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FNIP1 regulates adipocyte browning and systemic
glucose homeostasis in mice by shaping intracellular

calcium dynamics
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Metabolically beneficial beige adipocytes offer tremendous potential to combat metabolic diseases. The folliculin interacting
protein 1 (FNIP1) is implicated in controlling cellular metabolism via AMPK and mTORC1. However, whether and how FNIP1
regulates adipocyte browning is unclear. Here, we demonstrate that FNIP1 plays a critical role in controlling adipocyte
browning and systemic glucose homeostasis. Adipocyte-specific ablation of FNIP1 promotes a broad thermogenic remodeling
of adipocytes, including increased UCP1 levels, high mitochondrial content, and augmented capacity for mitochondrial
respiration. Mechanistically, FNIP1 binds to and promotes the activity of SERCA, a main Ca?* pump responsible for cytosolic
Ca?* removal. Loss of FNIP1 resulted in enhanced intracellular Ca?* signals and consequential activation of Ca?*-dependent
thermogenic program in adipocytes. Furthermore, mice lacking adipocyte FNIP1 were protected against high-fat diet-induced
insulin resistance and liver steatosis. Thus, these findings reveal a pivotal role of FNIP1 as a negative regulator of beige
adipocyte thermogenesis and unravel an intriguing functional link between intracellular Ca?* dynamics and adipocyte

browning.

Introduction

Beige or “brite” adipocytes are a distinct form of uncoupling
protein 1 (UCP1)-expressing adipocytes in white adipose tissue
(WAT) with thermogenic capacity, similar to brown adipocytes,
and these cells rapidly arise in a process known as “beiging” or
“browning” in response to various external stimuli, such as cold
exposure or P3-adrenergic agonist treatment (Chouchani and
Kajimura, 2019; Cohen and Kajimura, 2021; Harms and Seale,
2013; Kajimura et al., 2015). Beige adipocytes exert remarkable
benefits on metabolic health, and active thermogenic adipocytes
present in adult humans have a molecular and functional re-
semblance to rodent beige adipocytes (Cypess et al.,, 2009;
Harms and Seale, 2013; Kajimura et al., 2015; Lidell et al., 2013;
Shinoda et al., 2015; Wu et al., 2012). Numerous studies have
suggested that increasing the amount or activity of beige adi-
pocytes promotes a lean and healthy metabolic phenotype
(Bartelt and Heeren, 2014; Cohen and Kajimura, 2021; Harms
and Seale, 2013; Kajimura et al., 2015; Kusminski et al., 2016;
Seale et al., 2011). Conversely, reductions in beige fat activity are

linked to obesity and insulin resistance (Cohen and Kajimura,
2021; Cohen et al., 2014; Harms and Seale, 2013; Kajimura et al.,
2015; Kusminski et al., 2016). Thus, delineation of the molecular
mechanisms involved in regulating WAT browning is of great
interest to the development of therapeutic approaches for obesity-
related insulin resistance and other comorbidities.

Folliculin interacting protein 1 (FNIP1) is an adaptor protein
originally identified as a binding partner of folliculin (FLCN) and
AMP-activated protein kinase (AMPK; Baba et al., 2006). Un-
derscoring the importance of the FNIP1 in cellular metabolism,
mutations in FNIP1 alter cell metabolism and cause severe B cell
development defects, agammaglobulinemic, hypertrophic car-
diomyopathy, and pre-excitation syndrome in humans (Niehues
et al., 2020; Saettini et al., 2021). While the FNIPI pathway has
been shown to influence both cellular metabolic regulators,
AMPK and mammalian target of rapamycin (mTORC1), in
multiple cell types (Baba et al., 2006; Petit et al., 2013; Reyes
et al., 2015; Saettini et al., 2021; Siggs et al., 2016; Tsun et al.,
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2013; Xiao et al., 2021), many recent studies have revealed multi-
faceted, context-dependent functions of the FNIP1 protein in
metabolic control, which has been linked to cellular signaling
beyond AMPK and mTOR signaling (Manford et al, 2021;
Manford et al., 2020; Woodford et al., 2016; Xiao et al., 2021). For
example, recent studies have reported that FNIP1 acts as a co-
chaperone that regulates the chaperone function of Hsp90
(Sager et al., 2019; Sager et al., 2018; Woodford et al., 2016).
Moreover, a growing body of evidence has connected FNIP1 to a
broad range of cellular processes, including mitochondrial
quality control, reductive stress response, and protein stability
(Manford et al., 2021; Manford et al., 2020; Woodford et al.,
2016; Xiao et al., 2021). However, it has yet to be unraveled
whether FNIPI signaling is implicated in controlling adipose
tissue function.

Calcium (Ca2*) is fundamental to a wide variety of cellular
processes, including, but not limited to, muscle contraction,
gene transcription, exocytosis, and cellular metabolism, in vir-
tually all eukaryotic cells (Arruda and Hotamisligil, 2015;
Berridge et al., 2000; Giorgi et al., 2018; Raffaello et al., 2016).
The ER serves as the major Ca%* store and plays a vital role in
maintaining intracellular Ca2* homeostasis. The intracellular
Ca?* levels are tightly regulated by an array of Ca?* channels and
pumps localized at ER membrane (Arruda and Hotamisligil,
2015; Prakriya and Lewis, 2015; Raffaello et al., 2016). Specifi-
cally, the inositol-1,4,5-triphosphate receptors and ryanodine
receptors (RyRs) are two Ca2" release channels that transport
Ca?* from the ER to the cytosol upon stimulation, while the
sarcoendoplasmic reticulum calcium transport ATPase (SERCA)
is the sole Ca?*-ATPase pump that is responsible for Ca2*
reuptake from the cytosol to the ER lumen (Arruda and
Hotamisligil, 2015; Prakriya and Lewis, 2015; Raffaello et al.,
2016). Previous studies have highlighted the importance of
Ca?* release and reuptake across the ER membrane in cellular
metabolism (Arruda and Hotamisligil, 2015; Fu et al., 2012; Fu
et al., 2011; Tkeda et al., 2017). For instance, altering SERCA
activity has been shown to significantly affect cell metabolism
(Arruda and Hotamisligil, 2015; Fu et al., 2012; Fu et al., 2011).
Both SERCA-mediated Ca?* cycling and Ca?* uncoupling can lead
to increased energy expenditure (Bal et al., 2012; Tkeda et al.,
2017). SERCA was also found to be associated with obesity and
susceptibility to diabetes in humans in a Genome Wide Associ-
ation Study study (Locke et al., 2015).

In this study, we investigated the metabolic role in mice
of FNIP1 signaling in thermogenic adipocytes. We generated
adipocyte-specific FNIP1 knockout mice and found that FNIP1
acts as a negative regulator of beige adipocyte thermogenesis to
control systemic glucose homeostasis. Mice with adipocyte-
specific ablation of FNIP1 show a dramatic brown remodeling
of WAT and were protected against high-fat diet-induced glu-
cose intolerance, insulin resistance, and liver steatosis. Mecha-
nistically, we demonstrated that FNIP1 binds to the ATP
hydrolysis site of SERCA to enhance its Ca2* pump activity. This
limits intracellular Ca?* signals and dampens the Ca?*-dependent
thermogenic program. Our results thus demonstrate a previ-
ously unrecognized FNIP1-SERCA-intracellular Ca?* pathway
that regulates WAT browning.
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Results
Adipocyte-specific ablation of FNIP1 promotes browning of

WAT

To investigate the importance of FNIP1 in adipose tissue in vivo,
we generated adipocyte-specific FNIP1 KO mice (referred to as
FNIP1 AKO) by crossing mice bearing a conditional Fnipl allele
with introns 5 and 6 floxed (Fnipl lox/lox) with the adiponectin
promoter-driven Cre mice (Fig. 1 A). FNIP1 AKO mice were born
at normal Mendelian ratios and were grossly normal on in-
spection. As expected, the expression of Fnip]l mRNA and protein
levels were markedly reduced in adipose tissues of FNIP1 AKO
mice compared with WT littermates, whereas the protein levels
of FNIP1 remain unchanged in skeletal muscle, liver, and heart
(Fig. 1 B; and Fig. S1, A and B). We next examined thermogenic
remodeling in adipose tissue. Remarkably, histological charac-
terization of inguinal WAT (iWAT) from FNIP1 AKO mice
showed numerous multilocular adipocytes, a hallmark of WAT
browning, whereas no obvious difference in the tissue mor-
phology was observed in the brown fat (BAT) and epididymal
WAT (eWAT) from FNIP1 AKO mice compared with WT controls
(Fig. 1 C). Immunohistochemistry confirmed a dramatic increase
in the number of UCP1-positive beige adipocytes in the iWAT of
FNIP1 AKO mice (Fig. 1 D). The marked increase of UCP1 protein
accumulation in iWAT of FNIP1 AKO mice was also confirmed by
immunoblotting (Fig. 1 E).

To thoroughly analyze the metabolic changes that result from
loss of adipocyte FNIP1, we performed RNA sequencing (RNA-
seq) analysis on mRNA isolated from iWAT of the FNIP1 AKO
mice and littermate controls. Gene ontology (GO) analysis re-
vealed that the primary gene sets most significantly induced by
deletion of FNIP1 in iWAT were mitochondria and fatty acid
metabolism (Fig. 1, F and G). Gene expression validation studies
demonstrated that a broad array of genes involved in thermo-
genic and mitochondrial oxidative programs were induced in
FNIP1 AKO iWAT (Fig. 1 H). Interestingly, expression of Ucpl was
induced more strongly (~60-fold) than other brown/beige fat
genes (Fig. 1 H). Consistent with the gene expression results,
immunoblotting analyses confirmed the increase of mitochon-
drial complex I (NDUFBS), complex III (UQCRC2), complex IV
(COX4), and ATP synthase (ATP5A) proteins in FNIP1 AKO
iWAT (Figs. 1 I and S1 C). In contrast to iWAT, in the BAT of
FNIP1 AKO mice, the number of UCPl-positive adipocytes and
expression levels of mitochondrial proteins did not differ from
those of WT littermate controls (Fig. S1, D-F). These results
indicate that adipocyte-specific ablation of FNIPI results in
browning of WAT, while classical BAT remains largely
unaffected.

Loss of adipocyte FNIP1 leads to increased mitochondrial
biogenesis and respiration in iWAT

Mitochondrial electron microscopy (EM) analysis revealed a
striking increase of mitochondrial area in iWAT of FNIP1 AKO
mice compared with WT controls (Fig. 2, A and B). Notably, the
WT mice had few small mitochondria in iWAT, whereas the
FNIP1 AKO mice had enlarged and dense mitochondria (Fig. 2, A
and B). Mitochondrial DNA levels were induced in parallel with
the observed morphology changes in FNIP1 AKO iWAT (Fig. 2 C).
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Figure 1. Adipocyte-specific ablation of FNIP1 promotes browning of WAT. (A) Schematic showing the generation of adipocyte-specific FNIP1 KO mice.
(B) Representative Western blot analysis of FNIP1 protein expression in eWAT, iWAT, and BAT from indicated male mice. n = 8 mice per group. (C) H&E
staining of iWAT, eWAT, and BAT of indicated male mice. Scale bar: 20 um. n = 8 mice per group. (D) IHC staining with a UCP1-specific antibody in iWAT
sections of indicated male mice. Scale bar: 50 um (20x) or 20 um (40x). n = 8 mice per group. (E) Left: Representative Western blot analysis of entire iWAT
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lysates for male mice of the indicated genotypes. Right: Quantification of the UCP1/tubulin signal ratios. n = 8 mice per group. (F) Volcano plot showing fold
changes versus P values for analyzed RNA-seq data generated from the iWAT of 8-wk-old male FNIP1 AKO mice compared with littermate controls (WT).
Significantly upregulated genes are represented by orange dots, whereas downregulated genes are represented by green dots. (G) GO enrichment analysis of
gene transcripts upregulated in male FNIP1 AKO iWAT. (H) Expression of genes (qQRT-PCR) involved in the thermogenic and mitochondrial oxidative program in
iWAT from the indicated male mice. n = 4-6 mice per group. (1) Representative Western blot analysis of entire iWAT lysates for male mice of the indicated
genotypes. n = 11-12 mice per group. Values represent mean + SEM. ¥, P < 0.05; **, P < 0.0L;, ***, P < 0.001. P value was determined using two-tailed unpaired
Student’s t-test. Data are representative of two (B, C, D, and H) or three independent experiments (E and 1). Source data are available for this figure:

SourceData F1.

Consistent with the morphology changes, pyruvate-driven mi-
tochondrial respiration rates were significantly higher in iWAT
of FNIP1 AKO mice compared with those in WT controls
(Fig. 2 D). Together, these results demonstrate that loss of FNIP1
in iWAT leads to marked mitochondrial biogenesis and aug-
mented mitochondrial respiration capacity, suggesting a broad
brown remodeling of iWAT.

We next evaluated the functional consequences of marked
browning of iWAT in FNIP1 AKO mice. Compared with WT lit-
termate controls, FNIP1 AKO mice showed no difference in body
weight, food intake, or locomotor activity on standard chow
(Figs. 2 E and S1, G-I). FNIP1 AKO mice also had similar baseline
respiratory activity and similar baseline respiratory exchange
ratio (RER) as WT mice (Figs. 2, F and G; and S1J). We thus tested
the response of FNIP1 AKO mice on adrenergic stimulation, and
we performed intraperitoneal injections of CL316,243 (CL) in
mice and measured respiratory activity. Injection of CL induced
a rapid and sustained increase in energy expenditure in WT
mice. The activation of CL-induced oxygen consumption, carbon
dioxide production, and heat production were all significantly
increased in FNIP1 AKO mice of both sexes compared with WT
controls (Figs. 2, H-K; and S2, A-D), indicating that loss of
adipocyte FNIP1 enhances adrenergic thermogenesis in fat.
Thermogenesis is activated to preserve body temperature to
counteract the cold environment. We also tested the ability of
FNIP1 AKO mice to tolerate acute cold exposure under different
nutritional statuses. Relative to littermate controls, FNIP1 AKO
mice showed similar cold tolerance in the fed state (Fig. S2 E).
WT mice showed a rapid drop in core body temperature, espe-
cially in the fasting state during cold exposure (Figs. 2 L and
S2F). However, the body temperature of FNIP1 AKO mice of both
sexes dropped at significantly slower rates than WT control mice
(Figs. 2 L and S2 F), suggesting that loss of adipocyte FNIP1 in-
fluences cold-induced thermogenesis during fasting. Taken to-
gether, these results demonstrate that FNIP1 is a negative
regulator of adaptive thermogenesis and energy expenditure.

FNIP1 interacts with ER Ca?*-ATPase SERCA

We next sought to dissect the mechanism involved in the sup-
pression of WAT thermogenic remodeling by FNIPI. It has been
shown that FNIP1 regulates AMPK and mTORCI signaling in
several cell types (Baba et al., 2006; Petit et al., 2013; Siggs et al.,
2016; Tsun et al., 2013; Xiao et al., 2021). We thus examined
whether FNIPI influences AMPK and mTOR signaling in adi-
pocytes. Interestingly, Western blot demonstrated that levels of
phosphorylated AMPK (Thrl72), acetyl-CoA carboxylase (ACC),
as well as downstream products of mTORCI activation, in-
cluding phosphorylated ribosomal S6 protein kinase (p-S6K)

Yin et al.

FNIP1 controls beige adipocyte thermogenesis

and ribosomal S6 protein (p-S6), were not different in the iWAT
and BAT of the FNIP1 AKO mice compared with WT controls
(Fig. 3, A-D), suggesting that differences in thermogenic pro-
gramming between WT and FNIP1 AKO mice are not due to al-
tered AMPK or mTORCI signaling. We also took advantage of our
previously generated FNIP1 KO mice and isolated adipose pro-
genitors from iWAT of FNIP1 KO and WT mice. Cells were then
induced to undergo adipocyte differentiation. Adipocytes derived
from FNIP1 KO iWAT differentiated normally, suggesting that
ENIP1 deletion did not influence adipocyte differentiation (Fig. 3, E
and F). Notably, no changes in AMPK and mTORCI signaling were
observed in FNIP1 KO adipocytes compared with WT controls
(Fig. 3 G and H). Moreover, no change in amino acids-induced
phosphorylated S6 was observed in FNIP1 KO adipocytes (Fig. 3 I).
These data suggest that FNIP1 affects cellular respiration without
affecting AMPK and mTORCI1 signaling in adipocytes.

Via immunoprecipitation (IP) and mass spectrometry (MS)
analysis with muscle lysates from our previously generated
FnipI™8 mice (Fig. S3, A and B), we identified that SERCA2, an ER
Ca2* channel known to affect cellular metabolism (Arruda and
Hotamisligil, 2015; Bal et al., 2012; Bi et al., 2014; Fu et al., 2012;
Fu et al., 2011; Ikeda et al., 2017; Periasamy et al., 2017; Verkerke
etal., 2019), is able to interact and precipitate with FNIP1 (Fig. S3
A). Of particular interest is that the binding affinity of SERCA2
to FNIP1 appears to be much stronger than that of FLCN and
AMPK, known interacting partners of FNIP1 (Baba et al., 2006;
Fig. S3 B). SERCA is the solely Ca?* influx pump that has been
shown to regulate intercellular Ca®* dynamics, raising the in-
triguing possibility that intracellular Ca%* is involved in regu-
lating the browning of WAT. To provide direct support for this
notion, we used a mouse model that allowed us to monitor Ca2*
activity in adipose tissue in vivo. In brief, transgenic mice ex-
press a Ca2* indicator GCaMPéf protein, thereby Ca2* activity in
the adipose tissue can be quantified by two-photon microscopy
imaging (Fig. 4 A). As shown in Fig. 4, B and C, injection of
norepinephrine (NE) elicited an immediate and robust increase
in intracellular Ca?* levels in the iWAT. Notably, NE stimulation
generated a quick Ca?* burst and reached a maximum within
~1 min, then gradually reduced to near the basal level (Fig. 4, B
and C; and Video 1). These data demonstrate the dynamic change
of intracellular Ca?* signals during NE-stimulated thermogenic
remodeling in WAT in vivo. We also performed Ca®* imaging
studies with the GCaMPéf reporter system in isolated primary
white adipocytes following exposure to NE. Consistent with
previous observations in brown or beige adipocytes (Ikeda et al.,
2017; Lee et al., 1993), quantitative microscopy of the GCaMP6f
signals revealed a rapid rise of intracellular Ca?* levels in dif-
ferentiated white adipocytes within 1 min after NE application
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Figure 2. Loss of adipocyte FNIP1 leads to increased mitochondrial biogenesis and respiration in iWAT. (A) Representative electron micrographs of the
iWAT showing mitochondria in sections from indicated male mice. Scale bar: 1 um. n = 4 mice per group. (B) Percentage of mitochondrial area and mito-
chondrial size were quantified from the indicated male mice. n = 4 mice per group. 11-12 electron micrographs from each group were measured. (C) Results of
qPCR to determine mitochondrial DNA levels in iWAT of the indicated male mice. n = 6-8 mice per group. (D) Mitochondrial respiration rates were determined
from the iWAT of the indicated male mice using pyruvate as substrates. Pyruvate/malate (Pyr/M)-stimulated, ADP-dependent respiration, and oligomycin-
induced (Oligo) are shown. n = 8 mice per group. (E) Body weight of indicated chow-fed 16-wk-old male mice. n = 7-10 mice per group. (F and G) Energy
expenditure rates (VO, and VCO,) of chow-fed 16-wk-old male mice under basal conditions. n = 7-10 mice per group. (H) Body weight of indicated chow-fed
8-wk-old female mice. n = 4-7 mice per group. (I-K) Energy expenditure rates (VO,, VCO,, and heat production) of chow-fed 8-wk-old female mice after CL
injection (0.5 mg/kg). n = 4-7 mice per group. (L) Rectal temperature recordings taken hourly during 4 h of cold exposure using a rectal digital probe. Notably,
female mice were fasted for 12 h before cold-exposure experiments. n = 7-9 mice per group. Values represent mean + SEM. *, P < 0.05; **, P < 0.0L; ***, P <
0.00L. P value was determined using two-tailed unpaired Student’s t-test (B, C, D, E, and H), or two-way ANOVA and Fisher’s LSD post-hoc test (F, G, and I-L).
Data are representative of two independent experiments (A and D).
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Figure 3. Deletion of FNIP1 does not affect AMPK and mTORC1 signaling in adipocytes. (A and C) Representative Western blot analysis of iWAT (A) or
BAT (C) lysates for male mice of the indicated genotype. (B and D) Quantification of Western blot results in A or C. n = 4-13 mice per group. (E) Representative
Oil-Red-O staining of differentiated white adipocyte isolated from iWAT of male WT and FNIP1 KO mice at low magnification (top) and at high magnification
(bottom). Scale bars: 10x, 100 um; 20x, 50 pm. n = 3 independent experiments. (F) Gene expression (qQRT-PCR) in primary adipocytes. n = 4 independent
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experiments. (G) Representative Western blot analysis performed with differentiated white adipocyte isolated from iWAT of male WT and FNIP1 KO mice.
(H) Quantification of Western blot results in G. n = 3 independent experiments. (I) Representative Western blot analysis of p-S6 activation in WT and FNIP1KO
adipocytes. Cells were starved (50 min) or starved and re-stimulated with amino acids (AA) for 10 min, as indicated. Quantification of the p-S6/56 signal ratios
were presented below the corresponding bands. n = 3 independent experiments. Values represent mean + SEM. P value was determined using two-tailed
unpaired Student’s t-test. Data are representative of at least three independent experiments (A, C, E-G, and I). Source data are available for this figure:

SourceData F3.

(Fig. 4, D and E; and Video 2). Together, these results suggest a
link between intracellular Ca?* dynamics and white adipocyte
thermogenic remodeling.

To verify that SERCA-mediated Ca2* signals play a role in
regulating white adipocyte thermogenic remodeling, we treated
differentiated white adipocytes with thapsigargin (TG), a com-
monly used inhibitor of SERCA, which resulted in elevated in-
tracellular Ca?* levels. As expected, GCaMPéf signal intensity
increased approximately threefold after TG treatment in white
adipocytes (Fig. 4 F). The mRNA levels of key thermogenic
genes, such as Ucpl, Ppargcla, and Dio2, were all significantly
increased at 4-h posttreatment with TG (Fig. 4 F). These data
indicate that inhibiting SERCA activity, leading to increased
intracellular Ca2?* levels, is indeed capable of triggering ther-
mogenic gene programs in white adipocytes. To ascertain the
role of Ca?* signals in regulating adipocyte thermogenic gene
program, the effects of forskolin (FSK), a cAMP signaling in-
ducer that potently induces thermogenic gene expression, were
assessed alone or together with a cell-permeant Ca?* chelator,
1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid tet-
rakis(acetoxymethyl ester; BAPTA-AM). As expected, FSK po-
tently induced expression of key thermogenic genes in white
adipocytes (Fig. 4 G). BAPTA-AM had no effect on basal ther-
mogenic gene expression but markedly inhibited the FSK-
mediated stimulatory effect (Fig. 4 G). Similar observations
were obtained when white adipocytes were treated with the $3-
adrenergic agonist CL. The mRNA expression of key thermo-
genic genes was induced by CL stimulation, which could be
significantly attenuated by BAPTA-AM treatment (Fig. 4 H).
Taken together, these results demonstrate that intracellular Ca?*
dynamics are necessary for thermogenic gene reprogramming
in white adipocytes.

A series of co-IP studies were next conducted to confirm the
interaction between FNIP1 and SERCA2. HEK293T cells were
co-transfected with expression vectors for Flag-FNIP1 and HA-
SERCA2b. FNIP1 was coimmunoprecipitated with SERCA2b us-
ing anti-hemagglutinin (HA) antibodies (Fig. 5 A). Using FNIP1
as the immunoprecipitation target, SERCA2b was reciprocally
pulled down (Fig. 5 B). Moreover, GFP-FNIP1 and Mcherry-
SERCAZ2D, transiently co-transfected into HEK293T cells, colo-
calized in the cytoplasm with a reticular pattern (Fig. 5 C). In
addition, FNIPI was also found to colocalize with the ER marker
GFP-Mannosidae II (MANII), consistent with its ER SERCA2b
interaction (Fig. S3 C).

Human SERCA2b protein is composed of 1,042 amino acids,
which can be structurally divided into four different domains
(Fig. 5 D). To identify the functional domains of SERCA2b that
interact with FNIP1, we expressed Flag-tagged FNIP1 with the
SERCA?2D deletion variants (Fig. 5, D and E). As shown in Fig. 5 E,
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among deletion fragments of SERCA2b, FNIP1 was only bound to
the fragment containing both the phosphorylation domain
(residues 328-505, P) and nucleotide-binding domain (residues
505-680, NB), and the P deletion or the NB deletion abolished
the interaction of SERCA2b with FNIP1 (Fig. 5 E). These results
were of interest because the phosphorylation and nucleotide-
binding domains are functionally closely related to the forma-
tion of the active site of ATP hydrolysis, which is essential for
SERCA pump activity. Therefore, these results indicate a critical
role of the intact active site of ATP hydrolysis in FNIP1 and
SERCA2b binding. We also mapped the critical region of FNIP1
that binds to SERCA2b (Fig. 5, D and F). Analysis of FNIP1 de-
letion mutants revealed that the N-terminal region (amino acids
1-300) of FNIPI is required for the interaction between SER-
CA2b and FNIP1 (Fig. 5, D and F). Therefore, the N-terminal
region of FNIP1 binds to the ATP hydrolysis site of SERCA
pump (Fig. 5 G). To further determine the in vivo physiological
relevance of these interactions, co-IP studies with anti-FNIP1
antibodies were conducted with extracts of iWAT from WT
mice after adrenergic stimulation. As shown in Fig. 5 H, en-
dogenous FNIP1 and SERCA2 showed decreased interaction in
iWAT after CL stimulation (Fig. 5 H), suggesting that a dissoci-
ation of FNIP1 from SERCA2 may play a role in the regulation of
intracellular Ca®>* upon adrenergic stimulation.

FNIP1 affects SERCA activity and modulates intracellular Ca?*
homeostasis

We next explored the biological significance of the FNIPI-
SERCA interaction. The SERCA pump depends on its ATP
hydrolysis to translocate Ca2*. To determine whether FNIP1
binding affects SERCA pump activity, we firstly performed
SERCA ATPase activity measurements in HEK293T cells tran-
siently expressing FNIP1 and SERCA2b. SERCA ATPase activity
was measured in cell homogenates by a spectrophotometric
assay using a coupled enzymatic system in the absence or
presence of TG to determine SERCA-dependent and -indepen-
dent activity (De Smedt et al., 1991). Remarkably, in the presence
of FNIP], significant activation of SERCA ATPase activity (ap-
proximately fourfold) was observed (Fig. 6 A). These data indi-
cate that FNIP1 binds to the ATP hydrolysis site of SERCA2b to
preserve its ATPase activity. To further affirm the regulation of
SERCA pump activity by FNIP1, we performed Ca?* transporting
assay with purified microsomes enriched in ER membranes.
Consistent with the stimulatory effect of FNIP1 on SERCA2b
ATPase activity, the Ca®*-transporting activity of microsomes
prepared from cells overexpressing FNIP1 was higher than those
isolated from control cells, indicating that FNIP1 promotes
SERCA2b Ca?* pump activity (Fig. 6 B). Moreover, we also mon-
itored intracellular Ca** dynamics using Fluo-4 acetoxymethyl
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Figure 4. Intracellular Ca?* dynamics regulates thermogenic gene program in white adipocytes. (A) Schematic showing the monitoring of Ca2* activity
in adipose tissue in vivo using the GCaMP6f transgenic mice. (B) Representative time-lapse images of iWAT of male GCaMP6f transgenic mice at different time
intervals after 1 mg/kg NE stimulation. The corresponding video is included as Video 1. Scale bars: 50 pm. (C) Quantitative analysis of the GCaMP6f fluo-
rescence intensity (F/Fo) in B. Curve depicts the measurements from four independent mice. (D) Representative time-lapse images of differentiated white
adipocytes isolated from iWAT of male GCaMP6f transgenic mice at different time intervals after DMSO (top) or 1 uM NE stimulation (bottom). The corre-
sponding video is included as Video 2. Scale bars: 50 pum. (E) Quantitative analysis of the GCaMP6f fluorescence intensity (Fi/Fo) in D. Curves depict the
measurement of 100-141 cells from four independent experiments. (F) Gene expression (QRT-PCR) in differentiated white adipocytes. Cells were treated with
2 uM TG for 4 h. Inset: Quantitative analysis of the GCaMP6f fluorescence intensity (Fi/Fo). n = 4 independent experiments. (G and H) Gene expression (qRT-
PCR) in differentiated white adipocytes. Cells were treated for 4 h with DMSO (vehicle), 10 UM FSK, 20 uM CL, 10 uM BAPTA-AM, FSK + BAPTA-AM, or CL +
BAPTA-AM as indicated in the key. n = 4 independent experiments. Values represent mean + SEM. *, P < 0.05; **, P < 0.03; *** P < 0.001. P value was

determined using two-tailed unpaired Student’s t-test (E and F) or one-way ANOVA coupled to a Fisher’s LSD post-hoc test (G and H). Data are representative
of four independent experiments (B-H).
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Figure 5. FNIP1 interacts with ER Ca2*-ATPase SERCA. (A and B) Co-IP experiments were performed by co-transfecting HA-SERCA2b and Flag-FNIPL in
HEK293T cells, as indicated at the top. Extracts (input) from the HEK293T cells and proteins from the IP were analyzed by immunoblotting (IB). Representative
results for co-IP are shown. n = 3 independent experiments. (C) GFP-FNIP1 and Mcherry-SERCA2b colocalized in the cytoplasm. Scale bar: 100 pm. (D) Top:
Schematic diagrams of different HA-tagged SERCA2b constructs. Bottom: Schematic diagrams of different Flag-tagged FNIP1 constructs. a.a., amino acid.
(E) Deletion of the P or NB region abolishes the coimmunoprecipitation of FNIP1 and SERCA2b. Representative results for co-IP are shown. n = 3 independent
experiments. (F) Deletion of the A region abolishes the co-IP of SERCA2b and FNIP1. Representative results for co-IP are shown. n = 3 independent ex-
periments. (G) The schematic depicts a proposed model for the FNIP1-SERCA2b interaction. (H) Co-IP of endogenous FNIP1and SERCA2 using iWAT from male
WT mice treated with NaCl or CL316,243 (1 mg/kg) for 1 h. Representative results for co-IP are shown. n = 3 independent experiments. Data are representative
of three independent experiments (A-C, E, F, and H). Source data are available for this figure: SourceData F5.
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Figure 6. FNIP1 affects SERCA activity and modulates intracellular Ca?* homeostasis. (A) Left: Western blot analysis confirms the expression of Flag-
tagged FNIP1 and HA-tagged SERCA2b in indicated cells. Right: SERCA ATPase activity in HEK293T cell homogenates. n = 3 independent experiments. (B) Ca*-
transporting activity of microsomes prepared from HEK293T cells expressing the indicated proteins. n = 4 independent experiments. (C-E) Ca2* transients in
HEK293T cells expressing mCherry-SERCA2b together with or without FNIP1 protein. Ca?* dynamics were monitored using Fluo-4 AM in cells following
exposure to 100 nM ATP. n = 81-85 cells per group from four independent experiments. Quantitative analysis of the Fluo-4 AM fluorescence intensity (F/Fo; C).
Quantitation of amplitude (D), FDHM, and time constant Tau (E) of Ca?* transients. (F) HEK293T cells were co-transfected with plasmids encoding HA-
SERCA2b, Flag-FNIPL, or control vector. Left: CHX treatment of cells for the indicated time. Right: Quantification of the SERCA2b protein levels. n = 3 in-
dependent experiments. (G) Top: Western blot analysis of SERCA2 protein expression in iWAT of indicated male mice. Bottom: Quantification of SERCA2/
Tubulin signal ratios. n = 10-12 mice per group. (H) SERCA ATPase activity in iWAT homogenates from male WT and FNIP1 AKO mice. n = 4-5 mice per group.
(1) SERCA ATPase activity in cell homogenates from differentiated white adipocyte isolated from iWAT of WT and FNIP1 KO mice. n = 3 independent ex-
periments. (J) Ca®*-transporting activity of microsomes prepared from differentiated white adipocyte isolated from iWAT of male WT and FNIP1 KO mice. n = 4
independent experiments. (K-M) Ca* transients in differentiated white adipocyte isolated from iWAT of male WT and FNIP1 KO mice. Ca?* dynamics were
monitored using Fluo-4 AM in cells following exposure to 100 nM ATP. n = 62-72 cells per group from three independent experiments. Quantitative analysis of
the Fluo-4 AM fluorescence intensity (Fi/Fo; K). Quantitation of amplitude (L), FDHM, and time constant Tau (M) of Ca?* transients. Values represent mean +
SEM. *, P < 0.05; **, P < 0.0; ***, P < 0.00L. P value was determined using two-tailed unpaired Student’s t-test. Data are representative of three (A, F-I, and
K-M) or four independent experiments (B-E and J). Source data are available for this figure: SourceData F6.
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ester (Fluo-4 AM), a cell-permeable and sensitive Ca®* indicator,
in HEK293T cells following exposure to ATP. Consistent with
previous reports (Blachier and Malaisse, 1988), exposure of cells
to ATP resulted in a rapid increase in intracellular Ca?* levels
(Fig. 6 C). While cells overexpressing FNIP1 showed a higher
peak of Ca2* (Fy/F,) transients compared with control cells in
response to ATP stimulation (Fig. 6, C and D), FNIP1 over-
expression resulted in significant decrease in the full duration
at half maximum (FDHM) and time constant Tau of the Ca?*
transients (Fig. 6 E), indicating a faster cytosolic Ca** removal by
SERCA2b in the presence of FNIP1. Taken together, these data
suggest that FNIP1 binds to the ATP hydrolysis site of SERCA,
and this leads to increased SERCA pump activity, thereby
shaping intracellular Ca®* dynamics.

Recently, FNIP1 was shown to regulate protein stability by
modulating the chaperone function of Hsp90 (Sager et al., 2019;
Sager et al., 2018; Woodford et al., 2016). We also sought to
determine whether FNIPI can also regulate SERCA2 protein
stability. Interestingly, cycloheximide chase experiments in
HEK293T cells revealed an increased stability of SERCA2b pro-
tein in cells overexpressing FNIP1 (Fig. 6 F). Moreover, SERCA2
protein levels were decreased in iWAT from FNIP1 AKO mice as
compared with WT controls (Fig. 6 G). Together, these data
suggest that FNIPI also stabilizes SERCA2 protein. We next ex-
amined the SERCA ATPase activity in adipose tissue of FNIP1
AKO mice. As shown in Fig. 6 H, SERCA ATPase activity was
markedly reduced in iWAT samples prepared from FNIP1 AKO
mice compared with WT controls (Fig. 6 H). These in vivo results
demonstrate an impaired SERCA activity in FNIP1 AKO adipose
tissue, which is consistent with our in vitro observations that
FNIPI interacts with SERCA2b to preserve its activity. We also
examined SERCA ATPase activity in homogenates of primary
adipocytes and found decreased activity in FNIP1 KO adipocytes
compared with WT controls (Fig. 6 I). Consistent with this
finding, the Ca?*-transporting activity of microsomes prepared
from FNIP1 KO adipocytes was significantly lower compared
with those isolated from WT control cells (Fig. 6 J). Moreover,
we also monitored intracellular Ca?* dynamics in FNIP1 KO
adipocytes following exposure to ATP. As expected, FNIP1 ab-
lation resulted in significant increase in the FDHM and time
constant Tau of the Ca?* transients (Fig. 6, K-M), indicating a
slower cytosolic Ca2* removal by SERCA in the absence of FNIP1.
Taken together, these data suggest that loss of FNIP1 resulted in
reduced SERCA Ca?* pump activity, leading to enhanced intra-
cellular Ca?* signals.

Deletion of FNIP1 activates Ca%*-dependent thermogenic
program in white adipocytes

To further assess the role of FNIP1 in the control of intracellular
Ca%* homeostasis in adipocytes, we monitored the real-time
intracellular Ca®* changes in FNIP1 KO adipocytes upon NE
stimulation using the Fluo-4 AM Ca2* indicator. Consistent with
reduced SERCA activity, the NE-induced increase in intracellu-
lar Ca2* levels was greater in FNIP1 KO adipocytes than in WT
control cells (Fig. 7, A-C). The FDHM and Tau of the Ca®* tran-
sients triggered by NE were both increased in FNIP1 KO adipo-
cytes, indicating an increased duration of Ca?* transients in the
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cytosol in the absence of FNIP1 (Fig. 7 C). We also took advantage
of the GCaMPéf reporter system and isolated primary adipocytes
from iWAT of GCaMP6f/FNIP1 KO mice. Again, in response to
NE stimulation, a more robust increase in GCaMPéf signals was
observed in FNIP1 KO adipocytes compared with WT control
cells (Fig. 7, D-F). Analysis of the GCaMPéf signals further
confirmed the increased FDHM and Tau of the Ca?* transients
triggered by NE in FNIP1 KO adipocytes (Fig. 7 F). Together,
these results suggest that deletion of FNIP1 in adipocytes re-
sulted in impaired SERCA Ca** pump activity, leading to en-
hanced NE-elicited intracellular Ca2* dynamics.

The enhanced intracellular Ca?* dynamics were accompanied
by increased cellular respiration capacity in FNIP1 KO adipo-
cytes (Fig. 7 G). Measurement of oxygen consumption rate (OCR)
using an extracellular flux analyzer revealed that FNIP1 KO
adipocytes had an increased OCR in the presence of uncoupler
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP),
a sign of increased maximal mitochondrial respiratory capacity
(Fig. 7 G). Importantly, depletion of intracellular Ca** by Ca?*
chelator BAPTA-AM inhibited the FNIP1 KO-mediated stimula-
tory effect (Fig. 7 H).

To further ascertain the role of FNIP1 in the control of white
adipocyte thermogenic gene program and to determine whether
Ca?* signaling is involved in this mechanism, the effects of FSK
and FNIP1 KO were assessed alone and together in the presence
or absence of Ca?* chelator BAPTA-AM. Interestingly, while Ucpl
(20-fold) and Ppargcla (8-fold) expression was activated by FSK,
the combination of FSK and FNIP1 deficiency resulted in more
activation of Ucpl (36-fold) and Ppargcla (16-fold) gene expres-
sion in white adipocytes (Fig. 7 I). Importantly, this effect was
largely abolished upon BAPTA-AM treatment (Fig. 7 I). B3-
Adrenergic receptor agonist CL316,243 and FNIP1 deficiency
also cooperated to increase expression of the Ucpl and Ppargcla
genes, an effect that was absent upon BAPTA-AM application
(Fig. 7 J). Taken together, these results establish a key role of
FNIP1 as a negative regulator of white adipocyte thermogenic
remodeling and demonstrate the importance of intracellular
Ca?* in this mechanism.

Lack of adipocyte FNIP1 improves systemic glucose
homeostasis and alleviates hepatic steatosis in obese mice
Browning of WAT is associated with a healthy metabolic profile.
We next challenged FNIP1 AKO mice with a high-fat diet (HFD;
60% kcal from fat) for 3 mo. Interestingly, no difference was
observed in body weight between the HFD-fed FNIP1 AKO mice
and HFD-fed WT controls (Figs. 8 A and S4 A). HFD-fed FNIP1
AKO mice also showed no difference in food intake or locomotor
activity but did have slight increases in oxygen consumption
(VO,) and carbon dioxide production (VCO,; Fig. 8, A-C; and Fig.
S4, B and C), implying the enhanced mitochondrial respiration
in the adipose tissue. We then determined systemic glucose
homeostasis in WT and FNIP1 AKO mice following HFD feeding.
Glucose tolerance test (GTT) demonstrated that FNIP1 AKO mice
were more tolerant to glucose challenge compared with the lit-
termate controls after 12 wk of HFD feeding, even when there
was no difference in body weight between the two groups
(Fig. 8 D). Similarly, insulin tolerance test (ITT) showed that
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Figure 7. Deletion of FNIP1 activates Ca2*-dependent thermogenic program in white adipocytes. (A-C) Ca2* transients in differentiated white adipocyte
isolated from iWAT of male WT and FNIP1 KO mice. Ca?* dynamics were monitored using Fluo-4 AM in cells following exposure to 1 uM NE. n = 58-81 cells per
group from five independent experiments. (A) Representative time-lapse images of indicated adipocytes at different time intervals after NE stimulation. Scale
bars: 20 um. (B) Quantitative analysis of the Fluo-4 AM fluorescence intensity (Fi/Fo). (C) Quantitation of amplitude, FDHM, and time constant Tau of Ca?*
transients. (D-F) Ca* transients in differentiated white adipocyte isolated from iWAT of male GCaMP6f transgenic and GCaMP6f; FNIP1 KO mice. n = 64-70
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cells per group from five independent experiments. (D) Representative time-lapse images of indicated adipocytes at different time intervals after NE stim-
ulation. Scale bars: 50 um. (E) Quantitative analysis of the GCaMP6f fluorescence intensity (F/Fo). (F) Quantitation of amplitude, FDHM, and time constant Tau
of Ca?* transients. (G and H) OCRs in differentiated white adipocyte isolated from iWAT of male WT and FNIP1 KO mice. Basal OCR was first measured,
followed by administration of 2 uM oligomycin (to inhibit ATP synthase), uncoupler FCCP (2 uM), or rotenone/antimycin (Rot/A; 1 uM) as indicted. n = 3
independent experiments done with 5-7 biological replicates. (H) Cells were pre-incubated with 10 uM BAPTA-AM for 2 h as indicated in the key. (1 and J) Gene
expression (QRT-PCR) in differentiated white adipocyte isolated from iWAT of male WT and FNIP1 KO mice. Cells were treated for 4 h with DMSO (vehicle), 10
MM FSK, 20 uM CL, 10 pM BAPTA-AM, FSK + BAPTA-AM, or CL + BAPTA-AM as indicated in the key. n = 3 independent experiments. Values represent mean =
SEM. *, P < 0.05; ** P < 0.0L; ***, P < 0.001. P value was determined using two-tailed unpaired Student’s t-test (B, C, E, and F), one-way ANOVA and Fisher’s
LSD post-hoc test (I and J), or two-way ANOVA and Bonferroni post-hoc test (G and H). Data are representative of at least three independent experiments

(A-)).

HFD-fed FNIP1 AKO mice were more sensitive to insulin stim-
ulation compared with HFD-fed WT controls (Figs. 8 E and S4 D).
Moreover, insulin action, as indicated by insulin-stimulated
AKT phosphorylation, in both adipose and skeletal muscle was
enhanced in HFD-fed FNIP1 AKO mice (Fig. 8, F-G).

We next examined lipid metabolism in adipose tissue. The
iWAT mass was reduced in the FNIP1 AKO mice relative to their
WT controls at the end of HFD studies (Fig. 8 H). Histological
analysis also showed smaller adipocytes in iWAT of HFD-fed
FNIP1 AKO mice (Fig. 8 I). Moreover, mitochondrial respira-
tion rates were significantly higher in iWAT of HFD-fed FNIP1
AKO mice compared with WT controls (Fig. 8 J). This primary
alteration in adipose tissue was also associated with improved
hepatic steatosis in HFD-fed FNIP1 AKO mice. Liver mass was
lower in FNIP1 AKO mice (Fig. 8 K), and Oil-Red-O and H&E
staining of histological sections provided further evidence of
significantly reduced liver fat deposition in HFD-fed FNIP1 AKO
mice (Fig. 8 L). Biochemical measurements confirmed a decrease
in TG levels in HFD-fed FNIP1 AKO livers (Fig. 8 M). The protein
levels of fatty acid synthase (FASN) were also decreased in the
liver of HFD-fed FNIP1 AKO mice relative to WT controls
(Fig. 8 N). Collectively, all these results suggest a healthier
metabolic profile in FNIP1 AKO mice than in WT controls when
fed an HFD. Taken together, these results demonstrate that de-
letion of FNIPI in adipocytes results in browning of WAT with
strong effects on whole-body glucose homeostasis and hepatic
steatosis.

Discussion

The benefits of beige adipocytes on metabolic health make it a
desirable therapeutic strategy to promote beige adipocyte ther-
mogenic remodeling to treat obesity and metabolic diseases.
Delineation of the molecular mechanisms involved in WAT
browning is thus of particular interest. In this study, we un-
covered a crucial role for FNIP1 in controlling WAT browning
that governs systemic glucose homeostasis (Fig. 9). Mechanis-
tically, FNIP1 binds to the ATP hydrolysis site of SERCA, and this
leads to increased SERCA Ca?* pump activity, thereby damp-
ening Ca®*-dependent thermogenic program. Importantly,
adipocyte-specific ablation of FNIPI1 led to a broad thermogenic
remodeling of WAT and protected the mice from HFD-induced
glucose intolerance, insulin resistance, and liver steatosis. Taken
together, our study establishes a pivotal role of FNIP1 as a neg-
ative regulator of beige adipocyte thermogenesis, functionally
linking intracellular Ca?* dynamics to WAT browning.
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ENIP1 protein has been implicated in regulating cellular
metabolism in both humans and mice, and it is best known to
exert its regulatory actions on both AMPK and mTOR signaling
(Baba et al., 2006; Petit et al., 2013; Saettini et al., 2021; Siggs
et al., 2016; Tsun et al., 2013; Xiao et al., 2021). Herein, we
demonstrated that FNIPI is a crucial negative regulator of adi-
pocytes thermogenesis and systemic glucose metabolism. Thus,
our study has expanded the role of FNIP1 to include pivotal WAT
browning physiological functions. In addition, FNIP1 interacting
partner FLCN has also been shown to act through AMPK or
mTOR signaling to regulate adipocyte thermogenic reprogram-
ming (Wada et al., 2016; Yan et al., 2016). Interestingly, however,
our results suggest that loss of adipocyte FNIP1 promotes WAT
thermogenic remodeling without affecting AMPK or mTOR
signaling. The identification of FNIPI as a regulator of cellular
Ca?* dynamics not only provides new mechanistic insight into
how FNIP1 regulates cellular metabolism but also suggests
broader functions of FNIPI in directing more context-specific
biological processes beyond AMPK or mTOR signaling. Nota-
bly, a small mutant form of FNIP1 protein could be theoretically
expressed in the FNIP1-deficient line used in this study. Future
studies will be necessary to investigate whether this smaller
FNIP1 mutant protein retains partial function.

The molecular regulatory pathways that drive the formation
of beige adipocytes have been well described (Cohen and
Kajimura, 2021; Harms and Seale, 2013; Kajimura et al., 2015).
However, the counterbalancing negative regulatory mecha-
nisms remain less clear. Here, we show that FNIPI acts as an
endogenous “brake” to inhibit beige adipocyte thermogenesis.
Importantly, the thermogenic remodeling in FNIP1 AKO mice
exerts profound effects on whole-body metabolism when mice
are fed an HFD, leading to improved systemic glucose homeo-
stasis and hepatic steatosis. This is consistent with previous
reports that browning of WAT is a key contributor to metabolic
health (Bartelt and Heeren, 2014; Cohen and Kajimura, 2021;
Harms and Seale, 2013; Kajimura et al., 2015; Kusminski et al.,
2016). One of the intriguing findings from our study is that
the marked brown remodeling of WAT in the FNIP1 AKO mice
can occur without change to body weight, despite no difference
in food intake. The reason for this difference is not clear. This
could reflect a combined regulatory effect. Indeed, evidence is
emerging that regulatory mechanisms, including but not limited
to the efficiency in dietary nutrients absorption, have been
shown to affect individual vulnerability to obesity. It is tempting
to speculate that such mechanisms are active in FNIP1 AKO mice
such that the bodyweight is not changed in FNIP1 AKO mice.
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Figure 8. Lack of adipocyte FNIP1 improves systemic glucose homeostasis and alleviates hepatic steatosis in obese mice. (A) Left: Body weight of
indicated male mice fed on HFD for 16 wk. n = 18-21 mice per group. Right: Food consumption per day. n = 6-12 mice per group. (B) Locomotor activity over 12-h
light/dark cycle. n = 12-13 mice per group. (C) Oxygen consumption per hour during the light/dark cycle. n = 14-15 mice per group. (D) Left: GTT. Prior to
studies, mice were fasted overnight. Right: Area under the curve for GTT is shown. n = 13-16 mice per group. (E) Left: ITT. Prior to studies, mice were fasted
for 4 h. Right: Area under the curve for ITT is shown. n = 13-16 mice per group. (F) Representative Western blot analysis of Akt (S473) phosphorylation status
relative to total AKT (T-AKT) in adipose and skeletal muscle 30 min after an intraperitoneal injection of insulin (2 U/kg) or saline in indicated male mice fed an
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HFD. All mice were fasted overnight before insulin or saline injection. (G) Quantification of p-AKT (S473)/T-AKT signal ratios. n = 3-4 mice per group.
(H) Weights of iWAT normalized to body weight. n = 10-11 mice per group. (1) Top: Representative H&E staining of iWAT from indicated male mice fed an HFD.
Scale bar: 20 um. (Bottom) Cross-sectional areas of iWAT were measured by ImageJ. n = 5-7 mice per group. (J) Mitochondrial respiration rates were de-
termined from the iWAT of the indicated male mice fed on HFD using succinate as substrate. n = 5-6 mice per group. (K) Top: Picture of liver from indicated
male mice fed an HFD. Bottom: Weights of liver mass normalized to body weight. n = 10-11 mice per group. (L) Oil-Red (top) and H&E stain (bottom) of liver
from HFD-fed male FNIP1 AKO mice and WT controls. Scale bar: 20 pm. n = 6-9 mice per group. (M) Liver triglyceride levels from HFD-fed male FNIP1 AKO
mice and WT controls. n = 6-10 mice per group. (N) Top: Representative Western blot analysis of liver lysates for HFD-fed male mice of the indicated
genotypes. Bottom: Quantification of the FASN/tubulin signal ratios. n = 4 mice per group. Values represent mean + SEM. *, P < 0.05; **, P < 0.01; ***, P <
0.001. P value was determined using two-tailed unpaired Student’s t-test (A, H-K, M, and N), one-way ANOVA and Fisher’s LSD post-hoc test (G), or two-way
ANOVA and Fisher’s LSD post-hoc test (B-E). Data are representative of two independent experiments (A-N). Source data are available for this figure:

SourceData F8.

Ca?* signals are fundamental to numerous cellular processes
in virtually all eukaryotic cells (Arruda and Hotamisligil, 2015;
Berridge et al., 2000; Giorgi et al., 2018; Raffaello et al., 2016).
However, the role of Ca®* signaling in the browning of WAT
remains largely unexplored, in part, because of a limited un-
derstanding of the regulatory mechanism that controls intra-
cellular Ca** dynamics in adipocytes. In this study, we
demonstrated that FNIP1 acts as a positive regulator of ER Ca®*-
ATPase SERCA in adipocytes. In FNIP1 KO adipocytes, the re-
uptake of cytosolic Ca2* into the ER lumen mediated by SERCA is
reduced, resulting in elevated Ca?* levels and increased duration
of Ca?* transients in the cytosol upon external stimuli. More
importantly, we show that functionally, loss of FNIPI triggers
more robust thermogenic reprogramming in white adipocytes.
Thus, we have identified a previously unrecognized intracellular
Ca?* dynamics regulatory pathway involved in WAT browning.

Notably, our results suggest that FNIP1 can also regulate SERCA2
protein stability, and this likely adds another regulatory layer to
modulate the SERCA pump. Evidence has emerged that FNIP1
could act as a co-chaperone that regulates the chaperone func-
tion of Hsp90 (Sager et al., 2019; Sager et al., 2018; Woodford
et al., 2016). Previous studies have revealed that the C-terminal
region of FNIP1 binds to Hsp90, while the N-terminal region of
FNIP1 interacts with Hsp90 clients (Woodford et al., 2016). In-
deed, we found that the N-terminal region of FNIP1 binds to the
ATP hydrolysis site of the SERCA pump. More interestingly, a
public database has suggested that SERCA2 may be a client of
Hsp90 (https://www.picard.ch/downloads/Hsp90interactors.
pdf). It would seem likely that FNIPI functions as a co-
chaperone of Hsp90 that regulates chaperoning of SERCA2.
Future studies will be necessary to further delineate this inter-
esting FNIP1/Hsp90/SERCA2 mechanism.
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Figure 9. Model of FNIP1 in the control of intracellular Ca?* homeostasis and WAT browning. The schematic depicts a proposed model for the FNIP1
regulatory mechanism that controls the intracellular Ca>* dynamics and browning of WAT.
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Although our results provide significant evidence that adi-
pocyte FNIPI shapes intracellular Ca?* dynamics and regulates
WAT browning, the precise mechanisms involved in the acti-
vation of the thermogenic program via enhanced intracellular
Ca?* signals were not fully determined in this study. Ca?*-de-
pendent kinases have been shown to activate the transcriptional
programming of mitochondrial lipid metabolism via PGC-
lo (Maurya et al., 2018; Maus et al., 2017), thereby suggesting
one possible mechanism. In addition, mitochondria function is
also directly regulated by Ca?* (Ding et al., 2018; Raffaello et al.,
2016), and it is also possible that the increased Ca2* flux into the
mitochondria leads to activation of mitochondrial oxidative
metabolism in FNIP1 KO adipocytes. In the same lines, it has
been shown that reductions in SERCA activity due to Seipin
mutant also lead to elevated cytosolic Ca2* levels with enhanced
mitochondrial function and fat utilization in Drosophila (Bi
et al., 2014; Ding et al., 2018). Notably, a recent study has
shown that enhanced Ca?* cycling in beige fat via the SERCA2-
RyR pathway can promote a UCPl-independent thermogenesis
(Ikeda et al., 2017). It warrants further investigation if FNIP1 also
contributes to the regulation of beige adipocytes Ca* cycling.

In summary, we have revealed a crucial role of FNIP1 as a
negative regulator of beige adipocyte thermogenesis and unravel
an intriguing functional link between intracellular Ca** dy-
namics and WAT browning. Given the remarkable benefits of
beige adipocytes on metabolic health and its demonstrated
presence in adult humans, the regulatory network described
here provides new therapeutic opportunities for enhancing
WAT browning to combat obesity and metabolic diseases.

Materials and methods

Animal studies

All animal studies were conducted in strict accordance with the
institutional guidelines for the humane treatment of animals
and were approved by the Institutional Animal Care and Use
Committee at the Model Animal Research Center of Nanjing
University. WT C57BL/6] mice were from GemPharmatech Co.,
Ltd. Fnipl”f mice were generated by the transgenic mouse fa-
cility at the Model Animal Research Center of Nanjing Univer-
sity. Briefly, the Cas9 system targeting the exon 6 of the C57BL/
6] mice Fnipl gene was applied. The loxP sites were introduced
upstream and downstream of exon 6 (92 bp) of the Fnipl gene by
homologous recombination. Deletion of the exon 6 sequence of
Fnipl resulted in a frame-shift and premature termination codon
in exon 7 (Baba et al., 2012). The PCR primers for genotyping are
listed in Table S1. To generate mice with an adipose tissue-
specific disruption of the Fnipl allele (referred to as FNIP1 AKO),
Fniplf’f mice were crossed with mice expressing Cre re-
combinase under control of the adiponectin (Adipogq) promotor
(stock no. 028020; The Jackson Laboratory). Generation of
FNIP1 KO and muscle-specific Fnipl overexpression (Fnipl’e)
mice have been described previously in detail (Xiao et al., 2021).
The RCL-GCaMP6f mice (Ai95D; stock no. 024105; The Jackson
Laboratory) were crossed with mice expressing Cre recombinase
under control of the Ella promoter (stock no. 003724; The
Jackson Laboratory) to achieve expression of GCaMPéf, and
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these mice were then crossed with FNIP1 KO mice to obtain
GCaMP6f/FNIP1 KO mice. Of note, although the majority of the
phenotypic and molecular endpoints were collected in male
mice, several readouts, including adrenergic thermogenesis and
cold tolerance compared with littermate controls, were similar
in male compared with female for FNIP1 AKO lines. Mice were
allowed ad libitum access to standard laboratory rodent chow or
HFD (60% of calories from fat; Research Diets no. D12492) as
indicated. Cohorts of =3 mice per genotype were analyzed for all
in vivo phenotypic studies, which were repeated at least two
independent times. Mice were randomly assigned to various
analyses. Littermate controls were used in all cases. Inves-
tigators involved in the immunofluorescence imaging, RNA-seq,
and histological analysis were blinded. Investigators performing
animal handling, sampling, and raw data collection were not

blinded.

Primary adipocyte culture

Primary adipocytes were isolated and cultured as previously
described (Arcinas et al., 2019; Fu et al., 2018). Briefly, ~10-d-old
mice were sacrificed. iWATs were harvested and digested with
collagenase I (0.2%). Primary adipocytes were filtered through
70 pm and then collected by centrifugation at 1,300 g for 5 min.
Primary adipocytes were cultured to confluence in high DMEM
with 10% fetal calf serum (Gibco) and induced to differentiation
for 2 or 3 days with high DMEM containing 10% FBS, insulin 850
nM (Sigma-Aldrich), dexamethasone 0.5 pM (Sigma-Aldrich),
isobutyl methylxanthine 250 uM (Sigma-Aldrich), and Rosigli-
tazone 1 pM (Sigma-Aldrich). The induction medium was re-
placed with high DMEM containing 10% FBS and 160 nM insulin
for another 2 or 3 d. Then cells were incubated in high DMEM
with 10% FBS for 1-2 d. Differentiated white adipocytes were
treated with DMSO (Sigma-Aldrich), TG (Sigma-Aldrich), CL
(Sigma-Aldrich), or FSK (Sigma-Aldrich) for 4 h before harvest.
For BAPTA-AM (Sigma-Aldrich) studies, cells were pre-incubated
with BAPTA-AM for 2 h before CL or FSK treatments.

Cell transfection and immunoprecipitation

pEGFP-N1-FNIPI was from Addgene (Plasmid # 49175). The flag-
tagged full-length Fnipl and Fnipl deletion variants were gen-
erated by PCR amplification from cDNA of mouse Fnipl, followed
by cloning into the pcDNA5-Flag vector. The HA-tagged full-
length ATP2A2 and ATP2A2 deletion variants were generated
by PCR amplification from cDNA of human ATP2A2, followed by
cloning into the pcDNA5-HA vector. The PCR primers for
cloning are listed in Table S1. All constructs were confirmed by
DNA sequencing. HEK293T cells, human embryonic kidney cell
line, were obtained from the American Type Culture Collection
and were cultured at 37°C and 5% CO, in DMEM supplemented
with 10% FBS, 1,000 U/ml penicillin, and 100 mg/ml strepto-
mycin. Transient transfections in HEK293T cells were per-
formed using PEI transfection reagent (Polysciences) following
the manufacturer’s protocol. Whole lysate from HEK293T cells
48 h posttransfection was used for co-IP studies. HEK293T cells
or adipose tissues were collected in lysis buffer (50 mM Tris, pH
7.5,150 mM NaCl, 2 mM EDTA, 1.5% NP40, 1x Complete [Roche],
and 1 mM PMSF). 1 pg of M2 anti-FLAG (Sigma-Aldrich),
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anti-HA (Sigma-Aldrich), anti-FNIPIL, or control IgG antibodies
were incubated with extract and protein G-conjugated aga-
rose beads. The immunoprecipitated proteins were analyzed
by immunoblotting.

Ca?* imaging in vitro and in vivo

In vitro Ca®* imaging was performed as described previously
(Chen et al., 2017). Briefly, primary adipocytes were seeded onto
Rat Tail collagen-coated glass bottom dish (cat. no. 801001; Nest
Biotechnology Co., Ltd.). Cells were loaded with 5 uM Fluo-4 AM
(Thermo Fisher Scientific) for 30 min per manufacturer’s pro-
tocol (F14201; Thermo Fisher Scientific) and imaged in HBSS
with 1 mM Mg?*, 1 mM Ca?*, and 20 mM glucose. Images were
acquired every 1 s using a Zeiss LSM880 confocal microscope.
The following filter Spectra was used: excitation 470/40, di-
chroic FT495, and emission 525/50. Fluo-4 AM-labeled adipo-
cytes were kept in HBSS solution for 30 s and then stimulated
with 1 pM NE. Total recording time was 300 s. Imaging data
were processed using the Zeiss software. Fluo-4 intensity was
quantified within a region of interest for each cell and expressed
as the relative change in fluorescence F./Fo, where Fy is the
fluorescence level at the start of the experiment and F, is the
instant Fluo-4 intensity over the 300 s imaging period. Fyax
(peak intensity) is the highest Fluo-4 intensity. The decay time
(Tau) was measured from the peak of Ca®* transients to 63%
from the peak to the basal level in the fading phase. These
quantifications were performed in a blinded manner with Zeiss
software. For movies, the image sequences were saved as movies
by Zeiss LSM880 (Applied Precision), and the aggregates move
30 times faster than in real time.

Two-photon microscopy imaging analyses were conducted to
monitor Ca?* activity in adipose tissue in vivo using the
GCaMPeéf transgenic mice. Briefly, in vivo imaging was per-
formed by placing the mouse iWAT tissue underneath an
Olympus FVMPE-RS two-photon upright microscope (Olym-
pus). Ca®* signal was obtained by using a fluorescent filter
(Excitation 410-455 nm, Dichroic FT475, and Emission
495-540 nm). A Titanium-Sapphire pulsed infrared laser
(Olympus) was used to stimulate GFP at 900 nm. GCaMPé6f
mice were treated with NE (1 mg/kg) via intraperitoneal in-
jection. Baseline images were also acquired before NE treat-
ment. The same excitation laser power and acquisition
settings were maintained in individual animals at different
time points. Videos were obtained for 8 min at 512 x 512
resolution with a sampling interval of 10 s.

Microsome isolation and measurement of Ca?* uptake

Microsomes enriched in ER membranes were isolated by dif-
ferential centrifugation, as previously described (Bi et al., 2014;
McKeel and Jarett, 1970). Briefly, adipose tissue or adipocytes
were homogenized with a glass homogenizer on ice in homog-
enization buffer (10 mM Hepes, 0.3 M KCl, 0.5 M sucrose,
100 mM PMSEF, 10x complete, pH 7.4). The homogenates were
centrifuged at 8,000 g for 10 min at 4°C, then the supernatants
were collected and centrifuged at 30,000 g for 2 h in a Beckman
optima Max ultracentrifuge at 4°C. The final pellets (ER enriched
microsomes) were collected and resuspended in homogenization
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buffer (10 mM Hepes, 0.1 M KCl, 0.25 M sucrose, 100 mM PMSF,
10x complete, pH 7.4) to determine protein content and Ca®*
uptake.

Measurement of Ca?* transport from external media into the
microsomal vesicles mediated via Ca**-ATPase (SERCA pump)
was measured using a Fura-2 (Sigma-Aldrich) based method, as
described previously (Kargacin and Kargacin, 1994). Briefly, the
isolated microsomes were incubated in assay buffer containing
100 mM KCl, 10 mM Hepes (pH 7.4), 10 mM oxalate, 5 mM
MgCl,, 10 uM ruthenium red, and 2 uM Fura-2 free acid. The
reaction was initiated by addition of 5 mM ATP and 2 uM Ca?*.
Ca?* uptake velocity was calculated from the Fura-2 fluores-
cence using the following equation, free Ca®* = K3 x 8 x (R -
Rmin)/(Rmax — R), total Ca®* = free Ca2* + total Fura-2 - (K x total
Fura-2)/(Kq + free Ca>*) and velocity = (vol/wt) x (-Atotal Ca®*/
At), where R is the ratio of 510 nm emission fluorescence in-
tensity excited at 340 and 380 nM; Ry, and Ry, were deter-
mined by addition of 10 mM Ca®* or 25 mM EGTA in assay
buffer, respectively. The dissociation constant (Kg) for Fura-2/
Ca?* was 200 nM; B is the ratio of fluorescence intensity of Ca?*
free and Ca?* bound form of Fura-2 at 380 nM; vol is the volume
of solution in the microplate; and wt is the amount of micro-
somal protein (in mg). The Atotal Ca?*/At was analyzed using
Clampfit 10.4 (Molecular Devices). The linear portion of the
slope after addition of Ca%* was used for calculation of Ca?*
uptake rates in microsomes.

Measurement of SERCA ATPase activity

The ATPase activity of SERCA2 was examined with an ATPase
Activity Assay kit (MAK113; Sigma-Aldrich) according to the
manufacturer’s instructions using multifunctional microplate
reader (BioTek Synergy H1). Briefly, adipose tissue samples (20
mg) or adipocytes (~1 x 10° cells) were homogenized on ice in
with 200 pl of ice-cold assay buffer (40 mM Tris, 80 mM NaCl,
8 mM MgAc2, 1 mM EDTA, pH 7.5). The homogenates were
centrifuged at 14,000 rpm for 10 min at 4°C to remove insoluble
material. The reaction was performed in the absence or presence
of 10 uM TG at 30°C for 30 min. The TG-sensitive Ca2*-ATPase
(SERCA2-ATPase) was calculated by subtracting TG insensitive
Ca%*-ATPase activity from total activity and normalized to
SERCA protein content.

Cycloheximide (CHX) chase assay

The stability of SERCA2 protein was determined by CHX chase
assays. HEK293T cells were transiently transfected with HA-
SERCA2b, Flag-FNIP], or control vector for 36 h. Cells were
treated with 10 pM CHX (Sigma-Aldrich) for the indicated time
and then collected and lysed by Western blotting.

Adipocyte Oil-Red-O staining

The differentiated adipocytes were assessed using a typical Oil-
Red-O staining. Cells were washed with D-PBS and fixed with
4% paraformaldehyde for 60 min. Cells were rinsed twice with
deionized water, followed by adding Oil-Red-O in 60% isopro-
panol for 20 min, and rinsed again. The cells were mounted on
coverslips, visualized, and photographed using Olympus (IX73)
under 10x and 20x magnification.
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Oxygen consumption measurements

Cellular OCRs and extracellular acidification rates were mea-
sured using the XF24 analyzer (Seahorse Bioscience Inc.) per the
manufacturer’s protocol as described previously (Liu et al., 2016;
Xiao et al., 2021). Basal OCR was first measured in XF Assay
Media without sodium pyruvate, followed by administration of
sodium pyruvate to a final concentration of 1 mM. Uncoupled
respiration was evaluated following the addition of oligomycin
(2 M) to inhibit ATP synthase, by addition of the uncoupler
FCCP (2 pM), and then followed by the addition of rotenone/
antimycin (1 uM). Immediately after measurement, total protein
levels were measured with the Micro BCA Protein Assay Kit
(Thermo Scientific) for data correction.

Mitochondrial respiration studies

Mitochondrial respiration rates were measured in saponin-
permeabilized adipose tissues with succinate/rotenone or py-
ruvate/malate as substrate, as described previously (Fu et al.,
2018). In brief, ~20 mg of inguinal adipose tissues was dis-
sected and permeabilized with 50 pg/ml saponin in BIOPS so-
lution (7.23 mM K,EGTA, 2.77 mM CaK,EGTA, 20 mM imidazole,
20 mM taurine, 50 mM potassium 2-[N-morpholino]-ethane-
sulfonic acid, 0.5 mM dithiothreitol, 6.56 mM MgCl,, 5.7 mM
ATP, and 14.3 mM phosphocreatine, pH 7.1). Measurement of
oxygen consumption in permeabilized adipose tissues was per-
formed in buffer Z (105 mM potassium 2-[N-morpholino]-
ethanesulfonic acid, 30 mM KCl, 10 mM KH,P04, 5 mM MgCl,,
5 mg/ml BSA, 1 mM EGTA, pH 7.4) at 37°C and in the oxygen
concentration range of 220-150 nmol O,/ml in the respiration
chambers of an Oxygraph 2K (Oroboros Inc.). Following mea-
surement of basal, succinate (5 mM)/rotenone (10 M), pyru-
vate (10 mM)/malate (5 mM), or propionyl-carnitine (40 uM)/
malate (5 mM) respiration, maximal (ADP-stimulated) respira-
tion was determined by exposing the mitochondria to 4 mM
ADP. Uncoupled respiration was evaluated following addition of
oligomycin (1 pg/ml) or antimycin (1.5 pig/ml). Respiration rates
were determined and normalized to tissue wet weight using
Datlab 5 software (Oroboros Inc.), and the data were expressed
as “pmol O, s-1 mg wet weight-1.”

Transmission EM

Within a minute, adipose tissues were dissected and fixed in
pre-fixed solution (2.0% EM grade glutaraldehyde and 2.5%
formaldehyde), and immediately minced to 1 mm cubes. The
adipose tissue samples were fixed in the same pre-fixed so-
lution at room temperature for 30 min and then fixed over-
night at 4°C. Samples were processed at Shandong Weiya
Biotechnology Co., Ltd. for standard transmission EM pro-
cessing and imaging.

Mitochondrial DNA analyses

Genomic/mitochondrial DNA was measured as described pre-
viously (Xiao et al., 2021). Mitochondrial DNA content was de-
termined by SYBR Green analysis (Takara Bio). The levels of
NADH dehydrogenase subunit 1 (mitochondrial DNA) were
normalized to the levels of lipoprotein lipase (genomic DNA).
The primer sequences are provided in Table S2.
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RNA-seq studies

Transcriptomics analyses were performed using RNA-seq as
described previously (Liu et al., 2019; Liu et al., 2020; Xiao et al.,
2021). Total RNA was isolated from the inguinal fat of FNIP1
AKO and WT control mice using RNAiso Plus (Takara Bio). RNA-
seq using Illumina HiSeq 4000 was performed by Beijing No-
vogene Bioinformatics Technology Co., Ltd. Two independent
samples per group were analyzed. Paired-end and 150 nt reads
were obtained from the same sequencing lane. Transcriptome
sequencing libraries averaged 33 million paired reads per sam-
ple with 92.4% alignment to the mouse genome (UCSC mm10).
The sequencing reads were then aligned to the UCSC mmlO
genome assembly using TopHat 2.0.14 with the default param-
eters. Fragments per kb of exon per million mapped reads were
calculated using Cufflinks 2.2.1. The criteria for a regulated gene
were a fold change >1.5 (either direction) and a significant P
value (<0.05) versus WT. For pathway analysis, the filtered data
sets (Table S3) were uploaded into DAVID Bioinformatics Re-
sources 6.8 to review the bio pathways using the Functional
Categories database. The GO analysis was used to interpret data,
and the regulated terms were ranked by P value. The RNA-seq
data have been deposited in the NCBI Gene Expression Omnibus
and are accessible through GEO series accession number
GSE185067.

RNA analyses

Quantitative RT-PCR (qRT-PCR) was performed as described
previously (Xiao et al., 2021). Briefly, total RNA was extracted
from fat tissue or primary fat cell using RNAiso Plus (Takara
Bio). The purified RNA samples were then reverse transcribed
using the PrimeScript RT Reagent Kit with gDNA Eraser (Takara
Bio). Real-time qRT-PCR was performed using the ABI Prism
Step-One system with Reagent Kit from Takara Bio. Specific
oligonucleotide primers for target gene sequences are listed in
Table S2. Arbitrary units of target mRNA were corrected to the
expression of 36b4.

Antibodies and immunoblotting studies

Antibodies directed against NDUFBS (14794-1-AP, 1:1,000; Pro-
teintech), UQCRC2 (14742-1-AP, 1:1,000; Proteintech), COX4
(11242-1-AP, 1:1,000; Proteintech), ATP5A (14676-1-AP, 1:1,000;
Proteintech), SDHA (14865-1-AP, 1:1,000; Proteintech), GAPDH
(60004-1-Ig, 1:1,000; Proteintech), a-tubulin (bs1699, 1:5,000;
Bioworld), FASN (#3180, 1:1,000; Cell Signaling Technology),
p-AMPKa Thrl72 (#2535, 1:1,000; Cell Signaling Technology),
AMPKao. (#5831, 1:1,000; Cell Signaling Technology), p-ACC Ser79
(#11818, 1:1,000; Cell Signaling Technology), ACC (#3676, 1:1,000;
Cell Signaling Technology), p-mTOR Ser2448 (#5536, 1:1,000; Cell
Signaling Technology), p-mTOR Ser2481 (#2974, 1:1,000; Cell Sig-
naling Technology), mTOR (#2983, 1:1,000; Cell Signaling Tech-
nology), p-S6K (#9234, 1:1,000; Cell Signaling Technology), S6K
(#2708, 1:1,000; Cell Signaling Technology), p-S6 (#4858, 1:1,000;
Cell Signaling Technology), S6 (#2317, 1:1,000; Cell Signaling
Technology), p-4EBP1 (#2855, 1:1,000; Cell Signaling Technol-
ogy) and 4EBP1 (#9644, 1:1,000; Cell Signaling Technology),
p-AKT Ser473 (#4060, 1:1,000; Cell Signaling Technology),
AKT (#9272, 1:1,000; Cell Signaling Technology), SERCA2
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(2A7-Al, 1:1,000; Thermo Fisher Scientific), Flag (F1804, 1:1,000;
Sigma-Aldrich), HA (H9658, 1:1,000; Sigma-Aldrich), and FNIP1
were developed in the laboratory of Zhenji Gan with the help
with Abcam (ab236547, 1:500; Abcam); Western blotting studies
were performed as previously described (Fu et al.,, 2018; Xiao
et al., 2021). Blots were normalized to a-tubulin. The total pro-
tein concentration was measured by BCA assay using Pierce BCA
Assay Kit Protocol (Thermo Fisher Scientific). Equal total protein
was loaded to each lane.

Metabolic measurements in vivo

Mice were housed individually in metabolic cages at a 12-h light
and dark cycle with free access to food and water using the
CLAMS (Columbus Instruments). Mice were acclimated in the
metabolic cage for 1 d prior to recording according to the in-
structions of the manufacturer. Food, energy expenditure,
physical activity, VO,, and VCO, were assessed simultaneously.
For adrenergic thermogenesis measurement, basal metabolic
rates were monitored for subsequent 1 h until reaching steady-
state, and then mice were injected intraperitoneally with CL
(0.5 mg/kg; Sigma-Aldrich). The subsequent increase in meta-
bolic rates was monitored for 6 h.

Cold exposure and core body temperature measurement

Mice were housed at 25°C for 3 d with free access to food and
water. Mice were fasted for 12 h before cold-exposure experi-
ments and were singly caged without food and exposed to a cold
temperature at 4°C. The core body temperatures were measured
using a rectal probe attached to a digital thermometer (Tianjin
Jinming Instrument Co., Ltd.).

Glucose and insulin tolerance testing

Prior to studies, mice were fasted overnight (GTT) or for 4 h
(ITT). For GTT studies, mice were injected with 1.5 g/kg of
D-glucose. For ITT, mice received an intraperitoneal injection of
human regular insulin (Sigma-Aldrich) at a dose of 0.75 U/kg
bodyweight. Blood glucose levels were determined at 0, 15, 30,
60, 90, and 120 min after challenge using a OneTouch ultramini
glucose meter (OneTouch). Area under the curve was defined as
the difference between baseline glucose levels and the deflection
caused by the glucose or insulin challenge. Total area under the
curve was calculated using the trapezoidal rule.

Blood and tissue chemistry

After a 12-wk HFD regimen, mice were fasted overnight (16 h)
beginning at 5 p.m. Blood samples were obtained. Liver tissue
(50 mg) was homogenized and centrifuged supernatants were
harvested. The TG levels were determined with the Free Glyc-
erol Reagent (F6428; Sigma-Aldrich) using glycerol (G7793;
Sigma-Aldrich) as standard for calculation.

Histological analyses

Livers of mice were embedded in Tissue-Tek OCT cryostat molds
(Leica) and frozen at —~80°C. 10-pum thick sections of livers were
generated in a cryostat. Tissue sections were stained in 0.5% Oil-
Red-O and H&E (Sigma-Aldrich) according to the standard
protocol. Adipose tissues were fixed in 4% paraformaldehyde
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overnight at 4°C immediately after sacrifice, embedded in par-
affin, and cut to 7-pm sections on slides using a Leica RM2016
microtome. The slides were stained with H&E. Quantification of
cross-sectional area of the adipocyte was performed with NIH
Image] software. At least 30 fields from random sections of each
mouse sample were quantified. For UCP1 immunohistochemis-
try (IHC), adipose tissue sections were rehydrated and then
boiled in 10 mM citric acid buffer, pH 6.0, at 95°C for antigen
retrieval. Immunohistochemistry was performed using the
UltraSensitiveTM SP (Rabbit) IHC Kit (Maxim) according to
the manufacturer’s instructions using rabbit UCP1 antibodies
(ab10983; 1:500; Abcam). DAB Staining Kit (DAB-0031, Maxim)
was used according to the manufacturer’s instructions for
development.

Statistical analysis

All mouse and cell studies were analyzed by Student’s t-test
when two groups were compared. One-way ANOVA or two-
way ANOVA coupled with a Fisher’s least significant differ-
ence (LSD) post-hoc test was used when more than two groups
were compared. No statistical methods were used to predeter-
mine sample sizes, and sample sizes (range from n = 3 to n = 21)
are explicitly stated in the figure legends. All data points were
used in statistical analyses. Data represents mean + SEM with a
statistically significant difference defined as a value of P < 0.05.

Online supplemental material

Fig. S1 shows the generation and characterization of mice with
adipocyte-specific disruption of the Fnipl gene. Fig. S2 shows
that loss of adipocyte FNIPI leads to increased respiration and
cold tolerance. Fig. S3 shows the identification of SERCA binding
to FNIPL. Fig. S4 shows the metabolic characterization of male
FNIP1 AKO mice fed on a high-fat diet. Table S1 lists genotyping
and cloning primers. Table S2 lists RT-PCR primers. Table S3
lists up-regulated genes in FNIP1-AKO iWAT. Video 1 shows that
real-time two-photon microscopy imaging of iWAT of GCaMPéf
transgenic mice after 1 mg/kg NE stimulation. Video 2 shows
that real-time imaging of white adipocytes isolated from iWAT
of GCaMPéf transgenic mice after 1 uM NE stimulation.

Data availability

The adipose FNIP1 AKO RNA-seq data have been deposited to the
NCBI Gene Expression Omnibus and are accessible through GEO
series accession number GSE185067.
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Figure S1. Generation and characterization of mice with adipocyte-specific disruption of the Fnip1 gene. (A) qRT-PCR analysis of Fnipl expression in
eWAT, iWAT, and BAT of male WT and FNIP1 AKO mice. n = 3-6 mice per group. (B) Representative Western blot analysis of FNIP1 protein expression in
skeletal muscle, liver, and heart from indicated male mice. n = 8 mice per group. (C) Quantification of the NDUFB8/tubulin, SDHA/tubulin, UQCRC2/tubulin,
COX4/tubulin and ATP5A/tubulin signal ratios in Fig. 11 were normalized (= 1.0) to the WT control mice. n = 11-12 mice per group. (D) IHC staining with a UCP1-
specific antibody in BAT sections of indicated male mice. Scale bar: 20 um. n = 8 mice per group. (E) Representative Western blot analysis of BAT lysates for
male mice of the indicated genotypes using the indicated antibodies. (F) Quantification of the NDUFB8/tubulin, SDHA/tubulin, UQCRC2/tubulin, and COX4/
tubulin signal ratios in E were normalized (= 1.0) to the WT controls. n = 4 mice per group. (G) Body weight of 12-wk-old male WT or FNIP1 AKO mice. n =8-12
mice per group. (H-J) Metabolic cage measurements of 16-wk-old male WT and FNIP1 AKO mice. n = 7-10 mice per group. Food consumption per day. (H and
1) Locomotor activity over 12-h light/dark cycle. (J) Respiratory exchange rate (RER) during the light/dark cycle. Values represent mean + SEM. *, P < 0.05; **,
P < 0.03; *** P < 0.001. P value was determined using two-tailed unpaired Student’s t-test (A, C, F, G, and H), or two-way ANOVA and Fisher’s LSD post-hoc
test (H and J). Data are representative of at least two independent experiments (A-F). Source data are available for this figure: SourceData FS1.
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Figure S2. Loss of adipocyte FNIP1 leads to increased respiration and cold tolerance. (A) Body weight of indicated chow-fed 10-wk-old male mice. n =
3-4 mice per group. (B-D) Energy expenditure rates (VO,, VCO,, and heat production) of chow-fed 10-wk-old male mice after CL injection (0.5 mg/kg). n = 3-4
mice per group. (E) Rectal temperature recordings taken hourly during 4 h of cold exposure using a rectal digital probe in the fed state. n = 5-7 male mice per
group. (F) Rectal temperature recordings taken hourly during 3 h of cold exposure using a rectal digital probe. Notably, male mice were fasted for 12 h before
cold-exposure experiments. n = 7-8 mice per group. Values represent mean + SEM. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001. P value was determined using two-
tailed unpaired Student’s t-test (A), or two-way ANOVA and Fisher’s LSD post-hoc test (B-F). Data are representative of three independent experiments (E).
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Figure S3. Identification of SERCA binding to FNIPL. (A) Interacting proteins of FNIP1 identified by mass spectrometry. Left: Strategy for identification of
FNIP1 binding protein. Whole gastrocnemius muscle lysates from FnipI™8 mice were used for IP and MS studies. Right: Interacting proteins of FNIP1 (yellow)
identified by mass spectrometry. The orange dots are the ER Ca?*-ATPase SERCA2. The blue dots are the known binding partner of FNIP1 (FLCN, AMPKy1, and
AMPKB2). (B) List of the top 10 FNIP1 binding proteins ranked by the normalized spectral abundance factor value. (C) Flag-FNIP1 is colocalized with the ER
marker GFP-MANII in HEK293T cells. Nuclei were stained by DAPI. Scale bar: 100 um. Data are representative of at least three independent experiments (C).
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Figure S4. Metabolic characterization of male FNIP1 AKO mice fed on a HFD. (A) Pictures of male mice fed with HFD for 16 wk. (B) Carbon dioxide
production per hour during the light/dark cycle. n = 14-15 mice per group. (C) Respiratory exchange rate (RER) during the light/dark cycle. n = 14-15 mice per
group. (D) ITT normalized to 100% at baseline. n = 13-16 mice per group. Values represent mean + SEM. *, P < 0.05. P value was determined using two-way
ANOVA and Fisher’s LSD post-hoc test. Data are representative of two independent experiments (A-D).
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Video 1. Real-time two-photon microscopy imaging of iWAT of GCaMP6f transgenic mice after 1 mg/kg NE stimulation. Ca* signal was obtained by
using a fluorescent filter (Excitation 410-455 nm, Dichroic FT475, and Emission 495-540 nm). Videos were obtained for 8 min at 512 x 512 resolution with a
sampling interval of 10 s. Frames were taken every 10 s for 8 min.

Video 2. Real-time imaging of white adipocytes isolated from iWAT of GCaMP6f transgenic mice after 1 pM NE stimulation. Images were acquired
every 1 s using a Zeiss LSM880 confocal microscope. The following filter Spectra was used: Excitation 470/40, Dichroic FT495, and Emission 525/50. For
videos, the image sequences were saved as movies by Zeiss LSM880 (Applied Precision), and the aggregates move 30 times faster than in real time. Frames
were taken every 1s for 5 min.

Provided online are three tables. Table S1 lists genotyping and cloning primers. Table S2 lists RT-PCR primers. Table S3 lists genes
up-regulated in FNIP1 AKO iWAT.
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