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Significance

The essence of obesity is the 
imbalance between energy 
intake and consumption. Brown 
adipose tissue (BAT) has a 
thermogenic effect due to its 
numerous mitochondria, which 
promotes energy expenditure 
and nonshivering thermogenesis. 
Promoting the thermogenesis of 
BAT is a well- accepted strategy 
for improving energy balance. 
Here, we identify CLCF1 as 
a negative regulator of 
thermogenesis in BAT. CLCF1 
deletion in BAT shows enhanced 
thermogenesis and attenuation 
of diet- induced obesity. 
Mechanistically, CLCF1 
suppresses the PERK- ATF4 
pathway and further inhibits 
ADCY3 transcriptional activity 
and PKA signaling, which impairs 
thermogenesis of BAT. Thus, this 
study provides the evidence for 
the role of CLCF1 signaling in 
modulating BAT thermogenesis, 
which might help to uncover the 
pathophysiological mechanisms 
of obesity and associated 
metabolic disorders.
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Brown adipose tissue (BAT) is the main site of nonshivering thermogenesis which plays 
an important role in thermogenesis and energy metabolism. However, the regulatory 
factors that inhibit BAT activity remain largely unknown. Here, cardiotrophin- like 
cytokine factor 1 (CLCF1) is identified as a negative regulator of thermogenesis in BAT. 
Adenovirus- mediated overexpression of CLCF1 in BAT greatly impairs the thermogenic 
capacity of BAT and reduces the metabolic rate. Consistently, BAT- specific ablation of 
CLCF1 enhances the BAT function and energy expenditure under both thermoneu-
tral and cold conditions. Mechanistically, adenylate cyclase 3 (ADCY3) is identified 
as a downstream target of CLCF1 to mediate its role in regulating thermogenesis. 
Furthermore, CLCF1 is identified to negatively regulate the PERK- ATF4 signaling 
axis to modulate the transcriptional activity of ADCY3, which activates the PKA sub-
strate phosphorylation. Moreover, CLCF1 deletion in BAT protects the mice against 
diet- induced obesity by promoting BAT activation and further attenuating impaired 
glucose and lipid metabolism. Therefore, our results reveal the essential role of CLCF1 
in regulating BAT thermogenesis and suggest that inhibiting CLCF1 signaling might 
be a potential therapeutic strategy for improving obesity- related metabolic disorders.

CLCF1 | brown adipose tissue | thermogenesis | obesity

Brown adipose tissue (BAT) is the major site of adaptive thermogenesis which plays a 
critical roles in whole- body energy balance and fuel metabolism in mammals (1, 2). BAT 
contains a large number of multilocular lipid droplets and mitochondria and actively takes 
up glucose and fatty acids for oxidation by driving uncoupling respiration mediated by 
uncoupling protein 1 (UCP1) located in mitochondria (1–4). A growing body of evidence 
from both animal and human studies suggests that high BAT thermogenic activity and 
capacity is associated with resistance to obesity and related metabolic alterations (4–9). It 
is attracting increasing interest to promote BAT thermogenesis for counteracting the hyper-
caloric state of obesity and improving metabolic disorders. However, the mechanisms of 
regulating the thermogenic activity of BAT remain largely unclear.

The interleukin- 6 (IL- 6) family of cytokines is a group of proteins that play pivotal roles 
in various physiological processes, which has been extensively studied over the past few 
decades (10). Previous studies have shown that some members of the IL- 6 family are involved 
in decreasing body weight and energy expenditure (11–16). Currently, it has been established 
that some of those cytokines play roles in regulating the energy homeostasis by inhibiting 
appetite with the subsequent changes in fat metabolism, including IL- 6, cardiotrophin 1 
(CT1), ciliary neurotrophic factor (CNTF), and leukemia inhibitory factor (LIF) (11–17). 
Besides, our previous study also revealed that circulating LIF levels in people with obesity 
were positively associated with hepatic steatosis, and adenoviruses- mediated increasing of 
circulating LIF reduced hepatic lipid deposition and improved glucose homeostasis in mice 
(18). In addition, IL27, another member of the IL- 6 family, was recently identified to pro-
mote adipocyte thermogenesis and improve systemic metabolic homeostasis (17). However, 
whether the IL6 family of cytokines could directly target BAT to regulate thermogenesis and 
energy metabolism independent of its effect on the central nervous system remains unclear.

Cardiotrophin- like cytokine factor 1 (CLCF1) was identified as another member of 
the IL6 family to promote the recruitment and phosphorylation of gp130 and LIFR 
through binding to the ciliary neurotrophic factor receptor (CNTFR) in tumorogenesis 
(19–22). In addition, mutations in the CLCF1 gene lead to cold- induced sweating syn-
drome (CISS) with dysregulated body temperature (23). However, the role of CLCF1 in 
energy homeostasis remains unclear. In this study, we investigated the role of CLCF1 in 
regulating BAT thermogenesis as well as its underlying mechanisms in the development 
of obesity. Our data reveal that CLCF1 is a negative regulator in BAT thermogenesis and 
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energy expenditure, and inhibition of CLCF1 in BAT protects 
mice against diet- induced obesity, suggesting the potential role 
for CLCF1 in BAT in regulating energy and metabolic balance.

Results

Expression Levels of CLCF1 in BAT under Normal and Cold Exposure 
Conditions. To identify IL- 6 family members in BAT that respond to 
thermogenesis, we performed RNA sequencing analysis of BAT from 
C57BL/6 mice after 1 d of cold challenge at 8 °C and their C57BL/6 
mice counterparts housed at 30 °C for 1 d. Gene expression analysis 
showed 1766 genes that were up- regulated and 2779 genes that 
were down- regulated after cold challenge (Fig. 1A), including Ucp1, 
deiodinase 2 (Dio2), and elongation of very- long- chain fatty acids 
(Elovl3) (Fig. 1A). Interestingly, Gene Ontology (GO) analysis of the 
transcriptomic profiles on differentially expressed genes indicated that 
both “fatty acid metabolic process” and “regulation of inflammatory 
response” pathways were enriched under cold exposure (Fig. 1B). 
Previous reports demonstrated that IL- 6 family genes were critical in 
mediating thermogenic response to cold exposure in adipose tissue 
(17, 24). Thus, we analyzed the mRNA expression of well- recognized 
cytokines and the corresponding receptors of the IL- 6 family 
members in BAT. Interestingly, CLCF1 stood out due to its dynamic 
expression pattern in BAT under cold exposure (Fig. 1C). The protein 
expression levels of CLCF1 in different tissues were detected, showing 
that CLCF1 was mainly expressed in the heart, muscle, liver, BAT, 
and jejunum, with BAT as the most abundant compared with other 
tissues analyzed. However, CLCF1 protein levels in inguinal white 
adipose tissue (iWAT) and epididymal white adipose tissue (eWAT) 
were relatively low (Fig. 1D). Consistent with the CLCF1 expression 
pattern, the mRNA expression of Cntfr was the most abundant 
in BAT compared with other tissues analyzed, while the Lifr and 
gp130, the other two components forming a trimeric complex 
with CNTFR, showed different expression patterns compared with 
CLCF1 (SI Appendix, Fig. S1 A–C). In addition, we further retrieved 
the RNA sequencing data of human preadipocytes on differentiation 
at day 0 and day 21 from the public database (GSE97205). It showed 
that the mRNA expression level of CLCF1 was down- regulated while 

UCP1 was up- regulated during the differentiation of human brown 
adipocytes (SI Appendix, Fig. S1D). In contrast, the mRNA expression 
level of UCP1 was comparable during the differentiation of human 
white adipocytes (SI  Appendix, Fig.  S1D), although the mRNA 
expression of CLCF1 was also reduced. To explore the physiological 
function of CLCF1 in BAT, the mRNA and protein expression levels 
of CLCF1 in BAT were analyzed in mature adipocytes (Ad) and 
stormal vascular fractions (SVFs), showing that CLCF1 was mainly 
expressed in mature adipocytes (Fig. 1 E and F). However, there 
were no differences between Ads and SVFs in white adipose tissue 
(SI Appendix, Fig. S1 E and F). Further, reduced CLCF1 mRNA and 
protein levels in BAT were confirmed under cold exposure condition, 
as well as cold- mimic condition with CL316,243 treatment (Fig. 1 
G–J). These results show that CLCF1 is highly expressed in BAT 
and is responsive to adaptive thermogenesis, suggesting that CLCF1 
might play important roles in energy homeostasis.

CLCF1 Suppresses the Thermogenic Activity of BAT in Mice. To 
investigate the potential impact of CLCF1 signaling on BAT 
function, adenoviruses carrying CLCF1 coding sequence (Ad- 
CLCF1) or control gene (Ad- green fluorescent protein, Ad- GFP) 
were administered into BAT of C57BL/6 mice (Fig.  2A). The 
protein expression levels of CLCF1 were significantly increased 
in BAT, but not in iWAT and eWAT, followed by exposure to 8 
°C for 7 d (Fig. 2 B and C). Ad- CLCF1- treated mice failed to 
maintain their core body temperature (Fig. 2D) and showed less 
weight loss after cold exposure without changes in food intake 
compared with the control mice (Fig. 2 E and F). Ad- CLCF1- 
treated mice also showed reductions in their O2 consumption, 
CO2 emission and heat production without alterations in the 
respiratory exchange ratio (RER) (Fig. 2 G–J). These data suggest 
that increased CLCF1 expression in BAT impairs adaptation to 
cold exposure. With CLCF1 overexpression in BAT, BAT mass 
was significantly increased (Fig. 2K), BAT color became lighter in 
brown (Fig. 2L), and the proportion of large adipocytes in BAT 
was increased (Fig. 2 M and N) with more lipid content (Fig. 2O). 
Consistently, reduced mRNA and protein levels of UCP1 were 
observed in BAT from Ad- CLCF1- treated mice (Fig. 2 P and Q).

Fig. 1. CLCF1 was mainly expressed in BAT and down- regulated by cold and CL316,243 stimulation. (A) Volcano plot representing the up- regulated and down- 
regulated genes in BAT, assessed by RNA- seq (8 °C, n = 4; 30 °C, n = 3) (|log2(Fold Change)| >1, Padj < 0.05). (B) GO biological process analysis of RNA- seq (8 °C,  
n = 4; 30 °C, n = 3). (C) Heat map representation of top- ranked IL- 6 family genes and its receptor deferentially expressed (8 °C, n = 4; 30 °C, n = 3). (D) The protein 
levels of CLCF1 in different tissues of 8- wk- old male C57BL/6J mice mice. (E) The mRNA levels of CLCF1 in mature adipocytes and SVF of BAT from male C57BL/6J 
mice (n = 4). (F) The protein levels of CLCF1 in mature adipocytes and SVF of BAT (Left) and quantification of protein levels (Right) (n = 3 biological replicates). 
(G) The mRNA levels and (H) the protein levels (Left) and quantification of protein levels (Right) of CLCF1 in BAT from 8- wk- old male C57BL/6J mice housed at 
30 °C or 8 °C for 1d (G, n = 5; F and H, n = 3). (I) The mRNA levels and (J) the protein levels (Left) and quantification of protein levels (Right) of CLCF1 in BAT from 
8- wk- old male C57BL/6J mice injected intraperitoneally with CL316,243 for 1 d (I, n = 5; J, n = 3). Data are presented as mean ± SEM and **P < 0.01 and ***P < 
0.001 by unpaired two- tailed Student’s t tests (E–J).
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BAT is highly enriched in mitochondria, and the analysis of rel-
ative mitochondrial copy number, mitochondrial biogenesis–related 
gene expression, and electron microscopy indicate the reduction in 
mitochondrial content in BAT of Ad- CLCF1- treated mice (Fig. 2 
R–T). To further analyze the role of CLCF1 in regulating mitochon-
drial function, the SVFs from BAT of wild- type (WT) mice were 
isolated and differentiated into mature adipocytes, followed by treat-
ment with recombinant CLCF1 protein (rCLCF1). The data show 
reduced levels of both basal and maximal mitochondrial respiration 
in adipocytes treated with rCLCF1 by measuring the oxygen con-
sumption rate (OCR) (Fig. 2 U and V). To evaluate the function of 
CLCF1 in human adipocytes, primary adipocytes were isolated from 
collected human visceral adipose tissues (SAT) followed by induction 
of differentiation into brown adipocytes. Interestingly, our results 
show that treatment of rCLCF1 reduced the mRNA expression levels 
of UCP1 in either undifferentiated preadipocytes or differentiated 
human brown adipocytes (SI Appendix, Fig. S2A). Consistently, the 
relative mitochondrial DNA (mtDNA) levels and the mitochondrial 
biogenesis gene expression levels were significantly suppressed by 
rCLCF1 in undifferentiated preadipocytes and differentiated human 
brown adipocytes, suggesting the role of CLCF1 in inhibiting ther-
mogenesis in human adipocytes (SI Appendix, Fig. S2 B and C). As 

the expression level of CLCF1 in WAT was relatively low under 
physiological conditions, we injected adenovirus into iWAT of WT 
mice and transferred them to 8 °C cold exposure for another 7 d, 
aiming to test whether increased CLCF1 expression has any effect 
on the remodeling of white fat. Although the injection of Ad- CLCF1 
led to elevated expression of CLCF1 in iWAT (SI Appendix, Fig. S3 
A and B), Ad- CLCF1- treated mice exhibited no differences in body 
weight, metabolic rates (oxygen consumption, CO2 emission, heat 
production, and RER), body temperature, iWAT mass, and the 
mRNA abundance of thermogenic genes compared with the control 
mice (SI Appendix, Fig. S3 C–J).

Collectively, these results suggest that increased CLCF1 expres-
sion in BAT leads to cold intolerance, reduced energy expenditure, 
and impaired mitochondrial function and that CLCF1 serves as 
a suppressor of adaptive thermogenesis in BAT.

CLCF1 Deletion in BAT Promotes Adaptive Thermogenesis. BAT 
consists of different cell types, such as adipocytes, endothelial cells, 
neuronal cells and immune cells, etc. (25). As CLCF1 was mainly 
expressed in mature adipocytes compared with SVFs of BAT 
(Fig. 1 E and F), we hypothesized that adipocytes in BAT play 
important roles in thermogenesis compared with the control mice. 

Fig. 2. Overexpression of CLCF1 impaired the thermogenic function of BAT. (A) The BAT of 8- wk- old male C57BL/6J mice housed at room temperature was 
injected with adenovirus. After 3 d of adenovirus injection, mice were transferred to 8 °C for up to 7 d. (B) The mRNA levels and (C) the protein levels (Left) and 
quantification of protein levels (Right) of CLCF1 in BAT, iWAT, and eWAT (B, n = 5; C, n = 3). (D) Core body temperatures (n = 5). (E) Body weight (n = 5). (F) Averaged 
daily food intake (n = 5). (G) Oxygen consumption, (H) carbon dioxide production, (I) energy expenditure, and (J) respiratory exchange ratio (n = 4). (K) Relative 
adipose tissue weight (normalized to body weight, n = 5). (L) Representative photographs of BAT. (M) Representative H&E stains of BAT (Top, Scale bar, 50 μm; 
Bottom, Scale bar, 25 μm.) and (N) distribution of adipocyte area (n = 5). (O) BAT triglyceride contents (n = 5). (P) The mRNA levels and (Q) the protein levels 
(Left) and quantification of protein levels (Right) of UCP1 in BAT (P, n = 5; Q, n = 3). (R) Relative mitochondrial DNA (mtDNA) levels (n = 5). (S) The mRNA levels of 
mitochondrial biogenesis genes in BAT (n = 5). (T) Representative TEM images of mitochondria in BAT. (Top, Scale bar, 2 μm; Bottom, Scale bar, 1 μm.) (U) Oxygen 
consumption profiles of brown adipocytes following stimulation by the indicated agents. (V) Bar graphs represent quantification of basal and maximal oxygen 
consumption. Data are presented as mean ± SEM and *P < 0.05, **P < 0.01, and ***P < 0.001. Unpaired two- tailed Student’s t tests were performed in B–F, K, 
and N–S. Two- way ANOVA tests were performed in V.
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Thus, we crossed Clcf1fl/fl mice with Ucp1- iCre mice to generate 
brown adipocyte–specific Clcf1 knockout mice (Clcf1BTKO), with 
Clcf1fl/fl mice as the control (SI Appendix, Fig. S4 A and B). The 
mRNA expression levels of Clcf1 were significantly decreased in 
BAT, but not in iWAT, of Clcf1BTKO mice (SI Appendix, Fig. S4C).
No significant difference in body weight, body temperature and 
metabolic rates were observed between 10- week- old Clcf1BTKO 
and their Clcf1flfcounterparts fed a normal chow diet (NCD) 
under room temperature. (SI  Appendix, Fig.  S5 A–F). When 
they were maintained under a thermoneutral condition at 30 °C 
for 10 d, core body temperature was significantly increased in 
Clcf1BTKO mice compared with the control mice (Fig. 3A), while 
the body weight, food intake, and adipose tissue weight showed 
no differences between two groups (SI Appendix, Fig. S6 A–C). 
Notably, more multilocular adipocytes and increased UCP1 
protein levels in BAT were observed from Clcf1BTKO mice (Fig. 3 
B–E). Besides, the relative mitochondrial copy number (Fig. 3F) 
and the expression levels of several mitochondrial biogenesis genes 
(Fig. 3G) in BAT of Clcf1BTKO mice were significantly increased. 
Furthermore, after 2 d of cold exposure at 8 °C, Clcf1BTKO mice 
displayed elevated body temperature (Fig.  3H) and browner 
BAT (Fig. 3I), without differences in body weight, food intake, 
and adipose tissue weight (SI Appendix, Fig. S6 D–F). Besides, 
Clcf1BTKO mice showed increased O2 consumption, CO2 emission, 
and heat production compared with the control mice (Fig. 3 J–L), 
while there was no apparent difference in RER between groups 
(Fig. 3M). In addition, BAT adipocytes in Clcf1BTKO mice were 
smaller in size with more multilocular lipid droplets compared 
with their Clcf1fl/fl littermates (Fig. 3N), whereas iWAT adipocytes 
showed no apparent differences between groups (SI  Appendix, 
Fig. S6 G and H). Increased mRNA levels of thermogenic genes 

and UCP1 protein levels in Clcf1BTKO mice were also confirmed 
under cold exposure (Fig. 3 O and P). Moreover, assays on relative 
mitochondrial copy number, mitochondrial biogenesis gene 
expression levels, and electron microscopy confirmed the improved 
mitochondrial content and function in BAT of Clcf1BTKO mice 
(Fig. 3 Q–S). These results indicate that CLCF1 deletion in BAT 
promotes adaptive thermogenesis.

CLCF1 Suppresses the Thermogenic Program via ADCY3. To 
identify the candidate genes regulated by CLCF1 that are involved 
in regulating thermogenesis, we analyzed the overlapped genes in 
BATs differentially expressed under cold exposure vs. thermoneutral 
conditions in WT mice and from Clcf1BTKO vs. Clcf1fl/fl mice both 
housed at thermoneutral condition (Fig. 4A). Notably, among the 
overlapped genes, adenylate cyclase 3 (ADCY3) was among the top 
up- regulated genes with CLCF1 deficiency (Fig. 4B). Then, we 
confirmed the elevated expression of ADCY3 in Clcf1BTKO mice at 
both mRNA and protein levels (Fig. 4 C and D and SI Appendix, 
Fig.  S7 A and B). Consistently, ADCY3 expression was also 
suppressed by CLCF1 overexpression (SI Appendix, Fig. S7 C and 
D). ADCY3 is mainly located on the cell membrane (26), which was 
confirmed by immunofluorescence staining (Fig. 4E). Moreover, 
our data show that CL316,243 treatment, which mimics cold 
exposure, did not affect plasma membrane distribution of ADCY3 
in primary brown adipocytes (Fig. 4F). Reports have shown that 
Protein Kinase A (PKA) activation responds to cold stimulation, 
which mediates the thermogenic effect of BAT by epinephrine or 
CL316,243 treatment (1, 27). ADCY3 catalyzes the synthesis of 
cyclic AMP (cAMP), which controls PKA signaling (26–29). Thus, 
we analyzed PKA signaling and showed that the PKA pathway as 
well as ADCY3 mRNA transcription were activated in BAT from 

Fig. 3. CLCF1 deficiency enhances activation of BAT. (A–G) Ten- week- old Clcf1fl/fl mice and Clcf1BTKO mice were housed at 30 °C for 10 d. (A) Core body temperatures 
(n = 5). (B) Representative H&E stains of BAT (Top, Scale bar, 50 μm; Bottom, Scale bar, 25 μm.) and (C) distribution of adipocyte area (n = 5). (D) The mRNA levels 
and (E) the protein levels (Left) and quantification of protein levels (Right) of UCP1 in BAT (D, n = 5; E, n = 3). (F) Relative mitochondrial DNA (mtDNA) levels (n = 5). 
(G) The mRNA levels of mitochondrial biogenesis genes in BAT (n = 5). (H–S) Eight- week- old Clcf1fl/fl mice and Clcf1BTKO mice were exposed to 8 °C for 2 d. (H) Core 
body temperatures (n = 7 to 8). (I) Representative photographs of BAT. (J) Oxygen consumption, (K) carbon dioxide production, (L) energy expenditure, and (M) 
respiratory exchange ratio (J–M, n = 4). (N) Representative H&E stains of BAT. (Top, Scale bar, 50 μm; Bottom, Scale bar, 25 μm.) (O) The mRNA levels of thermogenic 
genes and (P) the protein levels (Left) and quantification of protein levels (Right) of UCP1 in BAT (O, n = 7 to 8; P, n = 3). (Q) Relative mitochondrial DNA (mtDNA) 
levels (n = 7 to 8). (R) The mRNA levels of mitochondrial biogenesis genes in BAT (n = 7 to 8). (S) Representative TEM images of mitochondria in BAT. (Top, Scale 
bar, 2 μm; Bottom, Scale bar, 1 μm.) Data are presented as mean ± SEM and *P < 0.05, **P < 0.01, and ***P < 0.001 by unpaired two- tailed Student’s t tests.
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Clcf1BTKO mice (Fig. 4G and SI Appendix, Fig. S7E), while PKA 
signaling and ADCY3 transcription were inhibited in BAT of Ad- 
CLCF1- treated mice (SI Appendix, Fig. S7F).

To explore whether ADCY3 was mediating the role of CLCF1 
in regulating thermogenesis, we inhibited ADCY3 expression with 
siRNA in isolated SVFs from BAT of Clcf1BTKO and Clcf1fl/fl mice. 
After differentiation into brown adipocytes, mRNA levels of Adcy3 
were significantly increased with Clcf1 deletion (Fig. 4H). Ucp1 
mRNA expression was also induced by Clcf1 inhibition, which was 
reversed with combined Clcf1 and Adcy3 inhibition (Fig. 4I). 
Consistently, mitochondrial biogenesis–related genes, including 
Nrf1, Fndc5, Cox4i1, Cox7a1, and Tfam, showed a similar pattern 
with Ucp1 (Fig. 4J). Next, CLCF1 or ADCY3 was overexpressed 
by adenovirus infection or plasmid transfection in SVFs from BAT 
of wild- type mice, followed by differentiation into brown adipo-
cytes (Fig. 4K). The mRNA expression analysis revealed the reduced 
expression levels of indicated thermogenesis- related genes treated 
with Ad- CLCF1 (Fig. 4 L and M). Interestingly, overexpression of 
ADCY3 reversed the suppressive effect of Clcf1 on mRNA expres-
sion levels of thermogenesis- related genes (Fig. 4 L and M). Thus, 
we conclude that ADCY3 is negatively regulated by CLCF1 

signaling, and ADCY3 mediates the regulatory effect of CLCF1 
in the thermogenic program in brown adipocytes.

CLCF1 Suppresses ADCY3 through the PERK- ATF4 UPR Pathway. 
To investigate the mechanisms of how CLCF1 negatively controls 
ADCY3 expression in brown adipocytes, we looked into the  
analyzed transcriptomic data of differentially expressed 
genes in BAT under cold exposure, which showed that ER 
stress response pathways in BAT were enriched during cold 
exposure (Fig. 1B). Further, Cnet plot analysis indicated that 
the activating transcription factor 4 (ATF4) pathway might 
be involved in both thermogenesis and the UPR pathway 
in BAT under cold exposure (Fig.  5A) (30). ATF4 is one of 
the key transcription factors of the UPR pathways, which is 
regulated by PERK activation (31, 32) and plays important 
roles in regulating adaptive thermogenesis (33, 34). Thus, we 
confirmed that ATF4 expression was increased at mRNA and 
protein levels under cold exposure (Fig. 5 B and C). Further, 
CLCF1 ablation in BAT (Clcf1BTKO mice) indeed activated the 
PERK- ATF4 pathway (Fig. 5D), whereas CLCF1 overexpression 
suppressed the PERK- ATF4 pathway (Fig. 5E).

Fig. 4. Clcf1BTKO mice up- regulate expression levels of ADCY3 to promote BAT thermogenesis. (A) Venn diagram of overlapped top genes from RNA- seq using 
total RNA extracts from BAT of Clcf1fl/fl mice and Clcf1BTKO mice maintained at 30 °C for 10 d (n = 3) and our BAT RNA- seq from C57BL/6 mice housed at 30 °C vs. 
cold exposure at 8 °C for 1 d (8 °C, n = 4; 30 °C, n = 3) (|log2(Fold Change)| >1.5, P- value < 0.05). (B) Heat maps showing top- ranked genes whose expression was 
significantly up- regulated or down- regulated in CLCF1- deficient BAT (n = 3). (C) The mRNA levels of ADCY3 (n = 5) and (D) representative ADCY3 immunostaining 
(Top, Scale bar, 60 μm; Bottom, Scale bar, 30 μm.) in BAT of Clcf1fl/fl mice and Clcf1BTKO mice maintained at 30 °C for 10 d. (E) Representative immunofluorescence 
of ADCY3 in C3H10T1/2 or primary brown adipocytes and (F) in primary brown adipocytes with/without CL316,243 stimulation treatment (1 μM, 6 h). (G) The 
protein levels (Left) and quantification of protein levels (Right) of PKA substrate phosphorylation in BAT of Clcf1fl/fl mice and Clcf1BTKO mice maintained at 30 °C 
for 10 d (n = 3). (H–J) Differentiated brown adipocytes from Clcf1fl/fl mice and Clcf1BTKO mice were transfected with ADCY3 siRNA or negative control (NC) for 48 
h (n = 5 biological replicates). The mRNA levels of (H) CLCF1 and ADCY3, (I) UCP1, and (J) mitochondrial biogenesis genes. (K–M) Primary brown adipocytes from 
C57BL/6J mice were infected by adenovirus expressing CLCF1 (Ad- CLCF1) on day 0 and were transfected with ADCY3 expression plasmid on day 6 for 48 h  
(n = 3 biological replicates). The mRNA levels of (K) CLCF1 and ADCY3, (L) UCP1, and (M) mitochondrial biogenesis genes. Data are presented as mean ± SEM and 
*P < 0.05, **P < 0.01, and ***P < 0.001 by unpaired two- tailed Student’s t tests.
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We hypothesized that ATF4, as a master regulator of gene 
expression under UPR, might be involved in regulating ADCY3 
transcription with CLCF1 deficiency. Thus, we performed lucif-
erase reporter assays with ADCY3 promoter, showing that tran-
sient ATF4 overexpression up- regulated the promoter activity of 
mouse ADCY3 in differentiated brown adipocytes (Fig. 5F). Next, 
we tested whether pharmacologic inhibition of PERK- ATF4 sig-
naling could abrogate CLCF1 deficiency- induced activation of 
thermogenesis and energy expenditure in vitro. SVFs isolated from 
BAT of Clcf1fl/fl mice were treated with adenovirus harboring the 
recombinase (Ad- Cre) to delete CLCF1 or with GFP (Ad- GFP) 
as control, starting at 2 d postinitiation of differentiation. After 
differentiation into mature adipocytes, the primary adipocytes 
were treated with PERK inhibitor, GSK2606414, which blocks 
ATF4 expression (35). Decreased Clcf1 mRNA levels by Ad- Cre 
infection and blockage of ATF4 mRNA expression by GSK260414 
were confirmed by qPCR analysis (Fig. 5 G and H). The mRNA 
expression levels of genes related to thermogenesis, mitochondrial 
biogenesis, and oxygen consumption were increased upon CLCF1 
deletion, which was blocked by inhibition of the ATF4 expression 
in differentiated brown adipocytes (Fig. 5 I–L). Further, oxidative 
phosphorylation activity in mitochondria of differentiated brown 
adipocytes was elevated with CLCF1 deletion, which was blocked 
by inhibition of ATF4 with GSK260414 treatment. To study 
CLCF1 signaling in adaptive thermogenesis in BAT, we tested 

whether CLCF1 signaling was mediated by CNTFR in brown 
adipocytes, which is a common receptor of the IL6 family of 
cytokines (21). These results indicate that ATF4 might be involved 
in mediating the regulation of ADCY3 by CLCF1 at both gene 
expression and functionality levels in BAT.

CLCF1 Suppresses the Thermogenesis of Brown Adipocytes 
through CNTFR. To study CLCF1 signaling in adaptive 
thermogenesis in BAT, we tested whether CLCF1 signaling was 
mediated by CNTFR in brown adipocytes, which is a common 
receptor of the IL6 family of cytokines (21). The mRNA levels of 
CNTFR were significantly higher in mature adipocytes compared 
to SVFs (SI Appendix, Fig. S8A), while there were no differences 
in mRNA levels of LIFR or gp130 (SI  Appendix, Fig.  S8 B 
and C). Consistent with rCLCF1, both cold exposure and 
CL316,243 treatment reduced CNTFR mRNA expression levels 
in BAT (SI Appendix, Fig. S8 D and E), but not LIFR or gp130 
(SI Appendix, Fig. S8 F–I). Next, we inhibited CNTFR expression 
in differentiated brown adipocytes by siRNA (SI  Appendix, 
Fig. S8J), which effectively abolished the recombinant CLCF1 
protein (rCLCF1)- stimulated reduction of ATF4 or ADCY3 
mRNA expression levels (SI Appendix, Fig. S8 K and L). Moreover, 
knocking- down of CNTFR also counteracted the inhibitory effects 
of rCLCF1 treatment on PKA signaling and mRNA expression 
of genes involved in thermogenesis and mitochondrial biogenesis 

Fig. 5. Clcf1BTKO mice activate the PERK signaling pathway regulating the transcriptional activity of ADCY3 in BAT. (A) GO Cnet plot analysis of BAT RNA- seq 
from C57BL/6 mice housed at 30 °C vs. cold exposure at 8 °C for 1 d (8 °C, n = 4; 30 °C, n = 3) (|log2(Fold Change)| >1, Padj < 0.05). (B) The mRNA levels and 
(C) the protein levels (Left) and quantification of protein levels (Right) of ATF4 in BAT of from 8- wk- old male C57BL/6J mice housed at 30 °C or 8 °C for 1 d  
(B, n = 5; C, n = 3). (D and E) Western blot analysis of PERK downstream target proteins (Left) and quantification of protein levels (Right) (D) in BAT of Clcf1fl/fl mice 
and Clcf1BTKO mice maintained at 30 °C for 10 d (n = 3) and (E) in BAT of Ad- GFP mice and Ad- CLCF1 mice exposed to 8 °C for 7 d (n = 3). (F) Luciferase reporter 
assays. Differentiated brown adipocytes were cotransfected with ATF4 expression plasmids and luciferase reporter plasmids containing ADCY3 promoters  
(n = 3 biological replicates). (G–L) Primary brown adipocytes from Clcffl/fl mice were infected by adenovirus expressing Cre (Ad- Cre) on day 0 to knockout CLCF1 
and were treated with PERK- specific inhibitor (GSK2606414, 1 μM) on day 7 for 48 h. (G) The mRNA levels of CLCF1. (H) The mRNA levels of ATF4. (I) The protein 
levels (Left) and quantification of protein levels (Right) of ATF4. The mRNA levels of thermogenic genes (J) and mitochondrial biogenesis genes (K). (L) Oxygen 
consumption profiles of brown adipocytes following stimulation by the indicated agents. (M) Bar graphs represent quantification of basal and maximal oxygen 
consumption (G and H, J–M, n = 5 biological replicates; I, n = 3 biological replicates). Data are presented as mean ± SEM and *P < 0.05, **P < 0.01, and ***P < 
0.001. Unpaired two- tailed Student’s t tests were performed in B–E and G–K. Two- way ANOVA tests were performed in F and M.
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(SI Appendix, Fig. S8 M–O). These findings suggest that CNTFR 
might mediate the physiological function of CLCF1 in BAT.

CLCF1 Abrogation Alleviates Diet- Induced Obesity. To further 
analyze the physiological function of CLCF1 signaling under 
disease settings, expression levels of CLCF1 were analyzed in WT 
mice fed on high- fat- diet (HFD) or normal chow diet (NCD) for 
12 wk. Our results showed that both mRNA and protein levels of 
CLCF1 were significantly increased in BAT under HFD feeding 
(Fig. 6 A and B). Then, Clcf1BTKO and Clcf1fl/fl mice were fed on 
HFD for 16 wk, and Clcf1BTKO mice showed more weight gain and 
less fat mass than the control mice without alterations in daily food 
intake (Fig. 6 C–G). Moreover, HFD- fed Clcf1BTKO mice showed 
increased O2 consumption, CO2 emission, and heat production, 
as well as elevated core body temperatures (Fig. 6 H–K), indicating 
the increased energy expenditure while no difference of RER in 
Clcf1BTKO mice (Fig.  6L). H&E staining of BAT revealed the 
reduced BAT mass but more multilocular lipid droplets in HFD- fed 

Clcf1BTKO mice compared with the control mice (Fig. 6 M and N), 
while iWAT showed no apparent difference (SI Appendix, Fig. S9 A 
and B). Consistently, increased mRNA and protein levels of UCP1 
in the BAT of Clcf1BTKO mice were detected compared with the 
control mice (Fig. 6 O and P), whereas no difference was observed 
in thermogenic genes of iWAT (SI Appendix, Fig. S9C). Meanwhile, 
Clcf1BTKO mice exhibited improved glucose tolerance (Fig. 6 Q and 
R) and insulin sensitivity (Fig. 6 S and T) compared with the control 
mice. Besides, the liver weight and liver to body weight ratio of 
Clcf1BTKO mice fed on HFD were significantly reduced compared 
with the control mice (SI Appendix, Fig. S9 D and E). H&E staining 
and hepatic triglyceride quantification also showed decreased lipid 
accumulation in the livers of Clcf1BTKO mice compared with the 
control mice (SI  Appendix, Fig.  S9 F and G), and significantly 
decreased mRNA levels of inflammatory genes in the liver were 
observed as well (SI Appendix, Fig. S9H). These results suggest that 
enhanced activity of BAT by inhibition of CLCF1 could protect 
mice from obesity- related metabolic disorders.

Fig. 6. Clcf1BTKO mice increase energy expenditure and ameliorate diet- induced obesity. (A) The mRNA levels and (B) the protein levels (Left) and quantification 
of protein levels (Right) of CLCF1 in BAT from 8- wk- old male C57BL/6J mice fed HFD for 16 wk (n = 5). (C–R) Eight- week- old male Clcf1fl/fl mice and Clcf1BTKO 
mice were fed NCD or HFD for 16 wk. (C) Body weight (n = 5). (D) Representative appearance of mice. (E) Averaged daily food intake (n = 5). (F) Representative 
photographs of BAT. (G) Weights of fat pads (n = 5). (H) Oxygen consumption, (I) carbon dioxide production, and (J) energy expenditure (n = 4). (K) Core body 
temperatures (n = 5). (L) Respiratory exchange ratio (n = 4). (M) Representative H&E stains of BAT (Top, Scale bar, 50 μm; Bottom, Scale bar, 25 μm.) and (N) 
distribution of adipocyte area (n = 5). (O) The mRNA levels and (P) the protein levels (Left) and quantification of protein levels (Right) of UCP1 in BAT (N, n = 5; O, 
n = 3). (Q) Glucose tolerance test (GTT, Left) and analysis of the GTT data using subtraction of basal glucose to generate an area of the curve (AOC, Right, n = 5). 
(R) Insulin tolerance test (ITT, Left) and analysis of the ITT data using AOC (Right, n = 5). Data are presented as mean ± SEM and *P < 0.05, **P < 0.01, and ***P < 
0.001 by unpaired two- tailed Student’s t tests.
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Discussion

It has gained great attention for BAT function because of the con-
firmation of BAT in adult humans. Studies have shown that BAT 
activity was inversely correlated with body fat content or body mass 
index (BMI), suggesting the relationship between BAT and energy 
metabolism (6, 7, 36, 37). Importantly, a growing body of evidence 
from both animal and human studies suggests that BAT thermo-
genesis plays an important role in promoting energy expenditure 
and metabolic remodeling (4–9), which prompts us to further 
explore the physiological function of BAT. Notably, BAT has 
recently been identified as an endocrine organ, mediating metab-
olism in the liver, heart, muscle, etc. (5). Therefore, how to utilize 
the BAT adaptive thermogenesis process to promote energy 
expenditure and improve metabolic health has attracted increasing 
interest and concern. However, many factors that regulate BAT 
activity remain be unknown and ignored.

CLCF1 belongs to the IL- 6 family of cytokines, and previous 
reports mainly focused on its roles in tumor progression (21, 22), 
but its role in metabolic homeostasis remains unclear. In this study, 
transcriptomic analysis revealed that CLCF1 was among the top-
most affected genes of the IL6 family in BAT under cold expression 
in mice. Notably, other members of the IL- 6 family, such as IL- 6, 
CT1, CNTF, and LIF, have been confirmed to be involved in 
metabolic homeostasis, which exert antiobesity effects but mainly 
by acting on the central nervous system (11–16). Interestingly, a 
recent study showed that CLCF1 was a cholangiocyte- derived 
paracrine factor and played adaptive and protective roles during 
NASH pathogenesis (38). However, the role of CLCF1 in regu-
lating metabolic homeostasis and whether CLCF1 could also target 
the central nervous system remain uncertain.

In this study, we revealed a function of CLCF1 as a negative 
regulator of thermogenesis in BAT. The state of energy excess such 
as obesity induced the expression of CLCF1 in the BAT of mice, 
and ectopic induction of CLCF1 expression inhibited the adaptive 
thermogenic program of BAT and hinders energy consumption 
in mice. Moreover, mice with BAT- specific knockout of CLCF1 
promoted increased energy expenditure and improved metabolic 
disorders in mice with diet- induced obesity. Thus, blocking 
CLCF1 signaling by gene editing or neutralizing antibodies of 
CLCF1 or its receptor could be an interesting strategy to alleviate 
the hypercaloric state of obesity to improve metabolic parameters. 
For example, recent study reported a high- affinity soluble receptor 
(eCNTFR- Fc) blocked CLCF1 signaling and inhibited the onco-
genic effects of CLCF1 in lung adenocarcinoma (21), which fur-
ther suggested the possibility of targeting CLCF1 to promote 
energy balance in the body.

CNTFR is highly expressed in BAT, but not in iWAT, which might 
explain the negative effect of CLCF1 on thermogenesis in iWAT. 
However, we could not exclude the possibility that CLCF1 might be 
involved in the browning or remodeling of white adipose tissue cells 
under differentiation conditions. Generation of WAT- specific knock-
out mice or other experimental settings might help to further under-
stand the regulatory effect of CLCF1 in thermogenesis of adipose 
tissues. CLCF1 and other IL- 6 family members could also activate 
the STAT3 pathway, followed by the activation of pathways like 
MAPK, AMPK, mTOR, etc. (39–42). In this study, we found that 
CLCF1 deletion activated the PERK- ATF4 pathway in BAT. The 
PERK- ATF4 pathway is one of the three UPR branches regulating 
cellular protein homeostasis (31), which is activated in response to 
various cellular stressors, such as lipid toxicity or ER stress (43, 44). 
The signalling of PERK- ATF4 has been shown to regulate protein 
synthesis, lipid metabolism, mitochondrial function, etc. (45, 46). 
Notably, a recent study suggests that the activation of the PERK 

pathway contributes to mitochondrial thermogenesis in BAT (34). 
Furthermore, ATF4 activation in BAT helps to maintain the body 
temperature and attenuate obesity (33). Therefore, this study identifies 
the role of CLCF1 in the regulating thermogeneis through 
PERK- ATF4 signaling in adipose tissue. Differences in genetic manip-
ulations, experimental settings, or tissue specificity might lead to dif-
ferences in downstream signaling of CLCF1. Therefore, it could not 
be excluded that CLCF1 might also regulate thermogenic and energy 
metabolism of BAT by other pathways such as the STAT3 pathway.

Although we have identified a pathway of CLCF1 in regulating 
BAT thermogenesis, it should be noted that the gene expression 
levels of CLCF1 in BATs changed under different metabolic states. 
Therefore, the upstream regulatory signaling of CLCF1 remains to 
be explored. Recent studies showed that miR- 30a- 5p was directly 
bound to the 3′- UTR of CLCF1 mRNA to repress its protein 
expression, to regulate sorafenib resistance and aerobic glycolysis in 
liver cancer cells (47), and bromodomain- containing protein 4 
(BRD4) was the transcription factor for CLCF1 in glioblastoma 
(48). Thus, the regulatory role of miR- 30a- 5p, BRD4, or other 
signals in CLCF1 expression in BAT remains to be investigated.

In summary, we identify the regulatory mechanism and phys-
iological function of CLCF1 in thermogenesis in BAT and demon-
strate that CLCF1 regulates the transcriptional activity of ADCY3 
through the PERK- ATF4 pathway. These findings add insights 
into the regulation of thermogenesis in adipose tissue and provide 
potential therapeutic strategies against metabolic disorders.

Materials and Methods

Clcf1BTKO mice were generated by intercrossing Clcf1fl/fl mice with UCP1- iCre mice. 
Overexpression of CLCF1 gene in BAT was achieved by adenoviral delivery. Cold 
exposure and thermoneutrality were performed in mice to investigate responses 
to adaptive thermogenesis. High- fat diet was administrated in mice to induce 
obesity. All other animal experiments, metabolic phenotyping studies, cell exper-
iments, and further details regarding the materials and statistical analysis were 
described in SI Appendix.

Data, Materials, and Software Availability. The data generated in this study 
have been deposited in the National Center for Biotechnology Information with 
ID PRJNA1025828 or shown in the Dataset. All other data are included in the 
manuscript and/or supporting information.
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