantly, Steap4 deficiency led to adipocyte mitochondrial

dysfunction, thereby affecting thermogenesis and energy

expenditure.

Our studies demonstrated that Steap4 deficiency in adipose

tissue led to suppressed ETC complex activity and impaired

supercomplex assembly, suggesting that Steap4 may partici-

pate in maintaining mitochondrial function. A previous study

indeed showed that gut epithelial cell-specific overexpression

of Steap4 increased mitochondrial iron levels in intestinal

epithelial cells and oxidative stress, which resulted in experi-

mental colitis and colon cancer in mice.22 Intriguingly, we

found that Steap4 deficiency was able to further reduced

ETC complex activities in the presence of iron chelator (as

well as copper chelator) (Figure S3E), indicating the role of

Steap4 in adipocytes might be beyond the known metallore-

ductase activity. Although our data cannot exclude the possi-

bility that longer-term consequences of losing Steap4 metallo-

protease activity may contribute to the ETC dysfunction

observed in Steap4 KO cells, these observations raise the

possibility that Steap4 might be involved in additional cellular

processes.

Notably, our results revealed a significant enrichment of

Steap4 in interacting with splicing factors. Consistently, Steap4

deficiency led to alternative splicing events, with genes

harboring these Steap4-mediated splicing changes being signif-

icantly enriched in mitochondria. For instance, Abcc9, which en-

codes ATP binding cassette subfamily C member 9 or sulfonyl-

urea receptor 2, was reported to have two isoforms, Sur2a and

Sur2b. Previous study showed that SUR2B exhibits lower

ATPase activity than SUR2A.41 In this study, we observed that

Sur2b isoform is more enriched in Steap4AKO adipose tissue

compared to Steap4f/f controls, implying that Steap4 may influ-

ence ATPase activity by regulating the alternative splicing of

Abcc9. In addition, it is important to note that our cellular sub-

fractionation and confocal imaging suggested the presence of

Steap4 in the nucleus. Taken together, our findings suggest a

novel regulatory mechanism by which Steap4 modulates mito-

chondria function—potentially by regulating the splicing of mito-

chondria-related genes.

Our mass spectrometry data suggest that Steap4 interacts

with the serine/arginine-rich (SR) protein SRSF6, which has

been previously implicated in the alternative splicing of genes

related to mitochondrial function in multiple studies. We

observed a significant enrichment between transcripts differen-

tially spliced in Steap4-deficient cells and those regulated by

SRSF6, strongly suggesting that Steap4 and SRSF6 may work

together to regulate critical splicing events. To explore this

further, we used coIP assays, which confirmed that Steap4

and SRSF6 interact, with each protein able to pull down the

other. SR proteins, like SRSF6, play a key role in spliceosome as-

sembly and recruitment, often interacting with core components

during the splicing process.27–31 Indeed, we found that SRSF6

can pull down SF3A1, a core component of the spliceosome.

Interestingly, in the absence of Steap4, the interaction between

SRSF6 and SF3A1 was significantly reduced, suggesting that

Steap4 is involved in regulating the SF3A1-SRSF6 complex.

These findings imply a potential regulatory role for Steap4 in

SRSF6-dependent splicing events.
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We identified several genes whose splicing may be regulated

by both SRSF6 and Steap4, and which were significantly down-

regulated in Steap4-deficient cells. This downregulation is likely

driven by alternative splicing regulation, as previously re-

ported.42–44 Alternative splicing can produce mRNA isoforms

with sequences that are recognized by specific RNA-binding

proteins or microRNAs, targeting them for degradation by

cellular machinery involved inmRNA turnover.42–44 Additionally,

alternative splicing can, in some cases, introduce premature

stop codons or alter coding regions, which are often targeted

for degradation through mechanisms such as nonsense-medi-

ated decay (NMD), leading to reduced gene expression.42–44 In

Steap4-deficient cells, the alternative splicing for genes likely

results in decreased levels of functional proteins, impairing

mitochondrial integrity, and energy production. Among these

downregulated genes, which are likely regulated by both

SRSF6 and Steap4, IMMT/MIC60 and TPM1 are involved in

essential mitochondrial functions, such as the mitochondrial

contact site and cristae organizing system (MICOS), as well

as mitochondrial distribution and morphology.32–34 Reduced

expression of PKM1, another gene in this list, has been linked

to impaired mitochondrial respiration and ATP production.35

This downregulation of critical mitochondrial-related genes cor-

relates with the mitochondrial dysfunction observed in Steap4

knockout models. Additionally, the interactions between

Steap4 and other splicing factors present an intriguing opportu-

nity for further exploration. Similar to SF3A1, some of these in-

teractions may belong to the same Steap4/SRSF6 axis, with SR

proteins dynamically interacting with the spliceosome at

different stages of splicing,42–48 while others may function inde-

pendently. Together, these findings support a model in which

Steap4 regulates mitochondrial function by modulating alterna-

tive splicing events of mitochondria-related genes (e.g.,

through SRSF6).

In this study, we observed the adipocyte-specific Steap4 defi-

ciency led to impaired mitochondrial function, thermogenesis,

and energy expenditure. Besides Steap4’s involvement in regu-

lating splicing, we also found that Steap4 interacts with a set of

mitochondrial function-related proteins, suggesting that Steap4

might modulate adipocyte mitochondrial function via its interac-

tions with these mitochondrial proteins. These findings highlight

the significance of Steap4 in regulating mitochondrial activity

and thermogenic capacity in BAT, which has emerged as a po-

tential therapeutic target for combating obesity. By enhancing

brown adipocyte function and promoting thermogenesis, excess

energy stored as WAT can be burned, leading to a reduction in

overall body weight and improved metabolic health.49 The

impairment in mitochondrial function and thermogenesis in

Steap4-deficient adipocytes indicates the essential role of

Steap4 in the regulation of BAT function, implicating Steap4 as

a potential target to boost thermogenic capacity in combatting

obesity.

In summary, our study has revealed a new structural role of

Steap4 that extends beyond its well-documented metalloreduc-

tase activity. We found that Steap4 is involved in maintaining

adipocyte homeostasis and promoting thermogenesis through

its modulation of mitochondrial function and participates in

the alternative splicing of mitochondrial-related genes. These
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findings indicate that Steap4 may play a putative protective role

in the context of obesity development, presenting potential ther-

apeutic targets for obesity treatment.
Limitations of the study
While we demonstrated that Steap4 selectively affects mito-

chondrial genes through interactions with splicing factors,

including SRSF6-containing complexes, the precise mecha-

nisms of its role in dynamic splicing regulation in adipocytes

remain unclear. Steap4 deficiency reduced ETC complex activ-

ities in the presence of chelators, suggesting roles beyond met-

alloreductase activity. Further analysis using the catalytic mutant

is needed to gain clearer mechanistic insights. Additionally,

studies are required to elucidate further whether Steap4’s

nuclear translocation and mitochondrial localization are inter-

connected regulatory processes in adipocytes.
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Brown adipose tissue is associated with cardiometabolic health. Nat.

Med. 27, 58–65. https://doi.org/10.1038/s41591-020-1126-7.

11. Ouellet, V., Routhier-Labadie, A., Bellemare, W., Lakhal-Chaieb, L., Tur-

cotte, E., Carpentier, A.C., and Richard, D. (2011). Outdoor Temperature,

Age, Sex, Body Mass Index, and Diabetic Status Determine the Preva-

lence, Mass, and Glucose-Uptake Activity of 18F-FDG-Detected BAT in.

J. Clin. Endocrinol. Metab. 96, 192–199. https://doi.org/10.1210/jc.

2010-0989.

12. Lee, P., Greenfield, J.R., Ho, K.K.Y., and Fulham, M.J. (2010). A critical

appraisal of the prevalence and metabolic significance of brown adipose

tissue in adult humans. Am. J. Physiol. Endocrinol. Metab. 299, E601–

E606. https://doi.org/10.1152/ajpendo.00298.2010.

13. Wang, Q., Zhang, M., Xu, M., Gu, W., Xi, Y., Qi, L., Li, B., and Wang, W.

(2015). Brown adipose tissue activation is inversely related to central

obesity and metabolic parameters in adult human. PLoS One 10,

e0123795. https://doi.org/10.1371/journal.pone.0123795.

14. Wellen, K.E., Fucho, R., Gregor, M.F., Furuhashi, M., Morgan, C., Lind-

stad, T., Vaillancourt, E., Gorgun, C.Z., Saatcioglu, F., and Hotamisligil,

G.S. (2007). Coordinated regulation of nutrient and inflammatory re-

sponses by STAMP2 is essential for metabolic homeostasis. Cell 129,

537–548.

15. Kim, H.Y., Park, S.Y., Lee, M.H., Rho, J.H., Oh, Y.J., Jung, H.U., Yoo, S.H.,

Jeong, N.Y., Lee, H.J., Suh, S., et al. (2015). Hepatic STAMP2 alleviates

high fat diet-induced hepatic steatosis and insulin resistance.

J. Hepatol. 63, 477–485. https://doi.org/10.1016/j.jhep.2015.01.025.

16. ten Freyhaus, H., Calay, E.S., Yalcin, A., Vallerie, S.N., Yang, L., Calay,

Z.Z., Saatcioglu, F., and Hotamisligil, G.S. (2012). Stamp2 controls macro-

phage inflammation through nicotinamide adenine dinucleotide phos-

phate homeostasis and protects against atherosclerosis. Cell Metabol.

16, 81–89. https://doi.org/10.1016/j.cmet.2012.05.009.

17. Kim, H.Y., Cho, H.K., Yoo, S.K., and Cheong, J.H. (2012). Hepatic

STAMP2 decreases hepatitis B virus X protein-associated metabolic

deregulation. Exp. Mol. Med. 44, 622–632. https://doi.org/10.3858/emm.

2012.44.10.071.

18. Consortium, T.G., Ardlie, K.G., Deluca, D.S., Segrè, A.V., Sullivan, T.J.,
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Dimethyl pimelimidate (DMP) Thermo Fisher Scientific 21667
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DAB substrate kit BD Pharmingen 550880

BCA assay Kit Thermo Fisher Scientific 23227

Deposited data

RNA sequencing data This paper GEO: GSE247291

Mass spectrometry proteomics data This paper PRIDE: PXD046997

Genotype-Tissue Expression (GTEx, Release V10) GTEx Portal, Release V10 (dbGaP

Accession phs000424.v10.p2)

https://www.gtexportal.org/home/

MitoCarta3.0: Mouse Mitochondrial proteome Rath et al.20 https://doi.org/10.1093/nar/gkaa1011
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WikiPathways https://www.wikipathways.org/

pathways/WP295.html

Experimental models: Cell lines

Primary mouse stromal vascular fraction cells (SVFs) This paper N/A

Experimental models: Organisms/strains

Mouse: Adiponectin(Adipoq)-Cre Jackson Labs 028020

Mouse: Ucp1-Cre Jackson Labs 024670

Mouse: Steap4 flox/flox Liao et al.50 N/A

Oligonucleotides

Primer sequences for real-time qPCR analyses This paper Table S7

Primer sequences for RT-PCR analyses This paper Table S8

Software and algorithms

BioMart 2.52.0 (R package) Ensembl https://useast.ensembl.org/info/data/

biomart/index.html

DESeq2 1.12.4 (R package) R Bioconductor https://www.bioconductor.org/packages/

release/bioc/html/DESeq2.html

Database for Annotation, Visualization, and Integrated

Discovery (DAVID): Functional Annotation Tool

National Institutes of Health https://davidbioinformatics.nih.gov/

summary.jsp

GraphPad Prism 9 Dotmatics/GraphPad Software https://www.graphpad.com/

GOPlot 1.0.2 (R package) GitHub https://wencke.github.io/

ImageJ Software National Institutes of Health https://imagej.net/ij/

Image Lab 6.1 Software Bio-Rad https://www.bio-rad.com/en-us/

product/image-lab-software

LeafCutter 0.2.9 (R package) GitHub https://github.com/davidaknowles/leafcutter/

R version 4.2.0 R Core Team https://www.r-project.org/

RSEM 1.3.3 GitHub https://github.com/deweylab/RSEM

STAR 2.7.0 GitHub https://github.com/alexdobin/STAR

Samtools 1.8 GitHub https://github.com/samtools

stats function fisher.test 4.2.1(R package) GitHub https://github.com/SurajGupta/r-source/

tree/master/src/library/stats
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and animal care statement
Steap4f/f mice and Steap4-deficient mice in C57BL/6J background were generated as previously described.14,50 Adiponectin-Cre

(028020) and Ucp1-Cre mice (024670) were purchased from The Jackson Laboratory.51,52 Adipocyte-specific Steap4-deficient

(Steap4AKO) mice were generated by breeding Steap4 flox/flox (Steap4f/f) mice to Adiponectin-Cre transgenic mice. Thermogenic

adipocyte-specific Steap4-deficient (Steap4BKO) mice were generated by breeding Steap4f/f mice to Ucp1-Cre transgenic mice.

Sex(male)- and age- matched Steap4f/f mice were used as wild-type controls. For all the in vivo High Fat Diet model Steap4AKO or

Steap4BKO mice,�8-week-old mice were maintained on a HFD composed of 60% kcal fat for 12 weeks. Due to the potential impact

of hormonal cycles in female mice on dietary studies,53 all of the mice placed on the HFD were male mice.

Animals were housed in standard SPF facilities with light/dark cycles and were given free access to food and water. All animal pro-

cedures were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) under protocols CWRU 2019-

0060/CCF 2020-2316, in compliance with all applicable regulatory policies.

Primary mouse stromal vascular fraction cells (SVFs) and differentiation
In our testing, no sex differences were observed in the outcome of ex vivo experiments, therefore stromal vascular fraction cells

(SVFs) were harvested from mixed-sex mice at 6-8 weeks of age. The tissues were minced into small pieces, followed by incubation

with 3.5 mg/ml Collagenase D in phosphate-buffered saline (PBS) for 60 min in a 37�C shaker water bath. The stromal vascular frac-

tion pellet was collected after 15 min centrifugation at 280 x g and filtered through a 100 mm cell strainer. The cells were cultured in

DMEM-F12 medium (10% PBS with 100 IU/ml penicillin and 100 mg/ml streptomycin) until they were confluent, then differentiated in

DMEM medium containing 10% PBS with 100 IU/ml penicillin and 100 mg/ml streptomycin, 1 mM dexamethasone, 0.5 mM IBMX,

0.5 mM rosiglitazone and 5 mg/ml insulin for 2 days. Cells were then changed for DMEM complete medium containing 5 mg/ml insulin,

every 2–3 days until more than 90% cells were fully differentiated to mature adipocytes. For copper chelator (Bathocuproine disul-

fonic acid, BCS,Millipore Sigma #146625) and iron chelator (Deferoxamine, DFO,Millipore Sigma #D9533) treatment, 500 mMBCS or

100 mMDFO were added from Day 3 of adipocyte differentiation with DMEM complete medium containing 5 mg/ml insulin until more

than 90% cells were fully differentiated to mature adipocytes, and the medium were changed every 2-3 days.

The culture SFVs were authenticated by validating for their ability to differentiate into mature adipocytes and all cells were tested

negative for mycoplasma contamination (Invivogen MycoStrip - Mycoplasma Detection Kit).

METHOD DETAILS

Glucose tolerance test (GTT), insulin tolerance test (ITT), and body temperature measurement
For the GTT, mice were fasted overnight, and glucose (2.5 g per kg body weight) was injected peritoneally. For the ITT, mice were

fasted for 6 h and insulin (0.75Uper kg bodyweight) was injected peritoneally. Blood glucose levels weremeasured using an AimStrip

Plus Blood Glucose Testing System (Germaine Laboratories). Rectal temperature was measured using a MicroTherma 2T Handheld

Thermometer with a rectal probe (Braintree Scientific).

Indirect calorimetry analysis and EchoMRI
Mice fed aHFD for 12weekswere allowed to equilibrate tometabolic cage environments for�48 h before entering into 24h periods at

thermoneutrality (30�C), room temperature (22�C) or cold temperature (4�C). Oxygen consumption (VO2), carbon dioxide production

(VCO2), heat production, and the respiratory exchange ratio were constantly monitored using theOxymaxCLAMS system (Columbus

Instruments). The data were normalized to total body weight. Fat mass and lean mass were measured using an EchoMRI-100H sys-

tem (EchoMRI).

Real-time analysis of OCR
The respiratory activity of adipose tissue was measured using the Seahorse Extracellular Flux XFe24 Analyzer (Agilent).54 Specif-

ically, iWAT or iBAT was removed, and five pieces (< 5 mg) of tissue were assayed in XFe24 Islet Capture Microplates Four consec-

utive measurements were obtained in addition to those under basal conditions: (1) after the addition of 20 mg/ml oligomycin; (2) after

the sequential addition of 8 mMfluoro-carbonyl cyanide phenylhydrazone; and (3) after the sequential addition of 10 mM rotenone plus

10 mMantimycin A. In this assay, basal oxygen consumption can be established bymeasurement of the OCR in the absence of drugs.
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The maximum OCR occurs after the addition of fluoro-carbonyl cyanide phenylhydrazone since cells attempt to maintain a proton

gradient across the inner mitochondrial membrane by increasing the consumption of oxygen by the electron transport chain. All

OCR measures were performed three times in a mix–wait–measure cycle of 3-3-3 minutes, respectively.

Co-immunoprecipitation and immunoblot based analysis
Adipose tissue and primary adipocytes were harvested and lysed on ice in a lysis buffer containing 0.5%Triton X-100, 20mMHEPES

(pH 7.4),150 mM NaCl, 12.5 mM glycerophosphate, 1.5 mM MgCl2, 10 mM NaF, 2 mM dithiothreitol, 1 mM sodium orthovanadate,

2mMEGTA, 20mMaprotinin and 1mMphenylmethylsulfonyl fluoride for 20min, followed by centrifugation at 12,000 x g for 15min to

extract clear lysates (For adipose tissue, tissue was first homogenized and then lysed on ice). Particularly, for Steap4 immunopre-

cipitation, anti-Steap4 (ProteinTech, 11944-1-AP) antibody was cross-linked to protein A-agarose beads (at least 2 ug antibody

per 50 ul protein A-agarose beads) with dimethyl pimelimidate (DMP) (ThermoScientific, 21667) prior to immunoprecipitation using

a standard cross-linking method.55 Lysates were then incubated with antibody-crosslinked protein A- beads at 4�C overnight. After

incubation, the beads were washed four times with lysis buffer and the precipitates were eluted with 2 3 sample buffer. Elutes and

whole-cell extracts were resolved on SDS-PAGE followed by immune blotting with the indicated antibodies. For mitochondrial pro-

tein immunoprecipitation, the isolated mitochondrial pellets were lysed in NP40 lysis buffer (1% NP-40, 20 mM Tris-HCl, 150 mM

NaCl, protease inhibitor cocktail (Roche), and phosphatase inhibitors (PhosSTOP, Roche), pH 7.4), then the lysates were incubated

with antibody-crosslinked A-Sepharose beads at 4�C overnight. After incubation, the beads were washed four times with lysis buffer

and the precipitates were eluted with 2 x sample buffer. Elutes and whole-mitochondrial extracts were resolved on SDS-PAGE fol-

lowed by immune blotting with the indicated antibodies). For other immunoprecipitation assays, the indicated antibodies and Protein

A or Protein G beads (without pre-crosslinking) were used following the same procedures.

Immunohistochemistry (IHC) and immunocytochemistry (ICC)
Adipose tissue was fixed in 10% formalin and processed into paraffin blocks at the Cleveland Clinic Imaging Core or AML Lab-

oratories. These paraffin-embedded formalin-fixed iWAT or iBAT depots were sectioned at 5 mm and deparaffinized, followed by

epitope retrieval (10 mM Sodium Citrate, 0.05% Tween-20, pH 6.0, 95-100�C � 30 min). Sections on slides were further blocked

with 3 % BSA in PBS solution for at least 30 min. Anti-Mac2 monoclonal antibody (Cedarlane, CL8942AP; 0.5 mg/ml) or anti-UCP1

monoclonal antibody (Abcam, ab261912, dilution 1: 50) was incubated at 4�C overnight. Slides were then treated with 0.3% H2O2

and incubated with biotinylated secondary antibodies and Peroxidase Streptavidin (Vector Laboratories). For chromogenic detec-

tion of horseradish peroxidase (HRP) activity, DAB substrate kit from BD Pharmingen was used. The slides were counterstained

with hematoxylin and mounted, then imaged with a light microscope (Keyence BZ-X700 and EVOS M5000 Imaging System). For

confocal imaging, SVF cells from iWAT cultured on coverslips were infected with lentivirus encoding mSteap4-GFP (packaged us-

ing 293T cells). Four days after infection, the cells were fixed with 4% PFA for 20 minutes. The cells were then blocked with block-

ing buffer (2% donkey serum, 1% BSA, 0.1% Triton X-100 and 0.025% Tween-20 in PBS, PH7.4) for 30 minutes and stained with

Tom20 (Santa Cruz sc-11415, 1:100, diluted in blocking buffer) overnight, followed by donkey anti-rabbit IgG (Alexa Fluo 568)

(Thermo Fisher Scientific, A10042, 1:300, diluted in blocking buffer) for 2 hours. The stained cells were then mounted with

ProLong Gold Antifade Reagent with DAPI (Thermo Fisher Scientific, P36931) followed by image analysis. Cells were washed

with PBS between steps.

Mitochondrial isolation and blue native polyacrylamide gel electrophoresis (BN-PAGE)
Mitochondrial isolation was performed according to an established protocol.56 �150 mg of iWAT or iBAT specimen were homoge-

nized in 2 ml ice-cold isolation buffer using a Teflon Potter Elvehjem homogenizer. After homogenization, the specimen was centri-

fuged at 500 g for 10 min, and the mitochondrial fractions were further washed and pelleted at 7,000 g for 10 min for three times. The

mitochondrial pellets were lysed in mitochondrial lysis buffer (50 mM Bis-Tris (pH 6), 50 mM NaCl, 10% wt/vol glycerol and 2% digi-

tonin and protease inhibitors) following two rounds of centrifugation at 20,000 g for 30min, and the clear supernatants were collected

for BN-PAGE. Proteins were quantified using BCA assay (Thermo Fisher Scientific). Then 20 mg of mitochondrial lysates with G-250

Coomassie were loaded into 3 –12% NativePAGE Novex Bis-Tris Gels (Invitrogen, BN1001BOX) in an Xcell SureLock tank (Invitro-

gen), run and transferred onto a polyvinylidene difluoride (PVDF) membrane at 4�C. After transfer, the membrane was rinsed with 8%

acetic acid for 15 min and air-dried. Membranes were blocked with 5% blotting-grade blocker (Bio-rad, 1706404) prepared in Tris

buffered saline + 0.1% Tween 20 (TBST) and incubated overnight at 4�C with antibodies: anti-NDUFA9, anti-SDHA, anti-Ubiquinol-

Cytochrome C Reductase Core Protein I, anti-MTCO1, and total OxPhos Rodent WB Antibody Cocktail. Coomassie blue images

were from parallel gels with same samples.

Nuclei isolation
Nuclei isolation kit (NUC-101, Millipore Sigma) was used to isolate nuclei from differentiated SVFs. Tissue culture dishes containing

Steap4 WT and KO SVF cells (2 150 mm diameter dishes each genotype) differentiated on day 6 were washed with 10 ml ice-cold

PBS. For each genotype (WT and KO), 4ml of ice-cold Nuclei EZ lysis buffer was added, and cells were harvested and lysed. The total

cell lysate from each genotype was transferred to a separate 15 ml tube, vortexed and placed on ice for 5 min. Nuclei were then

collected by centrifugation at 500 x g for five minutes at 4�C. The supernatant containing cytoplasmic components was saved for
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later western-blot analysis. For each sample, nuclei were then resuspended and washed in 4 ml ice-cold Nuclei EZ Lysis Buffer for

5 minutes on ice. The washed nuclei were then collected by centrifugation at 500 x g for five minutes at 4�C. Each pellet was further

resuspended in 200 ml of ice-cold Nuclei EZ Storage Buffer. Sonication was performed to prepare lysates (in the presence of protease

inhibitor cocktail and phosphatase inhibitors (PhosSTOP, Roche) for western-blot analysis.

Real-time qPCR
Total RNAwas extracted using RNeasy Lipid TissueMini Kit (Qiagen) according to themanufacturer’s instructions. 2 mg total RNA for

each sample was reverse-transcribed using SuperScript II Reverse Transcriptase. The resulting complementary DNA was analyzed

by real-time qPCR with indicated primers using SYBR Green Real-Time PCR Master Mix (Applied Biosystems).

Transmission electron microscopy
For ultrastructural analysis, freshly dissected iBAT from HFD-fed Steap4f/f and Steap4AKO mice were cut into 2 mm3 1 mm3 1mm

and were fixed for 1 h at 22�C in 2% paraformaldehyde, 2.5% glutaraldehyde (Polysciences), and 0.05% malachite green (Sigma-

Aldrich) in 100 mM sodium cacodylate buffer (pH 7.2). Malachite green was incorporated into the fixative for stabilization of lipid con-

stituents soluble in aqueous glutaraldehyde. Samples were washed in cacodylate buffer and were post-fixed for 1 h in 1% osmium

tetroxide (Polysciences). Samples were then rinsed extensively in distilled water before en bloc staining for 1 h with 1% aqueous ura-

nyl acetate (Ted Pella). Following several rinses in distilled water, the samples were dehydrated in a graded series of ethanol and

embedded in Eponate 12 resin (Ted Pella). Sections 95 nm in thickness were cut with a Leica Ultracut UC7 ultramicrotome (Leica

Microsystems), then stained with uranyl acetate and lead citrate and viewed on a Tecnai G2 Spirit BioTWIN transmission electron

microscope (FEI) at 60 kV.

Proteomic analysis of Steap4-interacting proteins
WT and Steap4 KO SVFs (preadipocytes) and ex vivo differentiated primary adipocytes were immunoprecipitated using an anti-

Steap4 antibody for proteomic analysis (described in co-immunoprecipitation above). Samples were submitted for in-gel digestion

in the Proteomics Core at Lerner Research Institute. For the protein digestion, the bandswere cut tominimize excess polyacrylamide,

divided into a number of smaller pieces. The gel pieces were washed with water and dehydrated in acetonitrile. The bands were then

reducedwith DTT and alkylated with iodoacetamide prior to the in-gel digestion. All bands were digested in-gel using trypsin, by add-

ing 5 mL of 10 ng/mL trypsin in 50 mM ammonium bicarbonate and incubating overnight at room temperature to achieve complete

digestion. The peptides that were formed were extracted from the polyacrylamide in two aliquots of 30 mL 50% acetonitrile with

5% formic acid. These extracts were combined and evaporated to <10 mL in Speedvac and then resuspended in 0.1% formic

acid to make up a final volume of�30 mL for LC-MS analysis. The LC-MS system was a Bruker TimsTof Pro2 Q-Tof mass spectrom-

etry system. The HPLC column was a Bruker 15 cm x 75 mm id C18 ReproSil AQ, 1.9 mm, 120 Å reversed-phase capillary chroma-

tography column. One mL volumes of the extract were injected and the peptides eluted from the column by an acetonitrile/0.1% for-

mic acid gradient at a flow rate of 0.3 mL/min and directly introduced into the source of the mass spectrometer. The digests were

analyzed using positive ion mode, coupled with a CaptiveSpray ion source (both from Bruker Daltonik GmbH, operating Bremen)

Parallel Accumulation–Serial Fragmentation DDAwas used to select precursor ions for fragmentation with a TIMS-MS scan followed

by 10 PASEF MS/MS scans. The TIMS-MS survey scan was acquired between 0.60 and 1.6 Vs/cm2 and 100–1,700 m/z with a

ramp time of 166 ms. The total cycle time for the PASEF scans was 1.2 seconds and the MS/MS experiments were performed

with collision energies between 20 eV (0.6 Vs/cm2) to 59 eV (1.6 Vs/cm2). Precursors with 2–5 charges were selected with the target

value set to 20,000 a.u and intensity threshold to 2,500 a.u. Precursors were dynamically excluded for 0.4 s. The data were analyzed

by using all CID spectra collected in the experiment to search the mouse SwissProtKB database containing 17,552 entries using the

program MSFragger 3.4. Proteins of moderate to high abundance (spectral counts R 10) that are more enriched in WT mature ad-

ipocytes versus WT preadipocytes or Steap4 KO cells (R 2-fold increase in spectral counts) were reported as Steap4-interacting

proteins.

Subcellular localization analysis
Among the 91 proteins that interact with Steap4, the localization analysis was conducted on the subset of 89 proteins for which local-

ization information is available in the COMPARTMENTS database. Specifically, COMPARTMENTS assess each protein its localiza-

tion in 11 compartments, including nucleus, cytosol, cytoskeleton, peroxisome, lysosome, endoplasmic reticulum, Golgi apparatus,

plasma membrane, endosome, extracellular space, and mitochondrion. The confidence of these protein-compartment associations

was accessed by a score integrating manually curated literature, high-throughput screens, automatic text mining, and sequence-

based prediction methods. This score ranges from zero (i.e., no evidence) to five. Further localization analysis utilized the Mouse Mi-

toCarta3.0 dataset (2020 release), which includes 1140 mitochondrial mouse genes. After identifying human homologues of the

Steap4 interacting proteins using the Ensembl Biomart database (version 2.52.0), the localization of these human proteins was further

assessed using The Human Protein Atlas (version 21.1).57 The localization analysis focused on the subset of 76 proteins for which

localization information is available in The Human Protein Atlas database. Additionally, similar analysis was conducted using the

MitoCoP dataset, which contains over 1100 high-confidence human mitochondrial proteins.
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RNA-seq analysis
Total RNAwas extracted from iWAT of HFD-fed Steap4f/f and Steap4AKOmice with the Qiagen RNeasy Lipid TissueMini Kit following

the manufacturer’s instructions. Sequencing library preparation and RNA-seq were conducted by Novogene. mRNA was purified

from total RNA using poly-T oligo-attached magnetic beads. The library preparations were sequenced on an Illumina platform

and paired-end reads were generated. Raw data (raw reads) of fastq format were processed to obtain clean data (clean reads) by

removing reads containing adapter, reads containing ploy-N and low-quality reads from raw data. We then aligned RNA-Seq reads

to the mouse reference genome (GRCm38/mm10) using STAR (version 2.7.0e) with the transcript annotation supplied. Both the

mouse reference genome and transcript annotation were downloaded from UCSCGenome Browser. We then assigned the mapped

reads to gene using RSEM (version 1.3.3), with default union-counting mode. To perform differential gene expression analysis, we

applied DESeq2 R package (R 4.2.0, DEseq2 version 1.12.4), with an adjusted P-value of 0.05 as the cutoff.

For STEAP4 expression crossing various human tissues including adipose tissue, the data used for the analyses described in this

paper were obtained from the GTEx Portal (Release V10.).

Gene Ontology enrichment analysis and visualization
GeneOntology (GO) enrichment analysiswasperformedon theWebserver of theDatabase forAnnotation, Visualization, and Integrated

Discovery (DAVID) functional annotation tool (https://david.ncifcrf.gov/tools.jsp). A false discovery rate of 10%was applied to evaluate

significance. We then adapted GOPlot R package (version 1.0.2) to visualize the gene set annotation enrichment analysis results.

Differential splicing analysis
RNA-Seq readswere aligned to theUCSCmouse reference genome (GRCm38/mm10) using STAR (version 2.7.0e). The aligned BAM

files were indexed by ‘samtools’ (version 1.8) and then proceeded to create junction files by ‘regtools’ (version 0.6.0) for downstream

analysis. We performed differential splicing analysis using intron-centric package ‘LeafCutter’ (version 0.2.9). The introns in each file

were clustered using ‘leafcutter_cluster_regtools.py.script’(python version 3.8.6), requiring 50 split reads supporting each cluster

and showing intron of up to 500kb (input flag -m 50 -o -l 500000). Differential splicing was then evaluated using the ‘leafcutter_ds.R’

(R version 4.2.0) script with using the exons file provided by using the ‘gtf_to_exons.R’ script to convert GTF file to the required

format. LeafCutter reported the splice clusters that have significantly different usage between Steap4 KO and WT (FDR<10%).

The interactive visual web serve was then created using ‘ds_plots.R’ script.

Validation of differential splice events from LeafCutter
To validate differential splicing events identified by the LeafCutter program, we used an RT-PCR approach. Total RNAwas extracted

using RNeasy Lipid Tissue Mini Kit (Qiagen, Cat#74804) following the manufacturer’s instructions. 2 mg of DNase-treated RNA was

reverse-transcribed (Thermo Fisher Scientific) according to the manufacturer’s instructions. KOD Hot Start DNA Polymerase (Milli-

pore Sigma) was used for RT-PCR with sequence-specific primers. Conditions for PCR are as follows: initial denaturation at 95�C for

2 min, 35 cycles of (95�C, 20 sec; annealing at 55� or 60�C, 10 sec; extension at 70�C, 5 sec). RT-PCR products were subjected to

agarose gel electrophoresis and imaged using GE AI680 Imager or Syngene Imager and quantified by Image Lab 6.1 Software (Bio-

Rad Laboratories Inc.).

Spectrophotometric assays of mitochondrial respiratory complex activity
The activities of mitochondrial respiratory complexes were assayed spectrophotometrically using sonicated, thawed mitochondria

samples at 22�C58,59. For the complex I (NADH-ubiquinone reductase) activity assay, the electron transfer activity of complex I

was assayed by ubiquinone-stimulated NADH oxidation. For this, 5 mg of mitochondrial protein was mixed with 100 ml assay buffer

(20mMpotassiumphosphate buffer, 2mMNaN3, 0.8%sodiumcholate and0.15mMNADH (pH8.0)). The reactionwas initiated by the

addition of 0.1mMubiquinone-1 (CoQ1) and the change of absorbance forNADHwasmeasured at 340 nm (ε=6.22mM�1 cm�1). The

specificity of the assaywas validated by rotenone-sensitive inhibition. Complex I activitywas expressed as the oxidation rate of NADH

(nmol NADH oxidized per min per mg protein). For the complex III (ubiquinol-cytochrome c reductase) activity assay, complex III ac-

tivity was evaluated by ubiquinol-mediated ferricytochrome c reduction at 550 nm (ε = 18.5 mM�1 cm�1) upon the addition of 1 mg

protein to 100 ml assay buffer (50 mM potassium phosphate buffer, 1 mM EDTA, 50 mM cytochrome c, 0.1% sodium cholate, 2 mM

NaN3 and 25 mM ubiquinol (pH 7.0)). Inhibition of the assay with antimycin A was used to verify the specificity of the assay. Complex

III activity was expressed as the reduction rate of ferricytochrome c (nmol ferricytochrome c reduced per min per mg protein). For the

complex IV activity assay, 5 mg of mitochondrial protein were added to 600 ml assay buffer. The assay buffer contained 50mM phos-

phate buffer and 60 mM ferrocytochrome c (pH 7.4). Complex IV activity was determined by the decrease in the rate of absorbance of

ferrocytochrome c at 550 nm (e = 18.5 mM�1 cm�1). Potassium cyanide was used as the inhibitor to validate the assay. Complex IV

activity was expressed as the oxidation rate of ferrocytochrome c (nmol ferrocytochrome c oxidized/min/mg protein).

QUANTIFICATION AND STATISTICAL ANALYSIS

The nature of tests, n and meaning of bars, lines and error bars are indicated in the figure legends. Generally, significance of differ-

ences between two groups was determined by unpaired (Student’s) t-test(two-tailed). Differences were considered significant at
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p < 0.05. Statistical significance is given as * 0.01% p < 0.05, ** 0.001% p < 0.01, *** p < 0.001.; or ns, not significant (pR 0.05). All

data represent means ± s.e.m. Detailed P-value information calculated by and exported from GraphPad Prism is provided in the

Table S9. For all cases where p < 0.0001 (belonging to the "***" catalog in the manuscript), Prism displays only "****" and "

p < 0.0001", where the p value was then provided based on the Excel formula "T.DIST.2T(T, df)" , in the Table S9, as suggested

by GraphPad "KNOWLEDGEBASE - ARTICLE #687". All image/data analyses were performed using ImageJ Software (National In-

stitutes of Health), Image Lab 6.1 (Bio-rad) or GraphPad Prism 9 software (Dotmatics). Additionally, Fisher’s exact test was applied to

assess the association between two variables. The test was conducted using the fisher.test() function with default settings (two-

tailed) from the stats package (version 4.2.1) in R. Statistical significance was defined as p < 0.05.
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