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SUMMARY

Obesity has become an explicit public health concern because of its relevance to metabolic syndrome.

Evidence points to the significance of beige adipocytes in regulating energy expenditure. Here, using

yeast two-hybrid screening, we show that Zfp238 is a Foxo1 co-repressor and that adipose-tissue-spe-

cific ablation of Zfp238 (Adipo-Zfp238KO) in mice leads to obesity, decreased energy expenditure,

and insulin resistance under normal chow diet.Adipo-Zfp238KO inhibits induction ofUcp1 expression

in subcutaneous adipose tissue upon cold exposure or CL316243, but not in brown adipose tissue.

Furthermore, knockdown of Zfp238 in 3T3-L1 cells decreases Ucp1 expression in response to cool in-

cubation or forskolin significantly compared with control cells. In contrast, overexpression of Zfp238

in 3T3-L1 cells significantly increases Ucp1 expression in response to forskolin. Finally, double knock-

down of both Zfp238 and Foxo1 normalizes Ucp1 induction. These data suggest that Zfp238 in adi-

pose tissue regulates the thermogenic program in cooperation with Foxo1.

INTRODUCTION

Obesity is an important risk factor for cardiovascular and kidney diseases, diabetes, some cancers, and muscu-

loskeletal disorders (NCD Risk Factor Collaboration (NCD-RisC), 2016). Therefore, it is important to understand

how obesity arises and how it can be prevented and treated. Obesity results from energy imbalance and can

develop when the energy intake exceeds the energy expenditure (Rosen and Spiegelman, 2006). Adaptive ther-

mogenesis is defined as heat production in response to cold exposure or overfeeding, protecting the organism

from cold, or regulating energy balance after changes in diet. Brown adipose tissue (BAT) and skeletal muscle

are the two major organs involved in adaptive thermogenesis (Cannon et al., 1998). Rodents have prominent

brown fat depots, whereas largermammals including humans do not, although theremay be brown adipocytes

dispersed among white adipose tissue (WAT) (Rosen and Spiegelman, 2006).

Recent studies have demonstrated that chronic cold exposure in adults facilitates the accumulation of F 18 flu-

deoxyglucose positron emission tomography-positive BAT even in people who previously lacked detectable

BAT before cold exposure, presumably because of the emergence of new thermogenic adipocytes (Lee

et al., 2014; van der Lans et al., 2013; Yoneshiro et al., 2013). Furthermore, recent studies demonstrate thatmam-

mals have at least two types of thermogenic adipocytes, the classical brown adipocytes and inducible, termed

beige (or brite), adipocytes (Wu et al., 2012). Beige adipocytes emerge postnatally from WAT and are highly

induced by various environmental stimuli, including chronic cold exposure, exercise, treatment with b3-agonist,

and with peroxisome proliferator-activated receptor-g (PPARg) activity (Kajimura et al., 2015).

Forkhead box-containing protein O (Foxo) 1 is a key transcription factor in insulin and glucose metabolism

that is phosphorylated, subsequently exported to the cytoplasm, and inhibited by insulin/insulin growth

factor 1in a phosphatidylinositol 3-kinase-dependent manner. Foxo1 plays an important role in mediating

insulin action in several insulin-responsive tissues (Nakae et al., 2008b). Haploinsufficiency of Foxo1 re-

stores the size of white adipocytes under high-fat diet (Kim et al., 2009; Nakae et al., 2003). Furthermore,

overexpression of transactivation-defective Foxo1 in BAT increases O2 consumption (Nakae et al.,

2008a). Therefore, Foxo1 can be an attractive target for improving energy homeostasis in adipose tissue.

However, the physiological role of Foxo1 in beige adipocytes is not known.

In the present study, using yeast two-hybrid screen of a mouse 3T3-L1 cDNA library, we identified Zfp238

(also known as Rp58) as a Foxo1-binding protein (Nakae et al., 2012). We demonstrated that Zfp238 inhibits

Foxo1 transcriptional activity and that adipose-tissue-specific Zfp238 knockout mice (Adipo-Zfp238KO)

show obesity, decreased whole-body O2 consumption, and decreased expression of Ucp1 stimulated
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Figure 1. Zfp238 Interacts with Foxo1 and Inhibits Its Activity

(A and B) Interaction between exogenous Zfp238 and Foxo1. HEK293 cells were co-transfected with cMyc-tagged

WTFoxo1 or CNFoxo1 and FLAG-tagged Zfp238 and cultured in the presence of serum. At 48 h after transfection, cells

were harvested and lysates were immunoprecipitated (IP) with anti-FLAG (A) or anti-cMyc (B) or normal mouse IgG and

blotted with anti-cMyc (A) or anti-FLAG (B).

(C) Immunofluorescence of transfected cMyc-WTFoxo1 and FLAG-Zfp238 in HEK293 cells.

(D) Overexpression of Zfp238 inhibits Foxo1-induced 5XGAL4-luciferase activity. At 36 h after co-transfection with pTAL-

5XGAL4, phRL-SV40, PM-WTFoxo1, and FLAG-Zfp238 or p3xFlag-CMV empty vector, HEK293 cells were harvested and

luciferase activity wasmeasured. An asterisk indicates a statistically significant difference between luciferase activity in the

absence and presence of FLAG-Zfp238 (*p < 0.05 by one-way ANOVA). Data represent the mean G SEM from three

independent experiments.

(E) Knockdown of Zfp238 increases Foxo1-induced 5XGAL4-luciferase activity. An asterisk indicates a statistically

significant difference between luciferase activity in the absence and presence of shRNA-6 Zfp238 (*p < 0.05 by one-way

ANOVA). Data represent the mean G SEM from three independent experiments.

(F) Knockdown of Zfp238 induces expression of Foxo1-target genes in differentiated 3T3-L1 cells in the absence of serum.

At 10–12 days after induction of differentiation of 3T3-L1 cells infected with pSIREN-RetroQ encoding shRNA-6 Zfp238 or

shRNA-SCR, cells were harvested and real-time PCR was performed. An asterisk indicates a statistically significant

difference (*p < 0.05 by one-way ANOVA). Data represent the mean G SEM from three independent experiments.
with cold exposure or b3 agonist in subcutaneous adipose tissue. Furthermore, knockdown of Zfp238 in

3T3-L1 cells stimulated with a cool environment or forskolin (FSK) abolished induction of Ucp1 expression,

but double knockdown of both Zfp238 and Foxo1 rescued it, indicating that cooperation between Zfp238

and Foxo1 plays an important role in the thermogenic program in adipose tissue.
RESULTS

Identification of Zfp238 as a Foxo1-Binding Protein

Previously, to identify Foxo1-interacting proteins, we performed yeast two-hybrid screen, using a GAL4-

Foxo1 fragment (amino acids 1–154) as bait and a mouse 3T3-L1 cDNA library as prey. We selected 17

clones by the criteria described in our previous report (Nakae et al., 2012). Among them, we identified

Zfp238, a zinc finger-type transcription factor, as a Foxo1-binding protein.

To confirm the interaction between Foxo1 and Zfp238, we co-transfected HEK293 cells with cMyc-tagged

wild-type Foxo1 (WTFoxo1) or constitutively nuclear Foxo1 (CNFoxo1) (Nakae et al., 2006) and FLAG-

tagged Zfp238 (Yokoyama et al., 2009) and performed reciprocal immunoprecipitation/immunoblotting

experiments in the presence of serum using anti-cMyc and anti-FLAG antibodies. These experiments

showed that Zfp238 interacted with CNFoxo1, but not with WTFoxo1 (Figures 1A and 1B). To investigate

the subcellular localization of WTFoxo1 and Zfp238, we performed immunofluorescence using

HEK293 co-transfected with cMyc-tagged WTFoxo1 and FLAG-tagged Zfp238 in the presence of serum.

Immunofluorescence showed that WTFoxo1 was localized mainly in the cytosol, but Zfp238 was localized

in the nucleus (Figure 1C). These data suggest that Zfp238 may interact with Foxo1 mainly in the nucleus.
Zfp238 Inhibits Transcriptional Activity of Foxo1

Transcriptional activity of Foxo1 is mainly inhibited by Akt-mediated phosphorylation and export from nu-

cleus to cytosol. Because Zfp238 is mainly in the nucleus, we performed a transactivation assay using

HEK293 cells co-transfected with the GAL4-Foxo1 fusion protein, FLAG-tagged Zfp238, and 5XGAL4-lucif-

erase vectors. Overexpression of Zfp238 inhibited Foxo1-induced transactivation significantly (Figure 1D).

In contrast, knockdown of endogenous Zfp238 using short hairpin RNA (shRNA) significantly increased

Foxo1-induced transcriptional activity (Figure 1E).

To investigate the effects of Zfp238 on endogenous Foxo1 transcriptional activity, we knocked down endoge-

nous Zfp238 in the preadipocyte cell line 3T3-L1 using a retrovirus encoding the shRNA of Zfp238 (Figure S1A).

Real-time PCR revealed that knockdown of Zfp238 in mature 3T3-L1 had no effect on the expression levels of

endogenous Foxo1 target genes in the presence of serum (Figure S1B). However, knockdown of Zfp238 signif-

icantly increased the expression levels of endogenous Foxo1 target genes in the absence of serum (Figure 1F).

These data suggest that Zfp238 inhibits transcriptional activity of Foxo1.

It is known that one of the mechanisms by which the transcriptional activity of Foxo1 is inhibited is its phosphor-

ylation and export from the nucleus (Nakae et al., 1999, 2000). However, ectopic expression of FLAG-tagged
iScience 12, 87–101, February 22, 2019 89
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Figure 2. Zfp238 Is Expressed in Adipose Tissues

(A) Western blot of Zfp238 in various tissues. Protein lysates from the indicated tissues were subjected to western blot with

anti-Zfp238 and anti-tubulin antibodies.

(B) Western blot of Zfp238 using the stromal vascular and adipocytes fractions of fractionated WAT.

(C and D) Real-time PCR of Zfp238 from 3T3-L1 (C) and T37i cells (D) during differentiation. An asterisk indicates a

statistically significant difference between day 0 and day 7 or 10 (*p < 0.05 by one-way ANOVA). Data represent the

mean G SEM from three independent experiments.

(E and F) Western blot of Zfp238 protein from 3T3-L1 (E) and T37i (F) cells during differentiation. Lysates from cells on the

indicated day after induction of differentiation were subjected to western blot.
Zfp238 in HEK293 cells significantly increased nuclear localization of Foxo1 (Figure S1C). These data indicate

that Zfp238 inhibits transcriptional activity of Foxo1 in the nucleus, but not by increasing cytosolic localization.

Zfp238 Is Expressed in Adipose Tissue

Zfp238 is reported to have an essential role in normal brain development and skeletal myogenesis (Okado et al.,

2009; Yokoyama et al., 2009). However, studies in adipose tissue are lacking, so we performed expression

profiling of Zfp238. Western blot revealed Zfp238 expression in WAT and BAT other than heart and lung (Fig-

ure 2A). Fractionation of WAT showed that Zfp238 is expressed mainly in the adipocyte fraction (Figure 2B).

Zfp238 was present in both 3T3-L1 cells and brown adipocyte T37i cells in a differentiation-dependent manner

(Figures 2C–2F). Oil red O staining showed that knockdown of Zfp238 in 3T3-L1 cells did not affect adipocyte

differentiation (Figure S2A). However, real-time PCR results indicated that knockdown of Zfp238 significantly

decreased the expression levels of adipocyte-specific genes, includingAdipoq,Cebpa, and Ppargc1a, in differ-

entiated 3T3-L1 cells (Figure S2B). Furthermore, overexpression of Zfp238 significantly increased Adipoq,

Slc2a4, and Fasn in differentiated 3T3-L1 cells (Figures S2C and S2D). These results suggest that Zfp238 is ex-

pressed in adipocytes and may have a functional role in adipose tissues in vivo.

Adipo-Zfp238 KO Mice Develop Obesity and Insulin Resistance

To investigate the functional role of Zfp238 in adipose tissues, we generated adipose-tissue-specific Zfp238

knockout (Adipo-Zfp238 KO) mice by crossing conditional Zfp238 allele (Ohtaka-Maruyama et al., 2013)
90 iScience 12, 87–101, February 22, 2019
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Figure 3. Adipo-Zfp238 KO Mice Develop Obesity and Insulin Resistance

(A) Western blot of Zfp238 protein in epididymal fat (Epi), BAT, liver, and subcutaneous fat (SC) from control and Adipo-Zfp238 KO mice.

(B) Body weight of control (blue diamond) andAdipo-Zfp238 KO (red square) animals fed with NCD (n = 20–24). Data are meansG SEM. *p < 0.05 by one-way

ANOVA.

(C) Tissue weights of epididymal fat (Epi), subcutaneous fat (SC), BAT, and liver from 20- to 24-week-old control (blue bar) and Adipo-Zfp238 KO (red bar)

mice under NCD. Data are the ratio of body weight and expressed as means G SEM (n = 20–24). *p < 0.05 by one-way ANOVA.

(D) Histogram of adipocyte size and number of epididymal fat from control (blue bar) and Adipo-Zfp238 KO (red bar) mice fed with NCD at the age of

20–24 weeks (n = 8–10). Data represent percentage of total counted cells and means G SEM. *p < 0.05 by one-way ANOVA.

(E) Mean size of adipocytes of epididymal fat (n = 8–10). Data represent each adipocyte area (mm2) and means G SEM. *p < 0.05 by one-way ANOVA.

(F) The number of crown-like structures (CLSs) in epididymal fat of mice at the age of 20–24 weeks (n = 8–10). Data represent the numbers of CLSs in 1 high

power field (HPF) (100 X) and means G SEM. *p < 0.05 by one-way ANOVA.

(G) Normalized gene expression of immune-cell-related and cytokine genes in epididymal fat in mice at the age of 20–24 weeks (n = 8–10). Data are the ratio

of control in each gene and means G SEM. *p < 0.05 by one-way ANOVA.

(H) IPGTT of control (blue diamond) and Adipo-Zfp238 KO (red square) animals fed with NCD at the age of 20–22 weeks (n = 10–12). Data are meansG SEM.

(I) Insulin secretion of control and Adipo-Zfp238 KO mice during IPGTT. Data are means G SEM. *p < 0.05 by two-way ANOVA with Fisher’s test.

(J) Insulin tolerance test of control and Adipo-Zfp238 KOmice fed with NCD at the age of 20–22 weeks (n = 10–12). Data are meansG SEM. *p < 0.05 by two-

way ANOVA with Fisher’s test.
with Adiponectin-Cre mice (Eguchi et al., 2011). Western blot revealed a marked reduction of Zfp238 pro-

tein in epididymal fat, subcutaneous fat, and BAT from Adipo-Zfp238 KO mice (Figure 3A). Zfp238 protein

expression in liver from control mice was lower than in adipose tissues, so comparison of Zfp238 expression

level between control and Adipo-Zfp238 KO animals was difficult (Figure 3A).

Adipo-Zfp238 KOmice demonstrated increased weight gain on a normal chow diet (NCD) after 20 weeks of

age (Figure 3B). Analysis of tissue weights revealed that epididymal and subcutaneous fat weights from

Adipo-Zfp238 KO animals significantly increased compared with controls, with no differences in BAT

and liver (Figure 3C). Adipocytes in epididymal fat from Adipo-Zfp238 KO mice were significantly larger

than those from controls (Figure S3A). Quantitative assessment confirmed a 70% increase in mean adipo-

cyte area in the epididymal fat from Adipo-Zfp238 KOmice (Figures 3D and 3E). Furthermore, mean adipo-

cyte area of subcutaneous fat from Adipo-Zfp238 KOmice also tended to be larger than from control mice

(Figures S3B and S3C). mRNA expression in epididymal and subcutaneous fats ofAdipo-Zfp238 KO animals

did not differ for general markers of adipose-tissue-specific genes except Glut 4 (Figures S3D and S3E).

Because obesity leads to chronic inflammation in WAT and to insulin resistance (Olefsky and Glass, 2010),

we examined infiltration of inflammatory macrophages in epididymal fat. A crown-like structure (CLS) in ad-

ipose tissue is the accumulation of immune cells around dead adipocytes (Murano et al., 2008). We found

that the number of F4/80+ CLSs per field in epididymal fat was significantly higher in Adipo-Zfp238 KO an-

imals than in controls (Figure 3F). Consistent with these findings, the expression levels of C-C chemokine

receptor type 2 (Ccr2), chemokine (C-C motif) ligand 2 (Ccl2), and Cd11b were significantly increased and

expression level of Il4, an anti-inflammatory cytokine, was significantly decreased in epididymal fat from

Adipo-Zfp238 KO compared with from control animals (Figure 3G). However, the expression levels of these

genes in subcutaneous fat from Adipo-Zfp238 KO were similar to those in control animals (Figure S3F).

These data indicate that chronic inflammation of epididymal fat fromAdipo-Zfp238 KOmice was increased.

We next assessed glucose homeostasis in Adipo-Zfp238 KO mice. The intraperitoneal glucose tolerance test

(IPGTT) revealed that Adipo-Zfp238 KOmice had glucose intolerance (Figure 3H). Moreover, insulin secretion

of Adipo-Zfp238 KOmice during IPGTT was significantly increased compared with controls (Figure 3I). Further-

more, the insulin tolerance test demonstrated thatAdipo-Zfp238 KOmice had significant insulin resistance (Fig-

ure 3J). These data suggest that deletion of Zfp238 in adipose tissues deteriorates insulin sensitivity.
Zfp238 Regulates Whole-Body Energy Expenditure

To investigate the mechanism of how body weight was increased, we first measured food intake, which did

not differ between control and Adipo-Zfp238 KO animals (Figure 4A). Given the preferential effect of

Zfp238 deletion on body weight, we assessed the physiological effect of this ablation, using O2 consump-

tion. We measured O2 consumption using indirect calorimetry. Oxygen consumption levels are affected

by body weight (Tschop et al., 2011). Therefore, we also estimated oxygen consumption data without

normalization by body weight. The oxygen consumption of Adipo-Zfp238 KO without normalization by

body weight also tended to be lower than control (Figures 4B and 4C). The respiratory quotient of
92 iScience 12, 87–101, February 22, 2019
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Figure 4. Zfp238 Regulates Whole-Body Energy Expenditure

(A) Food intakeof 14- to 16-week-old control andAdipo-Zfp238 KOmice.Data representmeanG SEMof food intake for 4 days.

(B) The oxygen consumption of control (blue diamond) and Adipo-Zfp238 KO (red square) animals fed with NCD at the

age of 14–16 weeks (n = 7–8). Data are means G SEM. *p < 0.05 by two-way ANOVA with Fisher’s test.

(C) Means G SEM of the oxygen consumption during daytime, nighttime, and all day. *p < 0.05 by one-way ANOVA.

(D) Changes in rectal temperature of 16-week-old control (blue diamond) and Adipo-Zfp238 KO (red square) mice after

cold exposure (n = 7). Data are means G SEM. *p < 0.05 by two-way ANOVA with Fisher’s test.
Adipo-Zfp238 KO was similar to controls (data not shown). Furthermore, the decline in rectal temperature

of Adipo-Zfp238 KO animals was significantly steeper compared with controls at 4�C (Figure 4D). These

data suggest that ablation of Zfp238 in adipose tissues decreased energy expenditure.
Ablation of Zfp238 Affects the Thermogenic Gene Program

In contrast to WAT, which stores excess energy, BAT dissipates energy and produces heat as a defense

against hypothermia and obesity in mammals. Therefore, microscopic morphology of BAT was examined

in control and Adipo-Zfp238 KO mice. Although brown adipocytes in control had multilocular lipid drop-

lets, which were typical brown adipocytes, brown adipocytes in Adipo-Zfp238 KO animals had large lipid

droplets (Figure S4A). However, real-time PCR revealed that gene expression levels of BAT-specific ther-

mogenic genes except Cidea in BAT of Adipo-Zfp238 KO animals were similar to controls under room tem-

perature (Figure S4B).
iScience 12, 87–101, February 22, 2019 93



Figure 5. Ablation of Zfp238 Affects the Thermogenic Gene Program

(A and B) Gene expression levels of beige-adipocyte-related genes in BAT (A) and SC (B) from 16-week-old control and

Adipo-Zfp238 KOmice at room temperature (RT) and under cold exposure (n = 4–6). Data represent the ratio of control at

RT and means G SEM. *p < 0.05 by one-way ANOVA.

(C) Representative western blot of Ucp1 protein expression in BAT and SC from control and Adipo-Zfp238 KO mice with

cold exposure.

(D and E) Thermogenic gene expression in BAT (D) and SC (E) from 16-week-old control and Adipo-Zfp238 KO mice

stimulated with CL for 6 days (n = 6). Data represent the ratio of control at basal state andmeansG SEM. *p < 0.05 by one-

way ANOVA.
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Figure 5. Continued

(F) Representative images fromUCP1 staining on section of SC from 16-week-old control andAdipo-Zfp238 KOmice after

stimulation with CL (scale bar, 20 mm).

(G) Representative western blot of Ucp1 protein expression in SC from control and Adipo-Zfp238 KO mice at stimulation

with CL.
Beige adipocytes are sporadically localized in subcutaneousWAT and emerge under certain external cues,

such as chronic cold exposure and exercise. Therefore, we first examined gene expression in subcutaneous

adipose tissue of control and Adipo-Zfp238 KO animals at room temperature. Real-time PCR revealed that

some thermogenic genes related to beige adipocytes, including Ucp1, Cidea, Acox1, Esrra, Nrf1, and

Ppara, were significantly upregulated in Adipo-Zfp238 KOmice compared with control (Figure S4C). How-

ever, because BAT and subcutaneous WAT are prone to inducing a thermogenic gene program, we exam-

ined the effect of cold exposure on the expression levels of thermogenic genes. Of interest, Zfp238 gene

expression level in subcutaneous WAT under cold exposure was significantly increased compared with

levels at room temperature. In contrast, Zfp238 gene expression level in BAT at cold exposure was signif-

icantly decreased compared with room temperature (Figure S4D). Ppargc1a and Ucp1 gene expression

levels in BAT from Adipo-Zfp238 KOmice were induced by cold exposure similarly to controls (Figure 5A).

In contrast, Ucp1 expression in subcutaneous WAT from Adipo-Zfp238 KO animals was significantly

reduced compared with controls. Furthermore, Adipo-Zfp238 KO beige adipocyte-specific gene expres-

sion, including of Tmem26, Tnfrsf9, and Tbx1, was also significantly decreased compared with controls (Fig-

ure 5B). Consistent with these data, although Ucp1 protein expression level in BAT from Adipo-Zfp238 KO

animals was similar to control, Ucp1 protein expression level in subcutaneous WAT from Adipo-Zfp238 KO

mice was significantly decreased compared with controls (Figure 5C).

We also examined the effects of another stimulus for inducing the thermogenic gene program: treatment with

the b3-adrenergic agonist CL316243 (referred to here as CL). CL treatment significantly increased Ucp1 expres-

sion levels in BAT from control, but not from Adipo-Zfp238 KO mice (Figure 5D). Furthermore, CL treatment

significantly increased Ucp1, Cidea, Acox, and Cpt1 in subcutaneous WAT from control, but not from the KOs

(Figure 5E). Moreover, immunohistochemistry with Ucp1 antibody revealed that CL-treatment-induced Ucp1

protein expression in subcutaneous WAT from control was abolished in Adipo-Zfp238 KO animals (Figure 5F).

Consistent with these data, western blot showed that CL-treatment-induced Ucp1 protein expression level in

subcutaneousWATof KOs was significantly decreased comparedwith controls (Figure 5G). These data indicate

that ablation of Zfp238 in adipose tissues declines under the thermogenic gene program.
Zfp238 Regulates Ucp1 Expression by Inhibition of Foxo1

Wenext examined the effects of Zfp238 on the thermogenic gene program at the cellular level. Stimulation with

10 mM FSK significantly increased the Ucp1 expression in 3T3-L1 cells (Figure 6A). Furthermore, incubation of

3T3-L1 cells at 31�C significantly increased Ucp1 and Ppargc1a expression (Figure 6B). Based on these results,

we examinedUcp1 and Ppargc1a expression in response to FSK stimulation or incubation at 31�Cusing Zfp238-

knockdown or Zfp238-overexpressed 3T3-L1 cells. Stimulation with FSK significantly increasedUcp1 expression

in SCR-3T3-L1 cells, but not in Zfp238-knockdown cells (Figure 6C). Furthermore, incubation at 31�C significantly

increased Ucp1 expression in SCR-3T3-L1 cells, but not in Zfp238-knockdown cells, although Ppargc1a expres-

sion was significantly induced in both cell lines (Figure 6D). In contrast, Ucp1 expression in Zfp238-overex-

pressed 3T3-L1 cells stimulated by FSK was significantly increased compared with mock-transfected cells,

although Ucp1 and Ppargc1a expression levels in Zfp238-overexpressed 3T3-L1 cells incubated at 31�C were

similar to those in mock-transfected cells (Figures 6E and 6F). Furthermore, chromatin immunoprecipitation

assay demonstrated that Zfp238 bound to the enhancer region of the Ucp1 promoter, but not to the transcrip-

tional start site (TSS) or a region 5 kb downstream of the TSS (Iida et al., 2015) (Figure 6G). These data suggest

that Zfp238 regulates Ucp1 expression.

If Zfp238 binds to Foxo1 and inhibits its transcriptional activity, then ablation of Zfp238 in adipose tissues

would be expected to increase Foxo1 activity (Figure 1F). In turn, if ablation of Zfp238 inhibits Ucp1 expres-

sion by Foxo1 activation, then knockdown of Foxo1 would be expected to normalize Ucp1 expression.

Therefore, we generated Zfp238-and Foxo1-double knockdown 3T3-L1 cells using a retroviral system

and examined Ucp1 expression levels with incubation at 31�C or stimulation with FSK (Figure 7A). Ucp1

expression level in SCR- and Foxo1-knockdown cells was significantly increased compared with Zfp238-

knockdown cells with incubation at 31�C. Double knockdown of both Zfp238 and Foxo1 significantly
iScience 12, 87–101, February 22, 2019 95



Figure 6. Zfp238 Regulates Ucp1 Expression in 3T3-L1 Cells

(A) Time course of gene expression in differentiated 3T3-L1 cells stimulated with forskolin (FSK).

(B) Time course of gene expression in differentiated 3T3-L1 cells incubated at 31�C. Experiments were performed three

times. Data at each time point represent the ratio of gene expression level at basal state and means G SEM. *p < 0.05 by

two-way ANOVA with Fisher’s test.

(C and D) Effects of knockdown of Zfp238 in differentiated 3T3-L1 cells on Ucp1 and Ppargc1a expression induced by FSK

(C) or 6-h incubation at 31�C (D). Experiments were performed three times. Data represent the ratio of gene expression
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Figure 6. Continued

level in 3T3-L1 cells infected with retroviruses encoding shRNA-SCR at basal state and means G SEM. *p < 0.05 by

one-way ANOVA.

(E and F) Effects of overexpression of Zfp238 onUcp1 and Ppargc1a expression in differentiated 3T3-L1 cells. Experiments

were done three times. Data represent the ratio of gene expression level in 3T3-L1 cells infected with retroviruses

encoding FLAG empty vector (control) at basal state and means G SEM. *p < 0.05 by one-way ANOVA.

(G) Normalization of data of chromatin immunoprecipitation assay. Experiments were performed three times. Data

represent the percentage of density of input performed by real-time PCR and means G SEM. *p < 0.05 by one-way

ANOVA.
increased and normalized Ucp1 expression (Figure 7B). Furthermore, stimulation with FSK significantly

increased Ucp1 expression in SCR- and Foxo1-knockdown cells compared with Zfp238-knockdown cells,

and double knockdown of both Zfp238 and Foxo1 normalized Ucp1 expression (Figure 7C). These data

indicate that Zfp238 regulates Ucp1 expression by the inhibition of Foxo1.

DISCUSSION

Brown and beige adipocytes expend chemical energy to produce heat and are thus important for regu-

lating body temperature and body weight (Wang and Seale, 2016). Beige adipocytes are induced to

develop in WAT in response to environmental cues, including cold exposure, exercise, cachexia, and bar-

iatric surgery (Kajimura et al., 2015). These responses to various environmental stimuli for promoting beige

adipocyte biogenesis require a number of transcriptional and epigenetic regulators (Inagaki et al., 2016).

In the present study, we have identified Zfp238 as a Foxo1-binding protein. Zfp238 is a sequence-specific

transcriptional repressor, sharing homology with a number of transcriptional regulators at the amino ter-

minus, termed the POZ domain (Aoki et al., 1998). Zfp238 has been identified as a transcriptional repressor

of Id1-4 and Ngn2 in the neurogenesis of the central nervous system (Hirai et al., 2012) (Ohtaka-Maruyama

et al., 2013) and as a transcriptional repressor of Id2 and Id3 in the myogenic program (Yokoyama et al.,

2009). Furthermore, the DNA methyltransferase, Dnmt3a, associates with Zfp238, leading to transcription-

ally silent heterochromatin (Fuks et al., 2001). The activity of Foxo1 is regulated by posttranslational modi-

fication, such as phosphorylation, acetylation, methylation, and ubiquitination (Nakae et al., 2008b; Yama-

gata et al., 2008). The recruitment of cofactors, including PGC1a, PRMT, FCoR, and Sin3a, is also important

for the regulation of Foxo1 activity (Puigserver et al., 2003; Choi et al., 2012; Nakae et al., 2012; Langlet

et al., 2017; van der Vos and Coffer, 2008). Although Zfp238 has an inhibitory effect on gene transcription,

little is known about its function as a corepressor for other transcription factors, such as Foxo1.

Zfp238 is expressed in adipose tissues, including WAT and BAT, and especially in mature adipocytes.

Although Zfp238 does not affect adipocyte differentiation, it has some effects on the regulation of expres-

sion levels of adipocyte-specific genes, such as Adipoq, Slc4a2, Fasn, and Ppargc1a, leading to the hypoth-

esis that Zfp238 may have an important physiological role in adipose tissues. Here, we have described a

mouse model with specific ablation of Zfp238 in adipose tissues. Adipo-Zfp238KO animals show obesity,

decreased whole-body O2 consumption, and cold intolerance under NCD.

In the basal state, thermogenic gene expression levels in BAT and subcutaneous adipose tissue of Adipo-

Zfp238KO animals were not suppressed compared with control mice. Especially, thermogenic gene

expression levels in subcutaneous adipose tissue of Adipo-Zfp238KO were significantly increased

compared with control mice. However, during the acute cold challenge, Adipo-Zfp238KO animals were hy-

pothermic. This is mainly caused by the impaired BAT activity rather than browning, which usually takes

place after chronic cold challenge. This actually explained the compensatory increased thermogenic genes

in subcutaneous adipose tissue. It has been already reported that thermogenic capacity is antagonistically

regulated in brown and white subcutaneous adipose tissues (Wu et al., 2014). However, following stimula-

tion with cold or the b3-adrenergic agonist CL, induction of the thermogenic gene expression, especially

Ucp1,Cidea,Acox, andCpt1, was abolished especially in subcutaneous adipose tissue ofAdipo-Zfp238KO

animals. In contrast, stimulation with cold exposure did not affect the induction of Ppargc1a and Ucp1 in

BAT of the KOs. It has been suggested that white and beige adipocytes can respond to cool temperature,

but classic brown adipocytes do not, and that this activation in beige adipocytes is independent of the ca-

nonical cyclic AMP (cAMP)/protein kinase A/cAMP response element-binding protein pathway down-

stream of the b-adrenergic receptors (Ye et al., 2013). Of interest, cold exposure induced Zfp238 expression

only in subcutaneous adipose tissue. In contrast, Zfp238 expression in BAT was significantly decreased
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Figure 7. Zfp238 Regulates Ucp1 Expression by Inhibiting Foxo1

(A) Representative western blot of Zfp238 and Foxo1 in differentiated 3T3-L1 cells infected with retroviruses encoding

pSINsi-DK II-Zfp238, pSINsi-DK II-SCR, pSINsi-DK II-Foxo1, or double knockdown (DKO) of Zfp238 and Foxo1.

(B and C) Effects of double knockdown of Zfp238 and Foxo1 in differentiated 3T3-L1 cells on Ucp1 expression induced by

31�C (B) or FSK (C). Experiments were performed three times. Data represent the ratio of gene expression level in 3T3-L1

cells at each basal state and means G SEM. *p < 0.05 by one-way ANOVA.
upon cold exposure. Therefore, Zfp238 may have an important physiological role mainly in subcutaneous

tissue under cold conditions, although the mechanism by which the differences of cold-induced Zfp238

expression between these two adipose tissues is still unknown.

Ucp1 is the gene most affected by ablation of Zfp238 in adipose tissues and 3T3-L1 cells. It mediates the

thermogenic function in brown and beige adipocytes, resides in the inner mitochondrial membrane, and
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dissipates the proton gradient generated by the electron transport chain. This futile cycle of proton pump

and leaking reduces the mitochondrial membrane potential, which in turn leads to high levels of substrate

oxidation and the generation of heat (Cannon and Nedergaard, 2004; Lowell and Spiegelman, 2000). The

main regulator of Ucp1 expression is the b-adrenergic receptor signaling pathway, including cAMP-depen-

dent protein kinase and members of the mitogen-activated protein kinase family (Collins et al., 2010).

Indeed, Ucp1 expression was acutely induced by stimulation with FSK, which interacts directly with the cat-

alytic subunit of adenylate cyclase, activating the enzyme and raising the intracellular levels of cAMP, and

by incubation at a cool temperature (31�C) even at cellular level. Both stimuli induced Ucp1 expression in

SCR-3T3-L1 cells but not in Zfp238-knockdown 3T3-L1 cells. In contrast, overexpression of Zfp238 signifi-

cantly induced Ucp1 expression stimulated by FSK, but we saw no enhancement of Ucp1 expression

induced by incubation at 31�C. Independence of the activation of the canonical cAMP/protein kinase

A/cAMP response element-binding protein pathway downstream of the b-adrenergic receptors with incu-

bation at cool temperature may explain these differences (Ye et al., 2013). Several transcription factors and

co-regulators have been implicated in the transcriptional activation of Ucp1, including PPARs, PGC1a, and

ATF2 (Collins et al., 2010; Kang et al., 2005). These factors act through an enhancer element located 2.5 kb

upstream of the TSS of Ucp1 gene. However, little is known about the cold-inducible transcription factors

that activate Ucp1 expression in a tissue-specific manner. Recently, Zfp516, which is a cold-inducible tran-

scription factor enriched in BAT that binds to the promoter region of UCP1 and directly interacts with

PRDM16, has been reported as a candidate cold-inducible and tissue-specific transcription factor for the

activation of thermogenic genes (Dempersmier et al., 2015). Of interest, Zfp238 is also a cold-inducible

transcription factor in subcutaneous adipose tissue, but not in epididymal adipose tissue and BAT.

Zfp238 inhibitsFoxo1activity, although further investigationwill beneeded for clarifying themechanismbywhich

Zfp238 inhibitsFoxo1, soablationofZfp238 inadipose tissueswouldbeexpected to increaseFoxo1activityanda

double ablationof Zfp238 andFoxo1 to normalize the phenotype. Indeed, the double knockdownof Zfp238 and

Foxo1 in 3T3-L1 cells normalizedUcp1 expression stimulatedwith incubation at a cool temperature or with FSK.

Our previous work demonstrated that overexpression of a transactivation-defective Foxo1 (D256Foxo1) in adi-

pose tissues using aP2 promoter increases O2 consumption and Ucp1 expression in BAT. In contrast, CNFoxo1

suppressedUcp1expression inT37ibrownadipocyte, although,at that time, the investigationofgeneexpression

of subcutaneous adipose tissue and the presence of beige adipocyteswere not performed (Nakae et al., 2008a).

These data suggest that Foxo1may inhibitUcp1 expression in adipose tissue and suppress energy expenditure

and raise the possibility that Foxo1 might suppress the development of beige adipocytes. Furthermore, FLAG-

taggedZfp238 canbind to theenhancer regionof theUcp1gene, suggesting that Zfp238 is inupstreamofUcp1.

However, the Ucp1 promoter region between the TSS and 3.5 kb upstream has no consensus Zfp238-binding

elements ((a/c)acatctg(g/t)(a/c)) (Aoki et al., 1998). In contrast, this promoter region has several consensus

Foxo1-binding elements (gtaaa(c/t)a) (Kawano et al., 2012). Therefore, Zfp238 may bind to the Ucp1 enhancer

region through Foxo1 and regulate energy expenditure through inhibition of Foxo1.

Recent findings have shown that the cross talk of brown andbeige adipocyteswith immune cells is important

to thermogenic activation. The pro-inflammatory cytokines secreted by the infiltrating M1 macrophages of

obeseWATmight interfere with beige adipogenesis (Chiang et al., 2009), whereas non-inflammatory, alter-

native activated M2 macrophages exert the thermogenic activity and sympathetic tone of BAT and beige

adipose tissue (Nguyen et al., 2011). Various immune cell types, including macrophages, eosinophils,

ILC2, and T lymphocytes, act inside adipose tissues to govern the thermogenic activation and recruitment

of brown and beige adipose tissues (Villarroya et al., 2018). InWAT ofAdipo-Zfp238KO, expression levels of

gene markers of the pro-inflammatory immune cells were significantly increased, but expression level of an

anti-inflammatory type 2 cytokine, Il4, was significantly decreased. These immune environmental circum-

stances might also contribute to the inhibition of beiging in WAT of Adipo-Zfp238KO mice.

In humans, high levels of brown and beige adipocyte activity correlate with leanness, suggesting an impor-

tant natural role for brown and beige adipocytes in human metabolism (Cypess et al., 2009; Saito et al.,

2009; van Marken Lichtenbelt et al., 2009). Therefore, for an effective strategy to treat metabolic diseases,

it is important to understand the molecular mechanism of functional regulation of the amount and/or ac-

tivity of brown and beige adipocytes. Data presented here demonstrate that Zfp238, which is a co-

repressor of Foxo1, likely plays a role as a metabolic regulator that can induce beiging with the potential

capacity to counteract obesity and insulin resistance. Therefore, both Zfp238 and Foxo1 in adipocytes

should be molecular targets for the prevention and treatment of obesity.
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Limitations of the Study

In the present study, we demonstrated that Zfp238 is a Foxo1 co-repressor and that Zfp238 in adipose tis-

sue regulates the thermogenic program in cooperation with Foxo1. However, further analyses are required

to elucidate the mechanisms by which Zfp238 inhibits Foxo1 activity and both Zfp238 and Foxo1 regulate

the thermogenic program in adipocytes.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods and four figures and can be found with this article

online at https://doi.org/10.1016/j.isci.2019.01.005.
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Transparent Methods 

Antibodies and Cell Cultures 

We purchased anti-FLAG (M2) and anti-tubulin from Sigma, anti-cMyc (9E10) from Santa Cruz 

Biotechnology Inc, anti-ZNF238 (ab67560) mouse polyclonal and anti-ZNF238 (ab118471) 

rabbit polyclonal from AbcamR, anti-FOXO1 (L27) polyclonal antibodies from Cell Signaling 

Technology, and anti-FOXO1A antibody (ab12161) from AbcamR. HEK293, 3T3-L1, and T37i 

cells were cultured as describesd previously (Nakae et al., 1999)�(Nakae et al., 2008)�(Sakaue et 

al., 1998).  Staining 3T3-L1 cells with Oil Red O has been described previously (Nakae et al., 

2003). For histological analysis, we used anti-CD68 (Dako Denmark A/S) and anti-UCP1 

antibodies (Santa Cruz Biotechnology Inc).  

 

Available Mice   

Conditional Zfp238KO (Ohtaka-Maruyama et al., 2013) and Adiponectin-Cre (Eguchi et al., 2011) 

mice have been previously described elsewhere.  

 

Animal Studies, Analytical Procedures, and Intraperitoneal Glucose and Insulin 

Tolerance Tests 

For the following experiments, we used only male mice because they are more susceptible to 

insulin resistance and diabetes. Mice were fed a standard chow diet and water ad libitum, and 

housed in a barrier animal facility at 22–24°C with a 12-h light/dark cycle. The IPGTT, ITT, and 

insulin measurements were performed at 20 to 22 weeks of age as described previously 

(Kawano et al., 2016). All assays were performed in duplicate, and each value represents the 

mean of two independent determinations. The rectal temperature of mice was measured at 16 

weeks of age using Thermal SensorR (Shibaura Electronics Co., Ltd). The studies of gene 

expression at room temperature, measurements of tissue weights, and of adipocyte size were 

performed at 20--24 weeks of age. Experiments about energy expenditure were performed at 14 

to 16 weeks of age. All experimental protocols using mice were approved by the animal ethics 

committees of the Keio University School of Medicine and the International University of Health 



and Welfare School of Medicine. 

 

Measurement of Oxygen Consumption.  

Mice aged 14 to 16 weeks under NCD were monitored individually in a metabolic cage (ARCO-

2000; ARCO SYSTEM Inc., Kashiwa, Japan.) with free access to NCD and drinking water for 72 

h. Each cage was monitored for oxygen consumption at 5-min intervals for 72 h, with the first day 

allowing the mice to acclimate to the cage environment. Total oxygen consumption was 

calculated as accumulated oxygen uptake for each mouse divided by its body weight. We 

measured oxygen consumption of 8 mice in each genotype. Representative graphs were drawn 

from mean + SEM values calculated from data obtained in each measurement. 

 

Cold Exposure and CL316243 Treatment 

For experiments at cold exposure, 16-week-old mice were placed at 4oC for 48 h. For the 

stimulation with CL316243, mice were injected with CL316243 at a dose of 1mg/kg 

intraperitoneally for consecutive 5 days.  

 

Immunohistochemistry, Immunofluorescence and Histological Analysis 

For histological analysis, we removed the WAT from 20- to 24-week-old mice, fixed the 

specimens in 4% paraformaldehyde and embedded them in paraffin. We mounted consecutive 

10µm sections on slides. After rehydration and permeabilization, we stained the specimens with 

hematoxylin and eosin. Immunofluorescence was performed as described previously (Kawano 

et al., 2012) using anti-UCP1antibody. After a wash with phosphate-buffered saline, the sections 

were sequentially incubated with secondary antibody and visualized using the Liquid DAB 

Substrate Chromogen System (DakoCytomation). The size and number of adipocytes in WAT 

were determined using a fluorescence microscope (BZ-8000, 9000, KEYENCE) by manually 

tracing at least more than 1000 adipocytes for each genotype (n=8-10). Measurement of number 

of CLSs was performed at 20 to 24 weeks of age as described previously (Fujisaka et al., 2009). 



Immunofluorescence using HEK293 cells was performed as described previously (Nakae et al., 

2006). After transfection with pCMV5/cMyc-WT FoxO1 and p3xFlag-CMV-Zfp238, cMyc-tagged 

Foxo1 was visualized in HEK293 cells with anti-FOXO1A antibody (ab12161, Abcam R, 

Cambridge, UK), and Alexa FluorR 488 goat anti-rabbit IgG (Invitrogen, Carlsbad, CA). FLAG-tagged 

Zfp238 was visualized with anti-FLAG (M2) antibody and Alexa FluorR 555 goat anti-mouse IgG 

(Invitrogen, Carlsbad, CA).  

 

Construction of Expression Vectors  

Constructions of pCMV5/cMyc-WT FoxO1, pCMV5/cMyc-CN FoxO1, and p3xFlag-CMV-

Zfp238 has been described previously (Nakae et al., 1999) (Kawano et al., 2012) (Yokoyama et 

al., 2009).  

 

Luciferase Assay �  

Construction of GAL4-Foxo1 expression vectors (PM-WTFoxo1) was described previously 

(Nakae et al., 2012). The 5XGAL4-luciferase reporter plasmid (pTAL-5XGAL4) was described 

previously (Katoh et al., 2006). For the 5XGAL4-luciferase assay, HEK293 cells were plated 

onto 12-well dishes. When the cells showed 70% to 80% confluence, transfections were 

carried out using 1.5µg of pTAL-5XGAL4, 0.3µg of several kinds of pM vector, and 0.6µg of 

p3xFlag-CMV empty vector or p3xFlag-CMV-Zfp238 expression vectors. The synthetic Renilla 

luciferase reporter vector (phRL-SV40; Promega) (10ng) was used as an internal control for 

transfection efficiency. 

 

Construction of Knockdown Vectors of Zfp238 

For knockdown of ZFP238 in HEK293 cells, we used RNAi-Ready pSIREN-RetroQ vector 

(Knockout RNAi Systems; Clontech Laboratories, Inc.), with 5’-

GCTTCAAGTTGTTCGGATAAA-3’, 5’-GCACTAATGACTATGACATGG-3’, and 5’-

GGAAGACTTTCTCCTGCATGT as the targeted sequences of shRNA-1, -6, and -10, 

respectively. We used shRNA-6 according to the results of preliminary experiments, including 



the effects of Zfp238 knockdown on the 5XGAL4-luciferase reporter activity induced by PM-

WTFoxo1 (data not shown). The sequence of shRNA-6 was 5’-GATCCG 

GCACTAATGACTATGACATGG TTCAAGAGA CCATGTCATAGTCATTAGTGCC TTTTTT 

TCTAGA G-3’. We selected an RNAi target sequence for Zfp238 using the Block-iT RNAi 

Designer (Invitrogen).  

 

Construction of Double-knockdown Vector of both Zfp238 and Foxo1 

For double knockdown of Zfp238 and Foxo1 in 3T3-L1 cells, we used the pSINsi-DK II vector 

(pSINsi-DK II DNA Set; TAKARA BIO Inc.), with 5’-GCACTAATGACTATGACATGG-3’ and 5’-

GCACCGACTTTATGAGCAACC-3’ (Matsumoto et al., 2006) as the targeted sequences of 

Zfp238 and Foxo1, respectively. The sequences of the DNA cassette of Zfp238 knockdown, 

Foxo1 knockdown, Zfp238 scramble (SCR), and Foxo1 SCR were 5’-GATCC 

GCACTAATGACTATGACATGG CTGTGAAGCCACAGATGGG 

CCATGTCATAGTCATTAGTGC TTTTTT AT-3’, 5’-CTAGA GCACCGACTTTATGAGCAACC 

GTGTGCTGTCCGGTTGCTCATAAAGTCGGTGC TTTTTT CCTGCA-3’, 5’-GATCC 

GCGCGCGCTAGCGGGCCCGGC CTGTGAAGCCACAGATGGG 

GCCGGGCCCGCTAGCGCGCGC TTTTTT AT-3’, and 5’-CTAGA 

GCGCCGGCCTTACGGGCCCCC GTGTGCTGTCCGGGGGCCCGTAAGGCCGGCGC 

TTTTTT CCTGCA-3’, respectively.       

 

Construction of Retroviral Vectors and Retroviral Transduction  

To construct a retroviral vector encoding FLAG tagged Zfp238, we amplified the FLAG-Zfp238 

cDNA fragment using the p3xFlag-CMV-Zfp238 expression vector as a template and the 

following primers: 5’- GGGG ACCGGT (AgeI) ATGGACTACAAAGACCATGACGGTG-3’ 

(sense) and 5’-GGGG GGATCC (BamHI) TTATTTCCAAAGTTCTTGAGAGCTA-3’ 

(antisense). After treatment with AgeI and BamHI, the PCR fragment was subcloned into AgeI 

and BamHI-treated pQCXIP Retroviral vector (Clontech). After confirming the vector 

sequences, we confirmed protein expression in HEK293 cells by transient transfection. 



 Recombinant pQCXIP, pSIREN-RetroQ, or pSINsi-DK II viral packaging was 

achieved by co-transfection of the plasmid with pVSV-G, which encoded viral envelopes, into 

GP2-293 packaging cells using LipofectamineTM 2000 (Invitrogen). Viral supernatants were 

collected after 48 h. Viral supernatants were supplemented with 8 µg/ml polybrene and added 

to cells for infections for 24 h. Cells were selected with 2 µg/ml puromycin in case of pQCXIP 

and pSIREN-RetroQ or with 1500 µg/ml G418 in case of pSINsi-DK II vector, expanded, and 

seeded for differentiation experiments.  

   

Isolation of Adipocytes and Stromal Vascular Fractions 

The epididymal fat was removed, transferred to a 50ml tube containing KRHAG buffer (1M KCl, 

1M CaCl2, 1M KH2PO4, 1M MgSO4, 5% bovine serum albumin, 200 mM HEPES (pH 7.8), 200 

mM glucose), and cut into small pieces. The pieces were incubated with Collagenase type Ⅰ 

(Wako) in KRHAG buffer (3.0mg/1.5ml) for 45 min at 37oC with gentle shaking. After filtering 

through 250μm nylon, the elution was centrifuged at 1500rpm for 5min at 4℃ and the upper 

white layer as an adipocyte fraction was picked up and collected gently by pipetting. Cell pellets 

after centrifugation were washed twice in Pharm Lyse (BD Bioscience) buffer. After hemolytic 

incubation with lysing solution (BD Bioscience), the cells were washed twice again and 

collected as the stromal vascular fraction.  

 

RNA Isolation and Real-time PCR  

Isolation of total RNA was performed using the SV Total RNA Isolation System (Promega) 

according to the manufacturer’s protocol. We performed reverse transcription using the 

PrimeScriptTM RT Reagent Kit, and real-time PCR using the SYBR GREEN detection protocol 

by STRATAGENE (An Agilent Technologies Division, Germany). All primer sequences are 

available upon request. 

 

Western Blotting 



For western blotting, we homogenized tissues and lysed cells as described previously (Nakae 

et al., 2012). After centrifugation to remove insoluble material, the proteins in 50 μg of lysate 

were separated using 8% SDS-PAGE for detection of Zfp238, Foxo1, and Tubulin, or 14% 

SDS-PAGE for detection of Ucp1, and immunized using the indicated antibodies. 

 

ChIP Assay 

3T3-L1 cells transduced with retrovirus encoding Flag-tagged Zfp238 were seeded onto 15-cm 

culture dishes and induced to differentiate into mature adipocytes as described previously 

(Sakaue et al., 1998). After differentiation, cells were fixed with 1% formaldehyde for 1 h at 37oC. 

The DNA solution for Chip PCR was prepared according to the protocol in the Chip Assay Kit 

(Upstate). We performed immunoprecipitation with anti-FLAG (M2) antibody. We subjected the 

samples to PCR using primers for the enhancer, the TSS, and a region 5kb downstream from 

the TSS of the Ucp1 gene as described elsewhere (Iida et al., 2015). Measurement of the 

amounts of PCR products was performed by real-time PCR.  

 

Statistical Analysis 

We calculated descriptive statistics using one-way or two-way ANOVA with Fisher’s test. All data 

are expressed as mean + standard error (SEM). Significance was set at p<0.05.  
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Figure S1. Related to Figure 1. Generation of 3T3-L1 cells infected with the retrovirus 
encoding shRNA-6 Zfp238.
(A) Representative western blotting of Zfp238 in differentiated 3T3-L1 cells infected with retroviruses
encoding shRNA-SCR or –Zfp238.
(B) Knockdown of Zfp238 does not induce expression of Foxo1-targeted genes in differentiated 
3T3-L1 cells in the presence of serum. 
Data represent the mean + SEM from 3 independent experiments.
(C) Subcellular localization of cMyc-tagged Foxo1 in HEK 293 cells transfected with mock or FLAG-tagged 
Zfp238 in the presence of serum. Data represent the mean + SEM from 3 independent experiments.
*p<0.05 by one-way ANOVA.
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Figure S2. Related to Figure 2. Effects of Zfp238 in 3T3-L1 cells.
(A) Representative western blotting of endogenous Zfp238 in 3T3-L1 cells infected with 
retroviruses encoding shRNA-SCR, shRNA-1, -6, or -10 Zfp238 at day 14 after induction of 
differentiation. Oil Red O staining was performed as described in EXPERIMENTAL PROCEDURES. 
(B) Normalized gene expression of adipocyte-related genes in differentiated 3T3-L1 cells 
infected with retroviruses encoding shRNA-SCR or shRNA-Zfp238. Data are represented as the 
ratio of cells infected with retrovirus encoding shRNA-SCR and means + SEM. 
*p<0.05 by one-way ANOVA.
(C) Representative western blotting of FLAG-Zfp238 in differentiated 3T3-L1 cells infected with 
retrovirus encoding FLAG-Zfp238. 
(D) Normalized gene expression of adipocyte-related genes in differentiated 3T3-L1 cells infected 
with retroviruses encoding FLAG-empty or FLAG-Zfp238 vector. Data are represented as the ratio 
of cells infected with retrovirus encoding FLAG-empty and means + SEM. Experiments were 
performed three times. *p<0.05 by one-way ANOVA.
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Figure S3. Related to Figure 3. Effects of Zfp238 Knockout in Adipose Tissue.
(A) Representative images from H&E staining of a section of epididymal fat from a 
20-week-old control and Adipo-Zfp238 KO animals (scale bar, 20mm).  
(B) Histogram of adipocyte size and number of subcutaneous fat from control (blue bar) and
Adipo-Zfp238 KO (red bar) mice fed with NCD at the age of 20-24 weeks (n=8-10). Data represent % of 
total counted cells and means + SEM. *p<0.05 by one-way ANOVA.   
(C) Mean size of adipocytes of subcutaneous fat (n=8-10). Data represent each adipocyte area (mm2) 
and means + SEM. *p<0.05 by one-way ANOVA.
(D)(E) Normalized gene expression of adipose tissue-related genes in epididymal (D) and 
subcutaneous fats (E) (n=4-5). Data represented as the ratio of control in each gene and means + SEM. 
*p<0.05 by one-way ANOVA.
(F) Normalized gene expression of immune cell-related and cytokine genes in subcutaneous fat in mice 
at age of 20 weeks (n=8-10). Data are the ratio of control in each gene and means + SEM. 
*p<0.05 by one-way ANOVA.
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Figure S4. Related to Figure 4. Effects of Zfp238 Knockout on Histology and Gene Expression 
of BAT and SC at Basal Ambient State.
(A) Representative images from H&E staining on section of BAT from 24-week-old control and 
Adipo-Zfp238 KO mice after cold exposure for 48 h (scale bar, 20mm).   
(B) (C) Normalized gene expression of BAT- or beige adipocyte-related genes in BAT (B) or SC (C) from 
control and Adipo-Zfp238 KO mice at the age of 16 weeks (n=4-6). Data are represented as the ratio of 
control in each gene and means + SEM. *p<0.05 by one-way ANOVA.
(D) Zfp238 gene expression in subcutaneous adipose tissue (SC), BAT, and epididymal adipose tissue (Epi) 
of control mice fed with NCD at age 16 weeks at room temperature (RT) or under cold exposure (4oC, 48 h)
(n=4). Data represent the ratio of RT and means + SEM. *p<0.05 by one-way ANOVA.
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