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Ctnnb1/B-catenin inactivation in UCP1-positive

adipocytes augments the
browning of white adipose tissue

Na Chen,"?* Mingyang Yuan,"?> NingNing Zhang,"”* Maopei Chen,? Ruixin Liu,"#* Jigiu Wang,'**

and Peng Lu*é*

SUMMARY

Canonical WNT pathway in mature adipocytes exacerbates obesity. In this study,
we constructed UCP1-positive adipocytes-specific Ctnnb 1 knockout mice (UBKO)
and observed increased "browning" of white adipose tissue (WAT) following cold
exposure or CL-316,243 administration compared to controls. UBKO mice also
displayed increased energy expenditure. Furthermore, B-catenin (encoded by
Ctnnb1) inhibited thermogenic genes expression in differentiated beige adipo-
cytes and repressed Ucp1 expression at transcription level. Transcriptome anal-
ysis revealed UBKO mice treated with CL-316,243 had enhanced mitochondrial
function and downregulated immune-related genes in epididymal WAT.
Improved glucose tolerance and insulin sensitivity were observed in 50-week-
old UBKO mice. Public datasets indicated that CTNNB1 expression was inversely
correlated with several thermogenic genes expression in human adipose tissue/
adipocytes and positively correlated with BMI or waist-hip ratio (WHR). We pro-
posed that intervention of B-catenin in adipocytes could be an effective strategy
to enhance energy expenditure and improve age-related metabolic performance.

INTRODUCTION

Obesity is a chronic public health problem that is often accompanied by abnormal glucose and lipid meta-
bolism, increasing the risk of metabolic diseases including diabetes, fatty liver, cardiovascular disease, and
a variety of cancers. The exacerbation of the epidemic trend of obesity has brought a serious burden to
human health and the social economy.'* Current intervention strategies for obesity include bariatric sur-
gery and drugs; however, the effectiveness of most drugs is limited and they often come with adverse re-
actions.” Therefore, there is a need to find new therapies that can either reduce energy intake or increase
energy consumption for the treatment of obesity.

Brown adipose tissue (BAT) has been identified in adult humans, and browning of white adipose tissue
(WAT) is considered a promising strategy for obesity treatment.”® A recent clinical trial confirmed that mir-
abegron, a B3-adrenergic receptor (B3-AR) agonist approved for treating overactive bladder, can increase
brown fat in humans.” Chronic cold exposure or B3-AR agonist CL-316,243 can induce beige adipocytes
formation in WAT, which has similar morphological features to classical BAT.® These findings support
further investigation of the regulatory events involved in beige adipocytes formation and identity mainte-
nance. Several studies have demonstrated that brown adipocytes and beige adipocytes originate from

different precursor cells,””"" and their thermogenic mechanisms differ to some extent.'”'* As beige adipo-
cytes are areversible cell type, the mechanisms of cell recruitment and identity maintenance remain largely

unclear.

Adipogenesis is a highly sequential and dynamic process that is requlated by multiple transcription factors
and co-factors. Canonical WNT/B-catenin pathway activation in the early stage of cell differentiation can
block both white and brown adipogenesis.'” B-catenin, encoded by Ctnnb1, functions as a key intracellular
signal transducer in the WNT signaling pathway. To regulate target genes expression, B-catenin interacts
with transcription factors such as transcription factor 7-like 2 (TCF7L2), hypoxia-inducible factor 1a. (HIF1a),
and forkhead box protein O (FOXO).'® Changes in its activity have been linked to obesity and other meta-
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Figure 1. Ablation of Ctnnb1 in UCP1-positive adipocytes promotes the inguinal WAT “browning” under cold exposure

(A) The schematic diagram for 7-day chronic coldness exposure.

(B-E) Body weight (B), body temperature (C), body composition (D), and tissue weight (E) of UBKO and control male mice (n = 8 for each group).

(F) H&E staining and immunolabeling for B-catenin and UCP1 of sections of iWAT depots from control and UBKO mice. Scale bars, 50 pm (n = 3 for each
group).

(G and H) mRNA levels of thermogenic genes in BAT (G) and iWAT (H) of UBKO and control male mice. (n = 8 for each group).

(I) Expression of UCP1 protein in the IWAT of UBKO and control male mice (20 pg of total protein from tissue lysate was loaded onto gel). WT BAT lysate (1 pg)
was loaded as a control. (n = 3 for each group). For B-I, 8-week-old UBKO and control male mice were placed under 4°C for 7 days. Data are shown as
means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S1 and S2.

diet-induced obesity without affecting adipocyte identity, which was consistent with recent findings from
the MacDougald group.'®'? Canonical WNT pathway agonists could inhibit the expression of Ucp1 in
mature brown adipocytes without affecting other differentiation-related genes, such as Ppary, C/ebpa,
and Fabp4,?° while it is noteworthy that Adiponectin-cre-driven Ctnnb1 knockout in BAT has no impact
on the expression of Ucp1,'? which is the key effector of adaptive thermogenesis. These discrepancies
across different models complicate the elucidation of the effects of the canonical WNT pathway on adipose
tissue thermogenesis.

Our group previously reported that LGR4, an amplifier of WNT signaling, inhibited beige adipogenesis in-
dependent of the canonical WNT pathway.”' In addition, genetic variations in LRP5, RSPO3, and ZNRF3
have been implicated in association with waist-hip ratio (WHR).'®?*?* The serial evidence indicates that
components of the canonical WNT pathway play similar roles in adipogenesis but differ in their functions
during various stages of adipocyte differentiation. However, the potential role of Ctnnb1 in the process of
WAT browning has not been explored. To further investigate the specific role of Ctnnb1/B-catenin in
mature brown/beige adipocytes in vivo, a mouse model targeting B-catenin specifically is required.

Considering the heterogeneity of mature adipocytes, as revealed by recent single-nucleus RNA-
sequencing studies,”” here, we proposed using Ucp1-Cre-mediated Ctnnb1 knockout (designated as
UBKO mice) as a more suitable mouse model for investigating the role of B-catenin in thermogenic adipo-
cytes in response to chronic cold exposure or CL-316,243 administration. Our data revealed that Ctnnb1
depletion significantly promoted the browning of WAT both in vivo and in vitro. We performed bulk
RNA sequencing to provide a comprehensive analysis of adipose tissue beyond the changes in thermo-
genic genes. In addition, UBKO mice had better glucose metabolism performance at 50 weeks old.
Furthermore, we found an inverse correlation between CTNNBT expression and thermogenic genes in
human adipocytes through analysis of public datasets. Collectively, our study provides valuable insights
into the role of the canonical WNT pathway in energy expenditure.

RESULTS

Ablation of Ctnnb1 in UCP1-positive adipocytes promotes the inguinal WAT “browning”
under cold exposure

To investigate the role of B-catenin in brown/beige adipocytes, we generated a Ucp1-cre-driven Ctnnb1
knockout mouse model (UcpT-cre; Ctnnb1i1o¥flox yBKO) (Figure STA) and confirmed an effective reduction
of B-catenin in interscapular BAT (Figures S1B-S1D). Previous studies have suggested that the browning of
WAT can occur spontaneously as early as peri-weaning and persist for approximately two weeks.”* We per-
formed H&E staining and immunofluorescence staining of UCP1 and B-catenin on inguinal WAT (i\WAT) and
epididymal WAT (eWAT) from postnatal day 25 (P25) control and UBKO mice. Beige adipocytes were pre-
sentin both iIWAT and eWAT (Figures STE-S1H). More importantly, Ctnnb1knockout in UCP1-positive cells
of UBKO mice occurred during this period (Figures STF and S1H).

We subjected control and UBKO mice to a 7-day chronic cold exposure to evaluate the thermogenic ca-
pacity of WAT browning (Figure 1A). Following cold exposure, we observed a lower body weight and sig-
nificant improvement in body temperature in UBKO mice compared to controls (Figures 1B and 1C). UBKO
mice also showed a reduction in fat content, particularly in IWAT and eWAT, while no significant differences
were observed in BAT and liver weight even after normalization to body weight (Figures 1D, 1E, S2A and
S2B). H&E staining revealed that the iWAT of UBKO mice had more beige-like adipocytes with multilocular
lipid droplets (Figure 1F). Immunofluorescence staining further confirmed that UBKO mice had more UCP1-
positive adipocytes in iWAT, and B-catenin was knocked out in most UCP1-positive adipocytes (Figure 1F).
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Figure 2. UBKO mice exhibit enhanced “browning” of WAT under the B3-adrenergic receptor agonist CL-316,243 administration

(A) The schematic diagram for the 5-day CL-316,243 treatment.

(B) Body weight of UBKO and control male mice (n = 4-5 for each group).

(C and D) H&E staining and immunolabeling for B-catenin and UCP1 of sections of eWAT (C) and iWAT (D) depots from control and UBKO mice. Scale bars,
50 um (n = 3 for each group).

(E and F) mRNA levels of thermogenic (E) and mitochondrial function-associated (F) genes in the eWAT of UBKO and control male mice. (n = 4-5 for each
group).
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Figure 2. Continued

(H and 1) mRNA level of thermogenic (H) and mitochondrial function-associated (I) genes in the iWAT of UBKO and control male mice. (n = 4-5 for each
group).

(G and J) Expression of UCP1 protein in the eWAT (G) and iWAT (J) of UBKO and control male mice (20 pg of total protein from tissue lysate was loaded onto
gel). WT 0.1 ng BAT lysate and 1 pg BAT lysate were loaded as control of eWAT and iWAT, respectively. (n = 3for each group). For B-J, 8-week-old UBKO and
control male mice were injected with CL-316,243 for 5 days. Data are shown as means = SEM. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S3.

We also analyzed the expression of thermogenic genes in iWAT and BAT. Interestingly, Ctnnb1 deficiency
did not improve the thermogenic program in BAT (Figure 1G). However, there was a significant increase in
the expression of Ucp 1 and Prdm16 genes and UCP1 protein in iWAT of UBKO mice (Figures TH and 11). In
addition, we observed changes in some lipid metabolism-related genes in the iWAT of UBKO mice, but not
in the BAT (Figures S2C and S2D). These results suggested that ablation of Ctnnb1 in UCP1-positive adi-
pocytes promotes the iIWAT “browning” under cold exposure.

UBKO mice exhibit enhanced "browning” of WAT under the $3-adrenergic receptor agonist
CL-316,243 administration

Previous studies reported that beige adipocytes may originate from de novo adipogenesis and white-to-
brown trans-differentiation.”’**® Cold exposure and CL-316,243 treatment, an agonist of the B3-adrenergic
receptor, induce “browning” of WAT through different mechanisms.?” In this study, we treated control and
UBKO mice with CL-316,243 intraperitoneally for consecutive 5 days and then analyzed thermogenic genes
expression in various adipose tissues (Figure 2A). Consistent with the effects of cold exposure, UBKO mice
exhibited lower body weight (Figure 2B) after treatment with CL-316,243. Histological analysis revealed
that B-catenin was knocked out in most UCP1-positive adipocytes, and UBKO mice had more UCP1-pos-
itive adipocytes in eWAT (Figure 2C) and iWAT (Figure 2D). In addition, UBKO mice had increased expres-
sion of thermogenic genes (Figures 2E, 2F, 2H, and 21) and UCP1 protein (Figures 2G and 2J) in WATSs, while
there was no difference in BAT compared to control mice (Figures S3A and S3B). These results suggested
that UBKO mice acquired a stronger capacity for WAT “browning” under the B3-adrenergic receptor
agonist CL-316,243 treatment.

To evaluate the impact of Ctnnb1 deficiency in UCP1-positive adipocytes on systemic energy metabolism,
we measured oxygen consumption (VO,), carbon dioxide production (VCO5), energy expenditure, respira-
tory exchange ratio (RER), and physical activity in metabolic cages at the baseline condition without any
stimulation. Our results showed that UBKO mice exhibited higher levels of O, consumption (Figures 3A
and 3B), increased CO, production (Figures 3C and 3D), and greater energy expenditure (Figures 3E
and 3F) compared to controls. Besides, there was no significant difference in RER (Figure S4A) or physical
activity (Figure S4B) between the two groups. The improvement of energy expenditure in UBKO mice ex-
isted even adjusted for lean mass using ANCOVA analysis (Figure 3G).

B-catenin inhibits the expression of thermogenic and mitochondria-related genes in vitro

To further validate the effects of B-catenin on beige adipocytes, we constructed Flag-tagged constitutively
active B-catenin (S33Y/S37F/T41A) adenovirus as previously reported®*>" and infected differentiated beige
adipocytes derived from iWAT stromal vascular fractions (SVFs) at day 2 after the core transcriptional pro-
gram of adipogenesis was initiated. We detected the successful overexpression of B-catenin (Figures 4A
and 4B) and increased expression of downstream genes Axin2 and Nkd1 (Figure S5A). Overexpression
of B-catenin decreased the mRNA and protein expression of Ucp1 and Pgcla, as well as other thermogenic
and mitochondria-related genes (Figures 4A and 4B). Furthermore, Ctnnb1 knockdown promoted thermo-
genic and mitochondria-related genes expression in vitro, consistent with the findings in UBKO mice
(Figures 4C and 4D). However, shRNA-mediated Ctnnb1 knockdown in differentiated brown adipocytes
derived from wild-type C57BL/6 mice showed no effect on Ucp1 but increased Pgcla expression (Fig-
ure S5B). As B-catenin is the core transcriptional co-factor in the canonical WNT pathway, we speculated
that B-catenin inhibited Ucp1 expression at transcriptional level. We overexpressed mouse Ucp1-pro-
moter-driven luciferase in 293T cells and found that B-catenin significantly suppressed the transcriptional
activity of mUcp 1 promoter while IWR-1-endo, a WNT pathway inhibitor that promoted B-catenin degra-
dation, could rescue the inhibition (Figure 4E). Furthermore, we overexpressed human UCP1-promoter-
driven luciferase and human TCF7L2, the transcription factor that formed a transcriptional complex with
B-catenin, in 293T cells, and the transcriptional activity of hUCPT promoter was also dramatically inhibited
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Figure 3. UBKO male mice exhibit increased whole-body energy expenditure at baseline

(A and B) Oxygen consumption was measured in metabolic cages (A) and analyzed during light and dark periods (B) for
UBKO and control 8-week-old male mice.

(C and D) Carbon dioxide production was measured (C) and analyzed during the light and dark periods (D).

(E and F) Energy expenditure was measured (E) and calculated during the light and dark period (F).

(G) Energy expenditure was plotted in relation to lean mass using ANCOVA. n = 8 for each group. Data are shown as
means = SEM. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S4.

(Figure 4F). These results implied that B-catenin inhibited Ucp1-dependent thermogenesis at transcrip-
tional level in vitro.

Bulk RNA-seq reveals enhanced mitochondrial functions and decreased inflammation in
UBKO mice

To gain a deeper understanding of Ctnnb 1 deficiency in adipose tissue under thermogenic stimuli, we per-
formed RNA-seq analysis on e WAT samples from the control and UBKO group treated with CL-316,243.
Principal component analysis was applied to visualize the sample distribution patterns. As shown in Fig-
ure 5A, the UBKO group was separated from the control group. Among the 28483 genes that were iden-
tified, 290 genes were upregulated (p value <0.05, fold change>1.5) and 1607 were downregulated (p value
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Figure 4. B-catenin inhibits the expression of thermogenic and mitochondria-related genes in vitro

(A) mRNA levels of thermogenic and mitochondrial function-associated genes in adenovirus-mediated overexpression of B-catenin in IWAT preadipocytes
differentiated for 8 days into beige adipocytes. (n = 6 for each group).

(B) Protein levels of total B-catenin, flag-B-catenin (S33Y/S37F/T41A), UCP1, and PGC1la in induced beige adipocytes from iWAT (15 pg of total protein from
cell lysate was loaded onto gel). WT BAT lysate (1 pg) was loaded as a control. (n = 3 for each group).

(C) mRNA levels of thermogenic and mitochondrial function-associated genes in shRNA-mediated knockdown of B-catenin in iWAT preadipocytes
differentiated for 8 days into beige adipocytes. (n = 6 for each group).

(D) Protein levels of total B-catenin, UCP1, and PGC1a in induced beige adipocytes from iWAT as in C (15 pg of total protein from cell lysate was loaded onto
gel). WT BAT lysate (1 pg) was loaded as a control. (n = 2 for each group).

(E and F) Luciferase reporter assay was performed in 293T cells transfected with the indicated plasmids. pRL-TK (expressing Renilla luciferase) was used as
the normalized control. (n = 3 for each group). Data are shown as means + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S5.

<0.05, fold change<0.67) in the UBKO group, as demonstrated in Figure 5B. The top 25 upregulated and
downregulated genes were exhibited in Figure 5C. The results showed that inflammation-related genes
such as Cclé, Ccl9, and Cdé8 decreased, and genes involved in metabolic pathways such as Cox8b,
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Figure 5. Bulk RNA-seq reveals enhanced mitochondrial functions and decreased inflammation in UBKO mice
(A) Principal component analysis (PCA) of the transcriptome profiles of eWAT of control (blue) and UBKO (orange) mice.

(B) Volcano plot of differentially expressed genes between control and UBKO samples (p < 0.05, [log,(FC)|>0.58).
(C) The heatmap of the top 50 (up and down: top 25 each) genes significantly highly expressed in control or UBKO samples.
(D) Upregulated KEGG pathways between eWAT of control and UBKO group.
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Figure 5. Continued

(E) Upregulated GO pathways between eWAT of control and UBKO group.

(F) The heatmap of thermogenic genes significantly highly expressed in UBKO samples.

(G) The heatmap of genes involves metabolic pathways that are significantly highly expressed in UBKO samples.

(H) Downregulated KEGG pathways between eWAT of control and UBKO group.

(1) Downregulated GO pathways between eWAT of control and UBKO group.

(J) The heatmap of lysosome-related genes in eWAT of two groups.

(K) The heatmap of the top 50 genes involved in the immune system process in e WAT of two groups. 8-week-old UBKO and control male mice were injected
with CL-316,243 for 5 Days n = 4-5 for each group.

mt-Tp, and Gpd2 increased in the UBKO group. Furthermore, analysis of the gene transcription profiles
through KEGG revealed that the upregulated pathways were associated with mitochondrial functions,
including oxidative phosphorylation, metabolic pathways, thermogenesis, as well as ATP synthesis
coupled electron transport and brown fat cell differentiation (Figure 5D). These results were also verified
by Gene Ontology (Figure 5E) and the expression of mitochondria-related genes listed in Figures 5F
and 5G. In addition, the downregulated genes were enriched in pathways associated with the lysosome,
immune system process, and inflammatory response, as revealed by KEGG and GO analysis (Figures 5H
and 5l). Further analysis also confirmed that the downregulated profiles of genes were related to the lyso-
some and immune system process in the UBKO group (Figures 5J and 5K). Taken together, these results
were consistent with our results in vivo and in vitro, indicating that Ctnnb1 deficiency in UCP1-positive ad-
ipocytes significantly increased mitochondrial functions beyond the thermogenic program. Its deficiency
also exhibited potential anti-inflammatory effects in WAT, which may contribute to the improvement of
metabolic performance.

Ctnnb1 deficiency in UCP1-positive adipocytes improves metabolic performance in 50-week-
old mice

Glucose metabolism deteriorates with aging.®” To assess the long-term effects of Ctnnb1 deficiency in
brown/beige adipocytes, we investigated changes in body weight and glucose metabolism in 50-week-
old UBKO model. The mice were kept on a normal chow diet for 50 weeks. Consistent with previous results,
UBKO mice had lower body weight and adipose tissue weight (Figures 6A-6C). Importantly, we performed
an intraperitoneal glucose tolerance test and insulin tolerance test, which showed that UBKO mice ex-
hibited better glucose tolerance capacity (Figures 6D and 6E) and insulin sensitivity (Figures 6F and 6G).
Although UBKO mice were not exposed to coldness or treated with CL-316,243, some of the thermogenic
genes in BAT increased during aging (Figure 6H). Ucp1, Dio2, Cidea, and Elovlé were significantly elevated
in iIWAT of UBKO mice (Figure él), while eWAT of UBKO mice showed a mild change in thermogenic genes
expression (Figure 6J). Histological analysis of BAT and WAT depots exhibited reduced lipid droplet size
(Figures S6A and S6B). Chronic inflammation in WAT induced by aging is a major factor contributing to in-
sulin resistance.” We detected proinflammatory macrophage markers and found that the inflammation
level decreased in the eWAT of UBKO mice but not in iWAT, which further confirmed the RNA-seq results
(Figures 6K and 6L). These results suggested that Ctnnb 1 ablation in brown/beige adipocytes could reduce
body weight and improve whole-body glucose metabolism during aging.

CTNNB1 expression inversely correlates with thermogenic genes in human adipocytes

We further analyzed the correlation between the expression of CTNNBT and several thermogenic genes in
subcutaneous adipose tissue from 770 men of GSE70353.>* Interestingly, CTNNB1 had a significant inverse
correlation with the expression of UCP1, PRDM16, and CIDEA (Figure 7A, top panel), which was in consis-
tence with our findings in mice. Although it did not show a significant correlation between CTNNBT expres-
sion and BMI, there was a positive correlation between CTNNBT expression with WHR (Figure 7A, bottom
panel), suggesting a potential regulatory role of CTNNB1 on human adipose distribution. MacDougald's
group found that the expression of Ctnnb1 in SVFs would increase when Ctnnb1 was knocked down in
mature adipocytes; therefore, the expression level was relatively stable in whole tissue.'” According to
that, we further analyzed the correlation in mature adipocytes from subcutaneous panniculus adipose™
and validated the inverse correlation between CTNNB1 and thermogenic genes expression (Figure 7B,
left and middle panels). In addition, CTNNB1 expression exhibited a significantly positive correlation
with BMlin purified adipocytes (Figure 7B, right panel). Collectively, our findings suggested the expression
disturbance of CTNNBT was associated with enhanced thermogenesis and might contribute to the
improvement of metabolic performance.
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Figure 6. Ctnnb1 deficiency in UCP1-positive adipocytes improves metabolic performance in 50-week-old mice
A-C) Body weight (A), tissue weight (B), and percentage of tissue weight (C) of 50-week-old UBKO and control male mice.
D and E) Glucose tolerance test after 16-h fasting (D) and calculation of area under the curve (AUC) of 10-month-old UBKO and control male mice (E).

H-J) mRNA levels of thermogenic genes in BAT (H), iWAT (I), and eWAT (J) of 50-week-old UBKO and control male mice.

(
(
(F and G) Insulin tolerance test after 6-h fasting (F) and calculation of AUC (G) of 10-month-old UBKO and control male mice.
(
(

Kand L) mRNA levels of genes related to inflammation in iWAT (K) and eWAT (L) of 50-week-old UBKO and control male mice. For A-G, n = 25 for the control
group, and n = 19 for the UBKO group. For H-L, n = 8 for each group. Data are shown as means + SEM. *p <0.05, **p < 0.01, ***p < 0.001. See also Figure Sé.
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(B) Correlation analysis of PRDM16, CIDEA, BMI, and CTNNB1 expression in purified adipocytes of subcutaneous adipose

from GSE174475 database (n = 43).

DISCUSSION

Beige adipocytes induction has emerged as a promising strategy for combating obesity. In humans, cold
exposure or local hyperthermia therapy has been demonstrated to activate beige adipocytes in the supra-
clavicular region.***” However, the regulatory mechanisms underlying adaptive thermogenesis in beige
adipocytes are still not fully clarified. In this study, we demonstrate that ablation of Ctnnb1in UCP1-positive
adipocytes enhanced energy expenditure, resulting in decreased body weight and improved glucose
metabolism by modulating the browning process of WAT.

The canonical WNT pathway has been shown to influence adipogenesis, obesity, and fat distribution.'*'” A
substantial body of literature has focused on the inhibitory effects of canonical WNT signaling during the
early stages of adipogenesis.*®*** In our recent study, we discovered that B-catenin in mature adipocytes
exacerbated adipose tissue expansion by regulating the crosstalk among mature adipocytes, macro-
phages, and preadipocytes during the development of obesity. This suggests that canonical WNT
signaling plays distinct roles at different stages of adipocyte development. However, it remains unclear
whether B-catenin regulated energy expenditure directly. A previous report demonstrated that Ucp 1-pro-
moter-driven overexpression of Wnt10b inhibited the expression of Ucp? and Pgcla, without affecting
adipogenic genes such as Ppary, C/ebpa, and Fabp4, ultimately leading to “whitening” of BAT.” Some
concerns regarding the relationship between B-catenin and adaptive thermogenesis remain unclear.
WNT10b is one of the WNT ligands that are secreted by “producing” cells and functions in a paracrine
or autocrine manner.*' This suggests that WNT10b may have an impact on cell types other than mature
adipocytes. In addition, differences in transcription mechanisms between brown adipocytes and beige
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adipocytes exist. Furthermore, although B-catenin is typically viewed as a canonical WNT effector, it also
participates in other pathways in specific contexts.’>** Currently, few studies have investigated the effects
of B-catenin on the “browning” of WAT.

Recently, Bagchi et al. found that Adiponectin-cre-mediated Ctnnb 1 knockout (ABKO) in BAT resulted in a
50% reduction, but did not affect the expression of the thermogenic protein UCP1."”
observed this phenomenon in our unpublished work, and furthermore, no differences in WAT browning be-
tween ABKO mice and control mice under cold exposure. In 2020, Wolfrum et al. utilized single-nucleus
RNA sequencing to identify a subpopulation of adipocytes marked by CYP2E1 that inhibited the thermo-
genic capacity of neighboring adipocytes.”” Interestingly, most CYP2E1-positive adipocytes were Ucp1-
negative. It remains unclear what role B-catenin plays in CYP2E1-positive cells, and whether this is why
ABKO mice failed to induce changes in thermogenic genes. Itis an intriguing question how B-catenin mod-
ulates the function of CYP2E1-positive adipocytes and affects the progress of thermogenesis. In this study,
we propose that Ucp1-cre is a more suitable mouse model to achieve Ctnnb1 ablation in UCP1-positive
adipocytes to investigate the role of Ctnnb1 in adaptive thermogenesis.

We have also

Bagchi et al. observed that Adiponectin-cre-mediated Ctnnb 1T knockout resulted in a compensatory increase of
B-catenin expression in neighboring SVF cells.'” We recently demonstrated that the WNT pathway ligand RSPO1
can activate the downstream B-catenin by binding to the LGR4 receptor in some SVF cells, thereby inhibiting the
browning of WAT.** These findings imply that the increase in B-catenin expression in SVF cells may offset the
enhancement of WAT browning induced by Ctnnb1 knockout. In this study, the immunofluorescence staining
did not reveal any significant compensatory effect. This could be attributed to the relatively small percentage
of UCP1-positive cells in WAT, and the minor perturbation of B-catenin expression at the tissue level might
not be sufficient to trigger compensatory expression in SVF cells.

Both brown and beige adipocytes share similar morphological features, common markers, and core tran-
scription factors such as Ppary, Pgcla, and Prdm16.*> However, we found that Ctnnb1 deletion did not
affect the expression of thermogenic genes in BAT, whereas the “browning” of WAT was robustly induced
under both cold exposure and CL-316,243 injection. It is well known that the two types of thermogenic ad-
ipocytes originate from different precursor cells, and the expression of UCP1 in BAT is persistent, whereas
the formation of beige cells and the expression of UCP1 require specific conditions (such as cold exposure
or B3-AR agonist).? After the withdrawal of these stimuli, the UCP1 expression in beige cells gradually
weakens until it disappears.”*’ These fat cells induced by stimulation can transform between white and
beige fat cells,”® and B-catenin may play a role in this process of cell identity switching. The transcriptional
events in brown and beige adipocytes exhibit some inconsistencies, as previously reported.*®" B-catenin
acts as a co-transcription factor, and its regulatory function is dependent on its interaction with specific
transcription factors to control gene expression.'® However, a comprehensive analysis of the differential
transcription factor binding partners of B-catenin in beige and brown adipocytes has not been conducted.
The dissimilarities in transcription factor regulation may underlie distinct thermogenic cellular effects.
Further investigation is necessary to elucidate the differences in transcriptome and proteome between
brown and beige adipocytes in the absence of Ctnnb1.

Cold exposure and CL-316,243 treatment are frequently utilized models to induce WAT browning, but they
function via distinct mechanisms. A prior investigation has revealed that cold-induced beige cells primarily
emerge from de novo adipogenesis, whereas B3-AR activation by CL-316,243 not only modulates the pro-
liferation and differentiation of adipose precursor cells but also drives the transition of white adipocytes
into beige adipocytes.”” In our study, we discovered that the deletion of Ctnnb1 in UCP1-positive cells
increased the expression of thermogenic genes in both models, although the impact on distinct adipose
depots was not entirely identical. Our results indicate that in the cold-induced model, the effect of Ctnnb1
knockout on the expression of genes involved in thermogenesis and mitochondrial function is profound in
iWAT, which is consistent with the established notion that iWAT is prone to browning;% however, in the CL-
316,243-induced model, the gene expression is more affected by Ctnnb1 deletion in e WAT. We hypothe-
size that this could be attributed to the response of adipose precursor cells to CL-316,243 stimulation,
which is observed in eWAT, but not in iIWAT.”'

In addition to the enhanced browning ability of UBKO mice observed under cold exposure and CL-316,243
treatment, it is interesting to note that the energy expenditure of UBKO mice is still significantly higher than
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that of control mice under basal conditions at room temperature without any external stimulation. WAT is
known to typically lack expression of UCP1 under normal physiological conditions, especially in adult mice.
However, previous studies have shown that the browning of WAT can occur spontaneously during the peri-
weaning period and persist for about two weeks.”® This phenomenon is less well studied but important.
Our findings suggest that UCP1-positive cells are present in the white fat of mice after weaning, leading
to a partial knockout of Ctnnb1in UBKO mice. This early-life phenotypic change of UCP1-positive adipo-
cytes in WAT may have significant implications for energy metabolism in adulthood.”® The mechanisms by
which early-life Ctnnb 1 knockout in UCP1-positive cells affects energy and glycolipid metabolism in adult-
hood require further investigation. In addition, it has been reported that room temperature (22°C) is also a
mild cold stimulus for the mice,”” and in this case it also promotes the browning of WAT. We therefore
speculate that this may be a possible reason for the increased level of energy expenditure in UBKO
mice at room temperature.

Aging is a well-established risk factor for metabolic disorders such as obesity, glucose intolerance, and
type 2 diabetes. Adipose tissue dysfunction is a hallmark of the aging process, and the potential for beige
adipocytes formation declines with age.®® Maintaining the thermogenic capacity of beige adipocytes is an
attractive strategy for ameliorating age-related metabolic dysfunction. In this study, we investigated the
effects of Ctnnb1 knockout on metabolic performance in 50-week-old mice. Our findings suggest that
Ctnnb1 deficiency in UCP1-positive adipocytes can partially reverse age-related adipose tissue dysfunction
and improve glucose metabolism. To shed light on the underlying mechanisms, we postulate that, in addi-
tion to the impact of Ctnnb1 knockout in UCP1-positive cells during early life, our 50-week-old mice have
been housed at 22°C, which has been shown to represent a mild cold stimulus for mice®? and could also
influence the expression of thermogenic genes in WAT. Further investigations are needed to determine
how different temperatures and durations of cold exposure may affect the regulation of Ctnnb7 in the
browning of WAT.

The canonical WNT pathway is closely associated with the development of obesity. Notably, a given mole-
cule may have multiple roles in different stages of adipogenesis. Our findings contribute to a better under-
standing of how B-catenin regulates adipose energy expenditure and exacerbates obesity development.

Limitations of the study

We used UcpT1-cre in this study to induce Ctnnb 1 knockout in UCP1-positive adipocytes. Our findings indi-
cate a significant increase in cold exposure and B3-AR agonist-induced WAT browning, suggesting that
Ctnnb1/B-catenin is a crucial transcription factor that regulates the browning process. However, several
limitations were encountered in this study. We could not provide conclusive experimental evidence ex-
plaining the differential effects of Ctnnb1 knockout on classical brown adipocytes and beige adipocytes.
In addition, a transcription factor that interacts with Ctnnb1 and co-regulates the transcription of Ucp1
in beige adipocytes has not yet been identified. It is hypothesized that Ctnnb1 knockout in WAT during
the peri-weaning period may influence energy expenditure in adulthood and improve glucose metabolism
in old age. However, sufficient experimental evidence is lacking, and future studies are needed to solve the
above limitations.
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Anti-mouse IgG, HRP-linked Antibody
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Abcam

Santa Cruz Biotechnology
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Western Lightning Plus,
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Gibco
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R&D Systems
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Gibco
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Cat#RR036
Cat#Q711
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BCA Protein Assay Kit Thermo Fisher scientific Cat#23227

Super Total RNA Extraction Kit Promega Cat#LS1040
Dual-luciferase reporter assay system Promega Cat#E1910
mRNA-seq Lib Prep Kit for lllumina ABclonal Cat#RK20302
Deposited data

Raw and analyzed data This paper GEO: GSE227415

Experimental models: Cell lines

HEK 293T

Mouse: Stromal-vascular fraction cells

American Type Culture Collection

This paper

Cat#CLR-11268
N/A

Experimental models: Organisms/strains
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Mice: Ucp1-Cre

Mice: Ctnnb1flox/flox

Cyagen Biosciences (Suzhou)

Jackson Laboratory

Jackson Laboratory

N/A
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JAX stock: 004152

Mice: Ucp1-cre; Ctnnb1flo/flex This paper N/A

Oligonucleotides

Primers for qPCR, see Table S1 This paper N/A

Recombinant DNA

Plasmid: pcDNA3.1 Invitrogen Cat#V79520

Plasmid: pGL4.12 Promega Cat#E6671

Plasmid: pGL4.12-UCP1 promoter This paper N/A

Plasmid: pRL-TK Promega Cat#E2241

Software and algorithms

GraphPad Prism (v9.0.0) GraphPad http://www.graphpad.com/scientific-software/prism/
SPSS Statistics (v23.0) IBM https://www.ibm.com/products/spss-statistics
R (v4.0.0) N/A https://www.r-project.org/

edgeR (v3.14)

ClusterProfiler (v4.0.0)

Bioconductor

Bioconductor

https://bioconductor.org/packages/
release/bioc/html/edgeR.html
https://bioconductor.org/packages/
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Other

Rectal Probe
PVDF membranes
40 pm strainer

Metabolic Chamber-Comprehensive Lab
Animal Monitoring System (CLAMS)

QuantStudio Dx Real-Time PCR Instrument
NanoDrop ND2000 spectrophotometer
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Columbus Instruments
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lllumina

TissueGnostics GmbH, Austria
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N/A

N/A
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N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Peng Lu (sibslp@126.com).
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Materials availability

The study did not generate new unique reagents. All mouse lines and plasmids generated in this study are
available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

® The transcriptomic data generated in this study have been deposited to NCBI GEO database. The acces-
sion number is GSE227415.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models

UBKO mice were generated using the Cre/LoxP system. Briefly, Ctnnb1191°* mice were mated with Ucp 1-

cre mice, Ctnnb 119/1oX mice were used as control mice. Postnatal day 25 (P25) mice were used for inves-
tigating the spontaneous browning of WAT at peri-weaning. The long-term effects of Ctnnb1 deficiency in
brown/beige adipocytes were investigated in 50-week-old and 10-month-old mice. 8-week-old mice were
used in other studies. Ages are specified in the text or figure legends. Mice were kept under 12-h dark-light
cycles with unlimited access to food and water. Ages and sexes of mice are specified in the text or figure
legends. EchoMRI was used to analyze the body composition of awake animals. To evaluate systemic en-
ergy metabolism, male mice were placed in metabolic cages (Columbus Instruments) to measure O, con-
sumption, CO, production, RER, physical activity, and energy expenditure. Male mice were used in the
experiments. All procedures were proved by the Animal Care Committee of Shanghai Jiao Tong University
School of Medicine.

Cold exposure and CL-316,243 injection

Mice were kept individually at 4°C for 7 days to achieve chronic cold exposure. Food and water were free to
access. A rectal probe (Physitemp Instruments Inc., USA) was used to detect core body temperature. CL-
316,243 (Sigma-Aldrich, USA) was injected intraperitoneally daily at a dose of 1 mg/kg for consecutive
5 days. Mice were maintained at room temperature with free access to food and water.

SVFs isolation and Beige/Brown adipocyte differentiation

Stromal vascular fractions (SVFs) were isolated as previously described.”® Briefly, iWATs were minced and
digested with type Il collagenase (2 mg/mL, Sigma-Aldrich). The sample was incubated in a shaker incu-
bator at 37°C for 30 min. Cell suspensions were centrifuged at 800X g for 10 min at 4°C. The pellet was re-
suspended and filtered through a 40 um cell strainer (FALCON). The SVFs were then seeded in culture
dishes. To conduct beige/brown adipocyte differentiation, primary preadipocytes were cultured with a
cocktail medium containing 5 pg/mL insulin, 1 uM dexamethasone, 1 uM rosiglitazone, 1 uM triiodothyro-
nine (T3), and 0.5 MM IBMX (all Sigma-Aldrich, USA) for two days, and subsequently in medium with insulin,
rosiglitazone, and T3 for another six days.

METHOD DETAILS

RNA isolation and quantitative PCR analysis

Total RNA was extracted from frozen adipose tissue or cultured cells using Ea-step Super Total RNA Extrac-
tion Kit (Promega Biotech Co., China). NanoDrop ND2000 spectrophotometer (Thermo Scientific) was used
to detect the RNA concentration. Total RNA was transcribed to cDNA using the PrimerScript Reverse Tran-
script Master Mix (TaKaRa, Japan). Real-time PCR analysis was performed using a QuantStudio Dx Real-
Time PCR Instrument (Applied Biosystems). The stability of three candidate reference genes (Actb,
36B4, and Gapdh) in adipose/adipocytes was evaluated using NormFinder,”* and 36B4 was selected as
the reference gene for this study. Data were normalized to 36B4 and analyzed using the AAC, method.

Western Blot

Proteins from 3T3/L1 cells and induced beige adipocytes were extracted with cold RIPA lysis buffer, fol-
lowed by concentration quantification with the BCA protein Assay Kit (Thermo Fisher Scientific). Western
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blotting was performed as previously described.” The following antibodies were used: anti-FLAG (Sigma
Aldrich, F1804), anti-B-catenin (Cell Signaling Technology, 9562), anti-PGC1a. (Santa Cruz, sc-517380), anti-
UCP1 (Abcam, ab10983), anti-HSP?0 (Cell Signaling Technology, 2144).

H&E staining and multiplex immunohistochemistry

Adipose tissue was paraffin embedded after being fixed in 4% paraformaldehyde in PBS for 24 h at room
temperature. Hematoxylin/eosin (HE) was routinely used to stain 5 pm sections. Paraffin-embedded histo-
logical slices were deparaffinized and rehydrated before multiplex immunohistochemistry. After being
subjected to heat-mediated antigen retrieval, the slides were blocked and successively incubated with
anti-B-catenin (Cell Signaling Technology, 9562; 1:200), anti-UCP1 (Abcam, ab10983; 1:1000) antibody,
and HRP-conjugated secondary antibody using Tyramide Signal Amplification (TSA) strategy as previously
described.”® The try-488 and try-cy3 were utilized as tyramine conversion reagents. The whole slides were
mounted with DAPI Fluoromount-G (Southern Biotech) and scanned with an automated acquisition system
TissueFAXS Plus (TissueGnostics GmbH, Austria).

Adenovirus and lentivirus generation

Adenoviruses expressing the triple mutant B-catenin containing three mutations in phosphorylation sites
(S33Y/S37F/T41A) were generated using pAdeno-MCMV-3Flag-P2A-EGFP vector. For B-catenin overex-
pression, primary preadipocytes were infected with adenovirus from day 2-4 of differentiation. Lentiviral
murine B-catenin shRNA constructs were made using PLKO-PGK-GFP lentivector. We verified all constructs
using DNA sequencing; the sequence of murine B-catenin shRNA was GGACTCAATACCATTCCATTG
which was verified in a previous report.'® To knock down Ctnnb1, primary preadipocytes were treated
with lentivirus from day 0-2 of differentiation.

Plasmids and luciferase reporter assay

Mouse UcpT promoter (—1500 to transcriptional start site) was amplified from mouse genomic DNA and
inserted into the pGL4-basic vector (Promega). Human UCP1 promoter was described previously.”” Plas-
mids encoding mouse Ctnnb1/B-catenin and human TCF7L2 were constructed using pcDNA3.1(+)-IRES:
EGFP vector. All constructs were verified by DNA sequencing. For the luciferase reporter assay, 293T cells
were transfected with the indicated plasmids for 36 h, treated with IWR-1-endo (5 uM) for 4 h before harvest,
followed by luciferase activity measurement using a dual-luciferase reporter assay system (Promega).

RNA-seq

Total RNA was extracted from adipose tissues using Super Total RNA Extraction Kit. After the concentra-
tion and quality of the RNA sample were determined, the mRNA-seq Lib Prep Kit for Illumina (ABclonal,
China) was used for synthesizing Paired-end libraries according to Sample Preparation Guide. Briefly,
the mRNA is fragmented into small pieces (about 150 bp) by divalent cations at 94°C for 8 min. The cleaved
RNA fragments were reverse-transcribed into cDNA. An end repair process including A-tailing and ligation
of the adapters was performed. The products were purified and enriched to create a cDNA library. The
sequencing was carried out on the Illumina NovaSeq 6000 (lllumina). The construction of the cDNA library
and sequencing were performed by Sinotech Genomics Co., Ltd (Shanghai, China). The R package edgeR
(v3.14)°% was used to analyze the expression data to identify differentially expressed genes (DEGs). The
Benjamini-Hochberg method was used to correct the P-values at a 5% False Discovery Rate (FDR). DEGs
were defined as genes with an adjusted P-value <0.05 and fold change (FC) greater than 1.5 or lower
than 0.67 (|log,(FC)|>0.58) between the two groups. The R package stats’ prcomp function was used to
perform principal component analysis (PCA). ClusterProfiler package (v4.0.0)°” was used to perform GO
and KEGG enrichment analyses (adjusted P-value <0.05) in the R software 4.0.0 version.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were shown as mean = SEM and the results were analyzed by two-tailed t-tests. O, consumption, CO,
production, and energy expenditure were corrected for lean mass. General linear regression and ANCOVA
analysis were also performed to examine the correlation between energy expenditure and lean mass. A p
value less than 0.05 was considered to be significantly different.
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