PNAS

RESEARCH ARTICLE MEDICAL SCIENCES

L)

Check for
updates

CLCF1 signaling restrains thermogenesis and disrupts metabolic
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Great progress has been made in identifying positive regulators that activate adipocyte
thermogenesis, but negative regulatory signaling of thermogenesis remains poorly
understood. Here, we found that cardiotrophin-like cytokine factor 1 (CLCF1) sign-
aling led to loss of brown fat identity, which impaired thermogenic capacity. CLCF1
levels decreased during thermogenic stimulation but were considerably increased in
obesity. Adipocyte-specific CLCF1 transgenic (CLCF1-ATG) mice showed impaired
energy expenditure and severe cold intolerance. Elevated CLCF1 triggered whitening
of brown adipose tissue by suppressing mitochondrial biogenesis. Mechanistically,
CLCF1 bound and activated ciliary neurotrophic factor receptor (CNTFR) and aug-
mented signal transducer and activator of transcription 3 (STAT3) signaling. STAT3
transcriptionally inhibited both peroxisome proliferator-activated receptor-y coac-
tivator (PGC) la and 1§, which thereafter restrained mitochondrial biogenesis in
adipocytes. Inhibition of CNTFR or STAT3 could diminish the inhibitory effects
of CLCF1 on mitochondrial biogenesis and thermogenesis. As a result, CLCF1-TG
mice were predisposed to develop metabolic dysfunction even without external met-
abolic stress. Our findings revealed a brake signal on nonshivering thermogenesis and
suggested that targeting this pathway could be used to restore brown fat activity and
systemic metabolic homeostasis in obesity.
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In mammals, white adipocytes are specialized for lipid storage and release, while classical
brown adipocytes are specialized thermogenic cells able to dissipate nutritional energy in
the form of heat (1, 2). Beige adipocytes are inducible brown adipocytes residing in white
adipose tissue (WAT) that acquire thermogenic properties following external stimulation
such as cold exposure, adrenergic stimuli, or exercise (3—5). Brown and beige adipocyte
activation is considered a promising strategy for increasing systemic energy consumption
and counteracting metabolic disorders (6). Studies in humans have demonstrated that the
presence of brown adipose tissue (BAT) was independently correlated with reduced inci-
dence of type 2 diabetes, dyslipidemia, and coronary artery disease (7). In addition to
energy storage and expenditure, adipose tissue is also an essential endocrine organ that
secretes adipokines such as adiponectin, leptin, and neuregulin-4 to maintain metabolic
homeostasis in adipose tissue and distant organs (8, 9). Thus, dysregulation either in
adipose tissue energy balance or endocrine function is strongly associated with the global
increase in metabolic disorders.

Mitochondria are central organelles in thermogenic adipocytes. In mitochondria
of brown or beige adipocytes, uncoupling protein 1 (UCP1) mediates proton leakage
across the mitochondrial inner membrane and uncouples oxidative respiration from

ATP synthesis to generate heat (3). In addition to the UCP1-dependent mechanism,
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mitochondria also drive UCP1-independent thermogenesis such as creatine futile ~ The authors declare no competing interest.
cycling (3, 10). We and others previously showed that genes involved in mitochondrial
biogenesis and function are significantly up-regulated during thermogenic activation
(11, 12). For example, we found that coiled-coil-helix-coiled-coil-helix domain con-
taining 10 (CHCHDI10) protein is responsible for the assembly of mitochondrial
cristae in adipocytes under thermogenic stimulation, deficiency of which causes obvi-
ous impairment in thermogenesis (11). Indeed, mitochondrial defects can result in
profoundly impaired energy balance. A recent study showed that adipose mitochon-
drial levels strongly predicted metabolic syndrome traits in both the mouse and the
human, and this was negatively correlated with both body weight and homeostatic
model assessment for insulin resistance (13).
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Members of the peroxisome proliferator-activated receptor-y
coactivator (PGC) family (PGC-1a and PGC-1p) are master reg-
ulators of mitochondrial biogenesis in thermogenic adipocytes.
Simultaneous loss of PGC-1a and PGC-1f dramatically reduces
mitochondrial density and respiration, thereby leading to func-
tional defects in brown adipocytes and thermogenesis (14, 15).
PGC-1a links external stimuli to the regulation of mitochondrial
content and function. For example, cold activates f-adrenergic
receptors in adipocytes, induces the elevation of intracellular
cAMP, and subsequently activates cAMP-responsive element bind-
ing protein, thereby promoting the expression of PGC-1a, which
turns on adaptive thermogenic programs including mitochondrial
biogenesis, fatty acid oxidation, uncoupled respiration, and
increased thermogenic gene expression (16-18). Although many
physiological stimuli such as cold exposure, adrenergic stimula-
tion, and exercise can increase mitochondrial function, the regu-
latory signals involved in obesity-associated disturbance of
mitochondrial biogenesis remain poorly understood. These inhib-
itory signals might cause thermogenesis impairment in obesity,
which largely limits the application of thermogenic fat in obesity
intervention.

We previously conducted transcriptomics analyses of cold-induced
thermogenic fat to identify thermogenic regulators (11), and
up-regulated genes were highly enriched in mitochondrial function,
lipolysis, and cellular respiration (11, 19). To explore the extracel-
lular repressive signals of thermogenesis, we focused on genes encod-
ing cytokines that were decreased during thermogenic activation
and found that cardiotrophin-like cytokine factor 1 (CLCF1) was
significantly down-regulated. CLCF1 was initially identified as a
cytokine of the interleukin (IL)-6 family in T cell lymphomas, with
relatively higher expression in the immune system (20, 21). CLCF1
performs vital functions in organ development, tumorigenesis, and
motor neuron survival (22-24). Mice lacking CLCF1 exhibit
decreased facial motility and are therefore unable to suckle, primarily
due to motor neuron deficits in the facial nucleus (23). These mice
die from starvation shortly after birth (23). Mutations in the CLCF1
gene can cause Crisponi/cold-induced sweating syndrome (CS/
CISS) in humans, characterized by noninfectious hyperthermia,
difficulties during feeding and respiration in the neonatal period,
and cold-induced (<20 °C) sweating in adolescence (25, 26).
However, the roles of CLCF1 and its downstream signals in adipo-
cyte function are unknown. Here, we found that CLCF1 expression
was negatively correlated with thermogenic capacity, and we iden-
tified a CLCF1-mediated autocrine signaling pathway that nega-
tively regulates mitochondrial biogenesis and thermogenesis in

adipocytes.

Results

CLCF1 Levels in Adipocytes Are Negatively Correlated with
Thermogenic Capacity. We first measured CLCF1 levels in
adipose tissues and observed that Clcfl mRNA expression in
BAT was higher than in inguinal WAT (iWAT) and epididymal
WAT (eWAT) (Fig. 14 and SI Appendix, Fig. S1A). Under cold
exposure, CLCF1 expression at both mRNA and protein levels
was significantly reduced in BAT of mice and remained unchanged
in iWAT (Fig. 1 Band C). Clef1 expression in mature adipocytes
of BAT was decreased in response to cold exposure, whereas its
expression in stromal vascular fraction (SVF) was not changed
(Fig. 1D). We then fractionated BAT into mature adipocytes,
CD45" SVF cells, and CD45 SVF cells and found that Clcfl
was expressed in all three fractions and that CD45" fraction had
relatively higher expression of Clefl than mature adipocytes

and CD45" cells (ST Appendix, Fig. S1B), which was consistent
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with the WAT single-cell data (27). Notably, Clcf1 levels were
specifically reduced in mature adipocytes upon cold stimulation,
while remained unchanged in CD45" and CD45  SVF cells
(SI Appendix, Fig. S1 C-E). Consistently, Clcfl expression in
BAT, but not in iWAT, was decreased following treatment with
f3-adrenoreceptor agonist CL316, 243 (Fig. 1E). Clcf1 expression
in adipocytes was decreased under CL316,243 treatment, while its
expression in SVF remained unchanged (Fig. 1 7). Serum CLCF1
levels were also significantly decreased in CL316,243-treated mice
(Fig. 1G).

CLCF1 was readily detectable in medium from immortalized
DE-2-3 brown adipocytes and its levels in medium were signif-
icantly decreased by CL316,243 treatment (Fig. 1/4). We mim-
icked thermogenic activation by treating immortalized brown
adipocytes with forskolin (FSK), a specific stimulator of adenylyl
cyclase. FSK treatment significantly reduced CLCF1 mRNA
and protein levels (Fig. 1 7 and /). We then sought to identify
the transcription factors mediating CLCF1 downregulation. We
searched the Cistromic (ChIP-Seq) regulation report from The
Signaling Pathways Project (SPP) in the GeneCards database
(https://www.genecards.org/) and predicted that PR domain
containing 16 (PRDM16) might bind to the Clcfl promoter,
which is a master regulator of brown fat identity maintenance
and thermogenesis. For validation, we conducted ChIP-qPCR
and confirmed that PRDM16 was enriched at the Clef1 pro-
moter relative to nonspecific control sites (SI Appendix,
Fig. S2A4). Luciferase reporter assays indicated that PRDM16
inhibited Clcfl promoter activity (SI Appendix, Fig. S2B).
Ablation of PRDM16 promoted Clefl expression (ST Appendix,
Fig. S2C), as well as the amount of CLCF1 secreted into the
medium (87 Appendix, Fig. S2D). Consistent with that PRDM16
inhibited CLCF1 expression, expression of PRDM16 in BAT
was increased by CL316,243 treatment (SI Appendix, Fig. S2E),
contrary to the trend in CLCF1 expression.

Next, we evaluated CLCF1 levels in obesity, under which con-
dition thermogenesis in adipocytes was impaired. Clefl mRNA
expression was significantly elevated in both iWAT and BAT of
high-fat-diet (HFD)-fed and 06/0b mice, and serum CLCF1 was
also increased in HFD mice (Fig. 1 K~M). Clcfl expression in
adipocytes from iWAT and BAT was increased in 0b/ob mice
(Fig. 1N), whereas Clcfl in SVF remained unchanged in 0b/ob
mice (Fig. 10). Consistently, CLCF1 protein levels were increased
in iWAT and BAT of HFD-fed and 06/06 mice (Fig. 1 Pand Q).

Transgenic Expression of CLCF1 Impairs Thermogenesis and
Energy Expenditure by Promoting Whitening of BAT. Having
observed that CLCF1 levels in mature adipocytes were decreased
during thermogenic activation and increased in obesity, we
examined the role of CLCF1 in thermogenic adipocytes by
generating adipocyte-specific CLCF1 transgenic (CLCF1-ATG)
mice using adiponectin-promoter-triggered Cre to specifically
drive CLCF1-3xFlag expression in adipose tissues (SI Appendix,
Fig. S3A4). Clcfl was specifically overexpressed in adipose
tissues, with no expression changes in other tissues (S Appendix,
Fig. S$3B). CLCF1 levels in circulation were increased in CLCF1-
ATG mice (S Appendix, Fig. S3C). CLCF1-ATG mice had body
weights similar to WT littermates when fed a normal chow diet
(NCD:; SI Appendix, Fig. S3D). To determine the role of CLCF1
in adaptive thermogenesis, we performed cold tolerance tests
(4 °C) and found that CLCF1-ATG mice presented significantly
lower rectal and surface temperatures than WT (Fig. 2 4 and B);
strikingly, all CLCF1-ATG mice died from hypothermia after 6 h
of cold exposure (Fig. 2C). Consistently, mice with acute injection
of recombinant CLCF1 protein also exhibited cold intolerance
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Fig. 1. CLCF1 levels are decreased by thermogenic stimulation and increased in obesity. (A) The mRNA levels of Clcf1 in BAT, iWAT, and eWAT of male 8-wk-old
mice (n =5). (Band C) CLCF1 mRNA (n = 6) and protein levels in BAT and iWAT of male 8-wk-old mice exposed to 4 °C for 72 h. Data were analyzed by a two-tailed
unpaired Student’s t test (IWAT) or with Welch'’s correction (BAT). (D) Clcf1 mRNA levels in adipocytes and SVF in the BAT of male 8-wk-old mice exposed to 4 °C
for 72 h (n = 6 to 8). Data were analyzed by a two-tailed unpaired Student's t test. (£) Clcf1 mRNA levels in BAT and iWAT of male 8-wk-old mice injected with
CL316,243 (1 mg/kg/d) for 7 d (n = 5 to 7). Data were analyzed by the Mann-Whitney test (BAT) or a two-tailed unpaired Student’s t test (iWAT). (F) Clcf1 mRNA
levels in adipocytes and SVF in the BAT of CL316,243-treated male mice (n = 6 to 7). Data were analyzed by a two-tailed unpaired Student's t test. (G) Serum
CLCF1 levels in CL316,243-treated male mice (n = 5). Data were analyzed by the Mann-Whitney test. (H) CLCF1 level in the conditional medium from DE-2-3
mature adipocyte treated with CL316,243 (n = 3 to 4). Data were analyzed by a two-tailed unpaired Student's t test. (/ and J) The mRNA (n = 7 to 8) and protein
levels of CLCF1 in DE-2-3 treated with FSK for 48 h. Data in / were analyzed with a two-tailed unpaired Student’s t test. (K and L) Clcf1 mRNA levels in iWAT and
BAT (n = 6) and serum levels of CLCF1 of male mice fed with NCD and HFD for 16 wk. Data were analyzed by a two-tailed unpaired Student's t test or with Welch's
correction. (M) Clcf1 mRNA levels in iWAT and BAT of male 8-wk-old WT and ob/ob mice (n = 8). Data were analyzed by a two-tailed unpaired Student’s t test
(IWAT) or with Welch's correction (BAT). (N and 0) Clcf1 mRNA levels in the adipocytes or SVF of iWAT and BAT in WT and ob/ob mice. Data of adipocytes in the
iWAT were analyzed by a two-tailed unpaired Student’s ¢ test with Welch’s correction; other data in N and O by a two-tailed unpaired Student’s ¢t test. (P and Q)
CLCF1 protein levels in BAT of HFD-fed and ob/ob mice. Data are presented as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001.

(Fig. 2D), but they could survive under cold exposure, possibly
because they were transiently stimulated by CLCF1.

The indirect calorimetry study showed that CLCF1-ATG
mice had significantly lower rates of O, consumption and CO,
production, and decreased heat production relative to WT mice,
but no significant difference in respiratory exchange ratio (RER)
or food intake was detected (Fig. 2 E and F and SI Appendix,
Fig. S3 F~G). The morphology of BAT from CLCF1-ATG mice
appeared abnormal, enlarged, and “whitened” compared with
WT, but with no obvious changes in iWAT or e WAT (Fig. 2G).
Weights of BAT in CLCF1-ATG mice were consistently

PNAS 2023 Vol.120 No.33 e2305717120

increased (Fig. 2H). H&E staining revealed increased lipid dep-
osition and a switch from small to large lipid droplets in BAT
of CLCF1-ATG, morphologically similar to WAT, indicative of
hypertrophy in BAT (Fig. 2 7/ and ). The oxygen consumption
rate of BAT in CLCF1-ATG was dramatically reduced compared
with WT (Fig. 2K). In contrast, the masses of iWAT and e WAT
in CLCF1-ATG mice, as well as oxygen consumption of WAT,
were comparable to WT mice (Fig. 2 H-K). Thermogenic-related
genes such as Ucpl, Cidea, and Cox8b were markedly decreased
in BAT of CLCF1-ATG mice, with no changes in general mark-
ers for adipogenesis such as Pparg (Fig. 2L). Remarkedly, UCP1
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Fig. 2. CLCF1-ATG impairs energy expenditure and thermogenesis. (A) Rectal temperature of male 8-wk-old CLCF1-WT and CLCF1-ATG mice exposed to 4 °C
(n = 6/group). Data were analyzed by two-way ANOVA followed by Bonferroni's multiple comparisons test. (B) Representative dorsal images of infrared
thermography under exposure to 4 °C for 3 h. (C) Kaplan-Meier survival curve of CLCF1-WT (n = 10) and CLCF1-ATG (n = 9) mice during cold exposure. (D) Rectal
temperature of male 8-wk-old mice injected with CLCF1 recombinant protein after exposure to 4 °C (n = 5/group). Data were analyzed by two-way ANOVA
followed by Bonferroni's multiple comparisons test. (E and F) Oxygen consumption (VO,) and heat production of male 8-wk-old CLCF1-WT (n = 6) and CLCF1-ATG
mice (n = 4) at room temperature. (G) Representative images of adipose tissues from CLCF1-WT and CLCF1-ATG mice. (H) Weights of fat pads of male 8-wk-old
CLCF1-WT (n = 6) and CLCF1-ATG mice (n = 5). Data in E-H were analyzed by a two-tailed unpaired Student's t test. (/) Representative images of H&E staining of
iWAT, eWAT, and BAT from male CLCF1-WT and CLCF1-ATG mice (Scale bar, 100 pm.) (/) Quantification of lipid droplet diameter in H&E staining using the Image
J software. Each dot represents a lipid droplet. Data were analyzed by a two-tailed unpaired Student’s t test (eWAT and BAT) or with Welch's correction (iWAT). (K)
Oxygen consumption of iWAT, eWAT, and BAT from male CLCF1-WT (n = 7) and CLCF1-ATG mice (n = 4). Data were analyzed by a two-tailed unpaired Student's
t test. (L) gPCR analysis of thermogenic genes in BAT of CLCF1-WT and CLCF1-ATG mice (n = 4 to 5). Data were analyzed using a two-tailed unpaired Student's ¢
test or with Welch's correction. (M) Western blot for UCP1 and the indicated mitochondrial complex components in BAT of CLCF1-WT and CLCF1-ATG mice. (N)
Western blot for UCP1 in BAT of CLCF1-injected mice. Data are presented as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001.

protein levels in BAT of CLCF1-ATG mice were too low to be Moreover, acute injection of recombinant CLCF1 protein also
casily detected (Fig. 2M). Mitochondrial oxidative phosphoryl- inhibited UCP1 levels in BAT under cold stimulation (Fig. 2N).
ation (OXPHOS) complex component levels were dramatically ~ These results collectively provided strong evidence that
reduced in BAT of CLCF1-ATG (Fig. 2M). Because all CLCF1-ATG mice had defective adaptive thermogenesis.
CLCF1-ATG mice died shortly (within 6 h) following cold

exposure (Fig. 2C), UCP1 in iWAT of WT mice was not strongly CLCF1 Inhibits Mitochondrial Biogenesis in BAT. To understand the
activated at that time; hence, only a mild decrease in UCP1 was mechanism of CLCF1-mediated BAT dysfunction, we performed

observed in iWAT of CLCF1-ATG mice (SI Appendix, Fig. S3H). RNA sequencing (RNA-seq) on BAT from WT and CLCF1-ATG
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mice (S Appendix, Fig. S4A). Gene annotation enrichment
analysis found that most down-regulated genes were strongly
related to mitochondrial components and functions, including
the mitochondrial respiratory chain and oxidative phosphorylation
(SI Appendix, Fig. S4B). Heat map analysis showed that genes
involved in mitochondrial structure, the electron transport chain,
mitochondrial DNA (mtDNA) transcription and thermogenesis
were dramatically reduced in BAT of CLCF1-ATG mice
(Fig. 34). The mtDNA copy number, which reflects the number
of mitochondria, was significantly decreased (Fig. 3B); meanwhile,
mtDNA levels in iWAT and liver remained unchanged, and the level
in eWAT was even slightly increased (Fig. 3B). Immunofluorescence
analysis using TOM20 antibody, a mitochondrial marker, revealed
that mitochondrial content in BAT was obviously decreased in
CLCF1-ATG mice (Fig. 3C). Consistently, transmission electron
microscopy showed that mitochondrial density in BAT of CLCF1-
ATG mice was dramatically reduced (Fig. 3D). The qPCR confirmed
the RNA-seq results and further indicated that expression of
mitochondrial-related genes was significantly decreased in BAT
of CLCF1-ATG mice, including mitochondrial biogenesis-related
genes such as Pgcla and Pgelb, meDNA transcripts such as Cytob,
genes involved in mitochondrial crista assembly such as Chchd3
and Chchd10, and electron transport chain-related genes including
Sdhb and Ndufa6 (Fig. 3E). Levels of multiple mitochondrial
biogenesis and structural proteins, as well as OXPHOS complex
components, were robustly reduced (Fig. 3F). As master regulators
of mitochondrial biogenesis, decreases in PGC-1a and PGC-1
might be the cause of mitochondrial depletion. Together, these
results strongly indicated that CLCF1 overexpression led to a sharp
decline in the number of mitochondria in BAT.

To further verify the above observation, we generated brown
adipocyte-specific CLCF1 transgenic mice (CLCF1-BTG) using
Ucp1-Cre to trigger CLCF1-3xFlag expression in brown adipo-
cytes (S Appendix, Fig. S5A4). The qPCR confirmed that Clefl
was specifically overexpressed in BAT (87 Appendix, Fig. S5B). Like
CLCF1-ATG mice, CLCF1-BTG mice showed severe cold intol-
erance (SI Appendix, Fig. S5 C and D) and BAT dysfunction, as
indicated by enlarged and hypertrophic BAT with increased lipid
accumulation (SI Appendix, Fig. S5 E-G), but there was no change
in morphology or the masses of WAT (SI Appendix, Fig. S5 E-G).
The number of mitochondria was largely reduced in BAT of
CLCF1-BTG mice (S Appendix, Fig. S5H). Thermogenic genes
and mitochondrial-related genes expression were significantly
decreased in BAT of CLCF1-BTG mice (S/ Appendix, Fig. S5 1
and /) but showed minimal changes in iWAT (S Appendix,
Fig. S5K). Additionally, acute overexpression of CLCF1 in BAT
following injection of CLCF1 adenovirus also yielded a phenotype
with increased lipid deposition and reduced UCP1 levels in BAT
(SI Appendix, Fig. S5L). Together, these results demonstrated that
increased CLCF1 resulted in a loss of brown adipocyte identity.

CNTFR Is Required for CLCF1-Induced Mitochondrial Defects
and Thermogenic Impairment. To determine whether CLCF1
regulates energy expenditure and mitochondrial density in a cell-
autonomous manner, we performed in vitro studies. We induced
differentiation of immortal brown preadipocytes to mature
adipocytes and treated them with CLCF1 recombinant protein
or siCLCF1 to disrupt CLCF1 expression. General adipogenesis
was not affected (SI Appendix, Fig. S6A). CLCF1 inhibited
expression of thermogenic genes including Ucp1, Dio2, and Cidea
but had little effect on expression of adipogenic genes such as
Cebpa, Cebpb, and Fabp4 (Fig. 4 A and B). Remarkedly, CLCF1
treatment blunted oxygen consumption in adipocytes and potently
reduced mitochondrial content (Fig. 4 Cand D). Knock-down of
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CLCF1 in brown adipocytes significantly increased mtDNA levels
and up-regulated expression of thermogenic genes (Fig. 4 £ and
F). These in vitro results suggested that CLCF1 directly targeted
mature adipocytes to attenuate thermogenic capacity.

We then investigated the receptor and intracellular signaling in
adipocytes responsible for the effect of CLCF1. The receptor of
CLCEF1 is the ciliary neurotrophic factor receptor (CNTFR), a
member of the IL-6 receptor family that forms a trimeric complex
with leukemia inhibitory factor receptor (LIFR) and glycoprotein
130 (Gp130) (28). CLCF1 activates the CNTFR-LIFR-Gp130
complex, leading to phosphorylation of LIFR and Gp130, which
induces downstream signals (28). We found that Cntfr had higher
expression in BAT than iWAT (S/ Appendix, Fig. S6B), whereas
both Lifr and Gp130 had identical expression levels in BAT and
iWAT (SI Appendix, Fig. S6B). In BAT, Cntfr was highly expressed
in mature adipocytes compared with SVF (8] Appendix, Fig. S6C).
Notably, CNTEFR was significantly reduced in BAT under cold
exposure and CL316,243 treatment (S Appendix, Fig. S6 D—F)
and obviously increased in adipose tissues under thermoneutrality
and in obesity (S/ Appendix, Fig. S6 G and H), exhibiting a neg-
ative correlation with thermogenic capacity, similar to CLCF1.
Coimmunoprecipitation assays showed that CLCF1 could interact
with CNTER (87 Appendix, Fig. S61). To test whether CLCF1
functioned via its canonical receptor, we first knocked down
CNTER in cultured brown adipocytes and evaluated the pheno-
type. Ablation of CNTFR significantly rescued CLCF1-mediated
decreases in thermogenic genes (Fig. 4 Gand H). Loss of CNTFR
boosted mtDNA levels and consequently abolished the inhibitory
effect of CLCF1 on mitochondrial content and oxygen consump-
tion in adipocytes (Fig. 4 7 and /). We then assessed the role of
CNTEFR invivo by injecting adiponectin promoter-driven
AAV-shCNTEFR in BAT depots. Cold tolerance tests showed that
depletion of CNTFR in brown adipocytes increased the body
temperature (S Appendix, Fig. S6/) and restored the impaired
thermogenesis capacity caused by CLCF1 (Fig. 4K). Deficiency
of CNTER totally reversed downregulation of UCP1 expression
(Fig. 4L) and strongly blocked lipid deposition and deceased mito-
chondrial density in BAT induced by CLCF1 (Fig. 4M).

We noticed that while knockdown of CNTER reversed inhibitory
effect of CLCF1 on thermogenesis, inactivation of CNTFR had a
weak effect on thermogenesis in WT mice. The possible reason is
that BAT thermogenesis is highly active under cold stimulation,
effects that enhanced the thermogenesis were not easily to be
observed. Thus, we distupted CNTFR by AAV in the BAT and
challenged the mice with an HFD, under which condition basal
BAT thermogenesis was attenuated. There was no difference in body
weights between AAV-shNC and AAV-shCNTER groups after HFD
for 4 wk (S Appendix, Fig. S6K). CNTER depletion in brown adi-
pocytes led to an increase in cold tolerance under HFD (Fig. 4N)
and resulted in enhanced expression of UCP1 and PGC-1a in BAT
(Fig. 40). Additionally, we also housed AAV-shCNTFR-treated
mice at 30 °C with a normal diet. Under the thermoneutrality con-
dition, knockdown of CNTFR promoted oxygen consumption in
BAT (Fig. 4P), potently enhanced thermogenic genes expression
(Fig. 4Q and SI Appendix, Fig. S6L), increased mitochondrial con-
tent, and inhibited lipid accumulation in BAT (S/Appendix,
Fig. S6M). These data together suggested that CNTFR deficiency
promoted BAT thermogenic capacity.

STAT3 Signaling Activated by CLCF1 Represses Mitochondrial
Biogenesis and Thermogenesis. Having confirmed that CLCF1
induced mitochondrial defects in BAT via its receptor CNTER,
thereby modulating thermogenesis, we then sought to identify the
downstream signal and transcriptional factors that mediate the
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Fig.3. CLCF1-ATG dramatically suppresses mitochondrial biogenesis in BAT. (A) Heat map showing part of the down-regulated genes in the BAT of male CLCF1-
ATG mice compared with CLCF1-WT (n = 4). (B) mtDNA copy number of iWAT, eWAT, BAT, and liver in male 8-wk-old CLCF1-WT and CLCF1-ATG mice (n = 6). Data
were analyzed by the Mann-Whitney test (i\WAT), two-tailed unpaired Student’s t test (eWAT), or with Welch's correction (BAT and liver). (C) Immunofluorescent
TOM20 staining of indicated tissues. (D) Transmission electron microscopy showing mitochondrial morphology of BAT. (E and ) The mRNA (n = 4 to 5) and
protein levels of mitochondrial-related genes in BAT of CLCF1-WT and CLCF1-ATG mice. Pgcla, Cytob, Ndufa6, and Ogdh were analyzed using a two-tailed
unpaired Student's t test; Chchd3, Chchd10, Sdhb, Idh3b, and Sucla2 using a two-tailed unpaired Student’s t test with Welch’s correction; and Pgc1b using the
Mann-Whitney test. Data are presented as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001.

effect of CLCF1-CNTEFR. The Janus kinase (JAK)-STAT pathway
is reported to be one of downstream signals of CNTEFR (28). For
validation, we treated adipocytes with CLCF1 and found that
CLCF1 robustly stimulated phosphorylation of STAT3, indicative
of STAT3 activation induced by CLCF1 (S7 Appendix, Fig. S7A).
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Phosphorylated STAT3 (p-STAT3) was also potently augmented
in adipose tissues of CLCF1-TG mice (S/ Appendix, Fig. S7B).
CNTFR was indispensable for CLCFl-induced activation
of STAT3 (SI Appendix, Fig. S7C). Additionally, STAT3 was
inhibited in the BAT by cold and activated in BAT of 06/0b mice
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Fig. 4. CNTFR mediates the inhibitory effect of CLCF1 on thermogenic capacity. (A and B) Thermogenic gene expression in immortalized brown adipocytes DE-
2-3 treated with 50 ng/mL CLCF1 (n = 3). Data of Ucp1, Dio2, Cidea, Cox8b, Cebpb, and Fabp4 were analyzed by a two-tailed unpaired Student’s t test; Cebpa was
analyzed by a two-tailed unpaired Student's t test with Welch's correction. (C and D) OCR (n = 4 to 5) and mtDNA copy number (n = 10) of immortalized brown
adipocytes treated with 50 ng/mL CLCF1. Data were analyzed by a two-tailed unpaired Student's t test (C) or with Welch's correction (D). (E) mtDNA copy number
in immortalized brown adipocytes treated with siNC or siCLCF1 (n = 5). Data were analyzed by the Mann-Whitney test. (F) qPCR analysis of thermogenic genes
(n =3 to 4). Clcf1, Cidea, and Cox8b were analyzed using a two-tailed unpaired Student's t test; Ucp1 using a two-tailed unpaired Student's t test with Welch’s
correction; and Dio2 and Fabp4 using the Mann-Whitney test. (G-J). Immortalized brown adipocytes were transfected with siCntfr and treated with CLCF1 as
indicated, then subjected to following detection. (G) qPCR analysis of Ucp1, Pgcla, and Pgc1b (n =4 to 6). (H) Protein levels of UCP1 and PGC-1a. (/) mtDNA copy
number (n = 5 to 6). (/) Oxygen consumption of indicated adipocytes (n = 3 to 4). Data in G and / were analyzed by Brown-Forsythe and Welch ANOVA tests
followed by Tamhane's T2 multiple comparisons test; data in / were analyzed by ordinary one-way ANOVA followed by Bonferroni’'s multiple comparisons test.
(K-M) Adipog-promoter-driven AAV-shNC and AAV-shCNTFR were locally injected into BAT, followed by injection of adenovirus for CLCF1. The indicated mice fed
with NCD were subjected to the following test. (K) Rectal temperature of indicated mice at RT and 4 °C for 3 h (n = 4 to 6). Data were analyzed by ordinary one-way
ANOVA followed by Bonferroni's multiple comparisons test. (L) Protein levels of UCP1 in BAT after cold stimulation. (M) H&E staining and immunofluorescent
TOM20 staining of BAT in indicated mice after cold stimulation. (N and O) AAV-shNC and AAV-shCNTFR were locally injected into BAT, and mice were fed with an
HFD for 4 wk. (N) Rectal temperature of mice exposed to 4 °C for indicated times (n = 5/group). Data were analyzed by two-way ANOVA followed by Bonferroni's
multiple comparisons test. (O) Protein levels of UCP1 and PGC-1a in the BAT. (P and Q) Three wk after injection of AAV-shCNTFR, mice with a normal diet were
housed at 30 °C for 5 d and subjected to the following measurements. (P) OCR of BAT (n = 6 to 7). Data were analyzed by a two-tailed unpaired Student's t test.
(Q) Protein levels of UCP1 and PGC-1a. Data are presented as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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or under the thermoneutrality condition, coinciding with the
negative correlation of CLCF1 with thermogenesis (S Appendix,
Fig. S7 D-F).

Next, we set out to elucidate whether STAT3 was involved in
the inhibitory effect of CLCF1 on thermogenesis. We first treated
adipocytes in vitro with nifuroxazide (NFX), a potent inhibitor
of STAT?3 that suppresses STAT3 phosphorylation (29). We found
that inhibition of STAT3 by NFX recovered the reduced mito-
chondrial content in CLCF1-treated cells (Fig. 54) and com-
pletely restored the decreased oxygen consumption induced by
CLCF1 (Fig. 5B). Moreover, NFX reversed the decreased expres-
sion of thermogenic genes and mitochondrial-related genes caused
by CLCF1 (Fig. 5C). Consistently, knock-down of STAT3 also
rescued the decreased mtDNA content and oxygen consumption,
and the reduced thermogenesis-related proteins induced by
CLCF1 (Fig. 5 D-F). We then evaluated the effects of STAT3
invivo by intraperitoneal injection of NFX in WT and
CLCF1-ATG mice. Cold tolerance tests showed that inhibition
of STAT3 could improve hypothermia induced by CLCF1
(Fig. 5G). NEX completely recovered the decreased expression of
Ucpl, Pgcla, and Pgelb in BAT of CLCF1-ATG mice (Fig. 5 H
and /). Moreover, NEX potently inhibited lipid deposition in BAT
caused by CLCF1-ATG (Fig. 5/) and abolished the reduced mito-
chondrial content (Fig. 5/). We then disrupted STAT3 expression
in brown fat depots by injecting AAV-shSTAT3. Deficiency of
STAT3 totally reversed the impaired cold tolerance and the down-
regulation of UCP1 expression (Fig. 5 K and L) and strongly
blocked lipid deposition in BAT induced by CLCF1 (S Appendix,
Fig. S7G). These results showed that CLCF1 failed to attenuate
thermogenic function when STAT3 was inhibited.

We also treated HFD-fed mice with NFX (57 Appendix,
Fig. S7H). Treatment of NFX for 1 wk had no effect on body
weights (S Appendix, Fig. S71). Cold tolerance tests showed that
NEX potently improved cold tolerance (SI Appendix, Fig. S7)).
Additionally, we treated mice under NCD with NFX by daily
intraperitoneal injection and housed them at 30 °C for 5 d.
Inhibition of STAT3 by NFX reduced lipid deposition in BAT,
increased mitochondrial content, and enhanced protein levels of
thermogenic genes in BAT (S] Appendix, Fig. S7 Kand L).

PGC-1a and PGC-1f, master regulators of mitochondrial bio-
genesis and thermogenesis, were down-regulated by CLCF1. Thus,
we wondered whether STAT3 could transcriptionally regulate
Pgcl expression. We used the JASPAR database (https://jaspar.
genereg.net/) and identified multiple potential binding sites for
STAT3 on the promoters of Pgcla and Pgclb. ChIP-qPCR assays
validated the prediction and showed that STAT3 was specifically
enriched at the promoter of both Pgcla and Pgclb (Fig. 5M).
STAT3 dose dependently inhibited the promoter activity of both
Pgclaand Pgelb (Fig. 5N). CLCF1 treatment also reduced Pgcla
and Pgclb promoter activity, while inhibition of STAT3 by NFX
totally reversed this (Fig. 50). These results suggested that activa-
tion of STAT3 by CLCF1 transcriptionally inhibited expression
of Pgcla and Pgclb.

CLCF1-TG Mice Are Prone to Developing Metabolic Disorders
Even under Normal Diet. The above results indicated that CLCF1-
CNTEFR-STAT3 signaling inhibited mitochondrial biogenesis,
thereby disrupting thermogenic capacity in brown adipocytes.
Because brown adipocytes are strongly related to metabolic
homeostasis, we therefore explored the metabolic phenotype
of CLCF1-TG mice. Upon an NCD, there was no significant
difference in body weight between WT and CLCF1-ATG mice
(SI Appendix, Fig. S3D). Nevertheless, we found that CLCF1-
ATG mice exhibited increased serum triglyceride and glucose

https://doi.org/10.1073/pnas.2305717120

levels compared with WT mice (Fig. 6 A and B), with no effect
on serum total cholesterol (TC), LDL, or HDL levels (Fig. 6C).
Consistently, CLCF1-BTG mice also exhibited elevated serum
triglyceride levels and identical cholesterol levels compared with
WT mice (Fig. 6 D and E). To complement the gain-of-function
model, we blocked CLCF1 signaling in BAT via AAV-mediated
disruption of CNTFR. Deficiency of CNTFR down-regulated
triglyceride levels (Fig. 6F), consistent with observations in CLCF1-
TG mice. Inhibition of STAT3 by NFX also down-regulated
serum triglyceride levels (Fig. 6G). Moreover, CLCF1-ATG mice
displayed glucose intolerance and insulin resistance compared with
WT mice (Fig. 6 H and /). Acute administration of recombinant
CLCF1 by intraperitoneal injection analogously induced impaired
glucose tolerance and insulin sensitivity (Fig. 6 / and K). These
results suggested that CLCF1-TG mice spontaneously developed
metabolic abnormalities without external metabolic stress.

We also challenged CLCF1-WT and CLCF1-ATG mice with
an HFD. No significant body changes have been observed between
two groups (SI Appendix, Fig. S8A4). CLCF1-ATG mice had signif-
icantly lower rates of O, consumption and CO, production and
decreased heat production relative to WT mice (SI Appendix, Fig. S8
B-D). CLCF1-ATG mice exerted glucose intolerance and remark-
edly increased serum triglyceride and glucose levels, with no changes
in serum total cholesterol (S Appendix, Fig. S8 E-H). CLCF1-ATG
mice were cold intolerant (S Appendix, Fig. S81). The expressions
of thermogenic and mitochondrial-related genes were dramatically
decreased in the BAT of CLCF1-ATG mice (SI Appendix, Fig. S8)).
These data together suggested that CLCF1-ATG mice exhibited a
greater susceptibility to diet-induced metabolic disorders, independ-
ent of changes in body weight.

Discussion

The thermogenic functions of brown fat are highly responsive to
external stimuli and systemic metabolic status. Catecholamines,
thyroid hormones, BMPs, and FGF21 are among a growing group
of cytokines known to drive activation of thermogenic programs
(30-33). Although numerous inducers have been identified, appli-
cation of thermogenic adipocytes continues to prove challenging,
especially for obesity and aging populations, due to unknown neg-
ative regulatory factors. Here, we revealed a mechanism in which
the obesity-triggered CLCF1 signal inhibited mitochondrial bio-
genesis and thermogenesis. CLCF 1-expressed adipocytes may serve
as a type of thermogenesis-inhibitory cells. Under physiological
conditions, such inhibitory signaling likely protects against energy
overexpenditure, which can be blocked under thermogenic stimu-
lation. In obesity, such inhibitory signals are activated and stimulate
resistance to thermogenesis. Similarly, a recent study uncovered an
acetate-mediated paracrine signaling pathway that represses ther-
mogenesis in BAT (34). The authors identified a subset of
thermogenesis-inhibitory adipocytes in mouse and human BAT
that restrains the thermogenic capacity of brown adipocytes via local
production of acetate. These inhibitory adipocytes are enriched in
BAT under thermoneutral conditions. Another recent study iden-
tified two distinct populations of thermogenic cells in mouse BAT,
classical brown adipocytes and low-thermogenic brown adipocytes
(35). Cold exposure activates low thermogenic cells to become
highly thermogenic. Mounting evidence indicates that BAT is het-
erogencous, and BAT function is regulated by the coordinated
activity of distinct adipocyte subpopulations. It would be interesting
to investigate CLCF1 signals in these cells with differences in ther-
mogenic capacity. Notably, inhibition of these negative regulators
might improve obesity-associated disturbances and facilitate ther-
mogenesis. Kim et al. recently reported a high-affinity soluble
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Fig. 5. STAT3signal is necessary for CLCF1 to inhibit the thermogenic function. (A-C) Immortalized brown adipocytes DE-2-3 were treated with 5 M NFX or 50
ng/mL CLCF1 for 72 h and subjected to the following detection: mtDNA (A, n = 5), OCR (B, n = 4), and western blot analysis of PGC-1a and PGC-1p (C). Data in A
and B were analyzed using ordinary one-way ANOVA followed by Bonferroni’s multiple comparisons test. (D-F) Immortalized brown adipocytes with knockdown
of STAT3 were treated with CLCF1, and subjected to mtDNA (D, n = 5) and OCR measurement (£, n = 4) and detection of UCP1 and PGC-1« (F). Data in D and E
were analyzed by ordinary one-way ANOVA followed by Bonferroni's multiple comparisons test. (G-/) Male 16-wk-old CLCF1-WT and CLCF1-ATG mice were daily
intraperitoneally injected with NFX (10 mg/kg) for 10 d and then subjected to the following measurement. (G) Rectal temperature of indicated mice exposed
to 4 °C (n = 3 to 6/group). Data were analyzed by two-way ANOVA followed by Bonferroni’'s multiple comparisons test. (H) Western blot analysis of UCP1 and
PGC-1a in the BAT of indicated mice. (/) qPCR analysis in the BAT (n = 4/group). Ucp1 and Pgcla were analyzed using ordinary one-way ANOVA followed by
Bonferroni's multiple comparisons test; Pgc1b was analyzed by Brown-Forsythe and Welch ANOVA tests followed by Tamhane’s T2 multiple comparisons test.
(/) H&E staining and immunofluorescent TOM20 staining of BAT. (K and L) AAV-shNC and AAV-shSTAT3 were locally injected into BAT, followed by injection of
adenovirus for CLCF1. (K) Rectal temperature of indicated mice at RT and 4 °C for 5 h (n = 6 to 8). Data were analyzed by ordinary one-way ANOVA followed by
Bonferroni's multiple comparisons test. (L) Protein levels of UCP1 in the BAT. (M) ChIP analysis of occupation of STAT3 on Pgc1a, Pgclb, and 36b4 gene (n = 3),
with 36b4 as a nonspecific control. Pgc1a and Pgcl1b data were analyzed by a two-tailed unpaired Student’s t test; 36b4 by the Mann-Whitney test. (N) Luciferase
reporter assay of Pgcl1a or Pgc1b promoter with different dosages of STAT3 (n =4 to 6). Data were analyzed by ordinary one-way ANOVA followed by Bonferroni's
multiple comparisons test. (0) Luciferase reporter assay of Pgcla or Pgc1b promoter treated with CLCF1 and NFX as indicated (n = 6). Pgc1a data using Brown-
Forsythe and Welch ANOVA tests followed by Tamhane’s T2 multiple comparisons test; Pgc1b using ordinary one-way ANOVA followed by Bonferroni's multiple
comparisons test. *P < 0.05; **P < 0.01; ***P < 0,001. *P < 0.05; P < 0.01; **P < 0.001 compared with CLCF1-ATG group in G.
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Fig.6. Elevated CLCF1 can predispose to metabolic dysfunction. (A-C) Serum triglyceride (n =5 to 6), glucose (n = 9), cholesterol, LDL, and HDL (n = 5 to 8) levels

of male 8-wk-old CLCF1-WT and CLCF1-ATG mice. Triglyceride, glucose, LDL, and HDL levels were analyzed by a two-tailed unpaired Student's t test; the cholesterol
level was analyzed by the Mann-Whitney test. (D and E) Serum triglyceride (n = 6), cholesterol, LDL, and HDL (n = 6 to 8) levels of male 8-wk-old CLCF1-WT and
CLCF1-BTG mice. Data were analyzed by a two-tailed unpaired Student's t test (cholesterol, LDL, and HDL) or with Welch's correction (triglyceride). (Fand G) Serum
triglyceride (n = 4 to 6) of mice with CNTFR-deficiency in brown adipocytes or treated with NFX. Data were analyzed by a two-tailed unpaired Student’s t test.
(Hand /) GTT (n =4 to 5) and ITT (n = 4) of 8-wk-old CLCF1-WT and CLCF1-ATG mice. (/and K) GTT (n =4 to 5) and ITT (n = 4) of 8-wk-old mice treated with CLCF1
recombinant protein. Data in H-K were analyzed by two-way ANOVA followed by Bonferroni's multiple comparisons test. *P < 0.05; **P < 0.01; ***P < 0.001.

receptor (€CNTFR-Fc) that effectively sequesters CLCF1, thereby
inhibiting CLCF1 oncogenic effects (24). It would be interesting
to test the thermogenic phenotype following administration of this
type of decoy receptor or neutralizing antibody for CLCF1 in
obesity.

Our finding demonstrated an autocrine CLCF1 signaling
pathway in brown fat that restrains thermogenic capacity through
activation of CNTFR-LIFR-Gp130 tripartite receptor complex
and downstream STAT3 pathway. In agreement with our obser-
vations, it was recently reported that adipocyte-specific knockout
of Gp130 promoted browning in WAT, indicating an inhibitory
effect of Gp130 on thermogenic programs (36). The authors
showed that oncostatin M (OSM), an IL-6 family cytokine, sup-
pressed browning of white adipocytes via Gp130-STAT?3 signa-
ling (36). Thus, the CNTF tripartite receptor complex negatively
regulates thermogenesis in adipocytes. Consistent with their
inhibitory roles, expression of CNTF tripartite receptor compo-
nents was significantly decreased during thermogenic activation.
Moreover, we found that CNTEFR had higher expression in BAT
than in iWAT, partially explaining why CLCF1 induces dysfunc-
tion in BAT but has a minimal effect on WAT. Through binding
the CNTF receptor, CLCF1 turns on JAK/STAT?3 signaling. We
confirmed that STAT3 was required for the effect of CLCF1.
Consistently, an in vitro study showed that tofacitinib, an inhib-
itor of JAK, stably induced a brown-like phenotype in adipocytes
(37). More importantly, we revealed a mechanism by which
CLCF1 leads to thermogenic dysfunction via STAT3. STAT3
binds to the promoters of PGC-1ac and PGC-1p and transcrip-
tionally inhibits their expression. STAT3 is the key mediator of
IL-6-type cytokine signal transduction, including IL-6, ciliary
neurotrophic factor (CNTF), CLCF1, and OSM. However, both
IL-6 and CNTF exhibit antiobesity actions (38-41), which are

https://doi.org/10.1073/pnas.2305717120

opposite to the metabolically unfavorable effect of CLCF1.
CNTF and IL-6 exert antiobesity effect mainly through their
central effect on reducing food intake, rather than directly
through adipose tissues (38—42). Some beneficial function of
CNTE for example in muscle, are STAT3-independent (43).
Thus, both the target tissues and the mediated signaling deter-
mine the different effects of IL-6-type cytokines.

CLCF1 was originally identified in lymphoma cells (20).
Despite its higher expression in CD45" immune cells in BAT,
CLCF1 levels in immune cells remained unchanged but decreased
in mature adipocytes after cold stimulation. BAT is composed of
65% fat cells and 35% nonfat cells (44), so there are even fewer
immune cells. Thus, cold-induced reduction of CLCF1 in BAT
most likely was attributed to mature adipocytes. The functions
of CLCF1 in immunoregulation and tumor development have
been verified, but its role in metabolic regulation remains poorly
understood. Here, we identified CLCF1 as an adipocyte-derived
cytokine and revealed that CLCF1 autocrine signaling was a piv-
otal suppressor of thermogenic capacity, thereby leading to met-
abolic disorders. In addition, a recent study revealed that CLCF1
was an intrahepatic cholangiocyte-derived secreted factor that
was elevated in the liver in nonalcoholic steatohepatitis (NASH)
patients, and it performed a protective role during NASH patho-
genesis (45). According to our findings and those of others,
CLCF1 expression is increased in both adipose tissues and the
liver under metabolic stress conditions, but CLCF1 has an
adverse effect on adipocyte thermogenesis and a favorable effect
in hepatic metabolism, illustrating the complex role of CLCF1
in maintaining tissue homeostasis. Despite the defined autocrine
and paracrine signals, the endocrine action of CLCF1 is still
unknown. We found that CLCF1 had higher expression in both
BAT and spleen, implying BAT seems not the unique source of
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circulating CLCF1. The endocrine function of CLCF1 from BAT
or spleen waits for clarification.

In summary, we proposed a model by which CLCF1 signaling
repressed thermogenesis in brown fat (S7 Appendix, Fig. S9). CLCF1
was down-regulated during activation of thermogenic adipocytes
and up-regulated in adipocytes in obesity. Secreted CLCF1 activated
the CNTFR-STAT?3 signaling pathway in adipocytes and subse-
quently inhibited PGC-1a and PGC-1, which in turn gave rise to
decreased mitochondrial biogenesis. Consequently, CLCF1-TG
mice displayed severely impaired brown fat activity.

Materials and Methods

Animal model, cell culture, AAV administration, oxygen consumption rates meas-
urements, indirect calorimetric assessment, cold tolerance test, GIT, ITT, mtDNA copy
number, RNAsequencing, gPCR, western blot, chromatin immunoprecipitation, lucif-
erase reporter assays, transmission electron microscopy analysis, H&E staining and
immunofluorescence assay, and statistical analysis were described in S/ Appendix.
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