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CTNNB1/B-catenin dysfunction contributes to adiposity
by regulating the cross-talk of mature adipocytes
and preadipocytes

Maopei Chen', Peng Lu'2x, Qinyun Ma'#, Yanan Cao', Na Chen', Wen Li', Shaogqian Zhao',
Banru Chen’, Juan Shi’, Yingkai Sun’', Hongbin Shen3, Liangdan Sun?, Juan Shen’,
Qijun Liaos, Yifei Zhang1, Jie Hong’, Weiqiong Gu1, Ruixin Liu”, Guang Ning1'2*,

Weiqing Wang”, Jigiu Wangvr

Overnutrition results in adiposity and chronic inflammation with expansion of white adipose tissue (WAT). However,
genetic factors controlling fat mass and adiposity remain largely undetermined. We applied whole-exome
sequencing in young obese subjects and identified rare gain-of-function mutations in CTNNB1/B-catenin asso-
ciated with increased obesity risk. Specific ablation of B-catenin in mature adipocytes attenuated high-fat
diet-induced obesity and reduced sWAT mass expansion with less proliferated Pdgfra* preadipocytes and
less mature adipocytes. Mechanistically, B-catenin regulated the transcription of serum amyloid A3 (Saa3), an
adipocyte-derived chemokine, through B-catenin-TCF (T-Cell-Specific Transcription Factor) complex in mature
adipocytes, and Saa3 activated macrophages to secrete several factors, including Pdgf-aa, which further promoted
the proliferation of preadipocytes, suggesting that g-catenin/Saa3/macrophages may mediate mature adipocyte-
preadipocyte cross-talk and fat expansion in sSWAT. The identification of B-catenin as a key regulator in fat
expansion and human adiposity provides the basis for developing drugs targeting Wnt/p-catenin pathway to
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combat obesity.

INTRODUCTION

Obesity has become a worldwide noncommunicable epidemic with
rising prevalence in past decades, and causes a severe health burden
as a consequence of its notorious complications, such as type 2 dia-
betes, cardiovascular diseases, and colorectal cancers (I, 2). In the
developed and developing countries, overnutrition results in excess
calorie intake, fat accumulation, and further adiposity, which is
characterized by chronic inflammation and expansion of subcuta-
neous and visceral white adipose tissues (WATS) (3-5).

WATS are composite of mature adipocytes, preadipocytes, vessel
fractions, and other infiltrated inflammatory cells, e.g., macrophages
and T cells (6). Stromal vascular fractions (SVFs) of adipose tissues
were identified to be the origin of adipocyte progenitors, giving rise
to new white adipocytes in subcutaneous WAT (sWAT) and visceral
WAT (VWAT) (7-10). Macrophages also provide a favorable micro-
environment influencing the apoptosis, proliferation, and differen-
tiation of adipocyte progenitors (8, 11, 12). The expansion of WAT
in obesity involves both the increased cell size of existing adipocytes
(hypertrophy) and the generation of new adipocytes from the pro-
liferation and differentiation of adipocyte progenitors/preadipocytes
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(hyperplasia) during fat development or under overnutrition such
as high-fat diet (HFD) feeding (4, 13). It was previously believed
that the total number of adipocytes has been set in early life;
however, evidence suggests that adipocyte turnover also occurs
throughout the adult stage and is especially enhanced during excess
fat accumulation (14), identifying the important role of adipocyte
hyperplasia in human obesity (15). Of note, chronic macrophage
infiltration accompanies the development of obesity, not only con-
tributing to insulin resistance but also participating adipose tissue
remodeling (3, 12). Both healthy and pathological adipose tissue
expansion need the participation of macrophages. However, genetic
factors that control macrophage recruitment, fat expansion, and
adiposity are still largely undetermined. The interplay between
different components of WAT, e.g., mature adipocyte, macro-
phages, and preadipocyte, in regulating fat mass has also not been
fully unveiled.

Human genetic and animal experimental studies have revealed
that canonical Wnt/B-catenin signaling plays a pivotal role in body fat
distribution and adipose tissue development (16). Gain-of-function
LRP5 and LGR4, two Wnt signaling amplifiers, promote more fat
storage in SWAT of humans (17, 18). Common variants in ZNRF3
and RSPO3, two other Wnt signaling modulators, are associated
with increased waist-to-hip ratio (WHR) in several large-scale
genome-wide association studies (GWAS) (19, 20). Although con-
stitutive activation of Wnt signaling by active B-catenin mutant at
an early stage inhibits adipogenesis in vitro (21), the activation of
B-catenin in adipocyte progenitor cells driven by PPARy-tTA;TRE-Cre
results in fibrotic replacement in sSWAT and lower vWAT fat mass
with enlarged adipocytes in mutant mice (22). These findings illus-
trate the crucial but discrepant effects of activated Wnt signaling on
adipogenesis in vitro and in vivo and the development of different
WAT pads.
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Identifying genetic mutations in CTNNBI1/B-catenin, the hub gene
of canonical Wnt signaling, is of importance to understanding the
physiological function of Wnt signaling in obesity and adipocyte
function. In the present study, we sequenced the whole coding
regions of CTNNBI in a young obese cohort and identified that rare
gain-of-function mutations in CTNNBI were associated with human
obesity risk and body fat distribution. With the Cre/Loxp system to
conditionally knock out CTNNBI1/B-catenin in adipocytes with aP2-cre
(termed as APBKO) and adiponectin-cre (termed as ABKO), respec-
tively, we observed the crucial roles of B-catenin in fat expansion and
obesity. We further revealed that the Wnt/B-catenin/Saa3 pathway
mediated the cross-talk among the mature adipocyte-macrophage-
preadipocyte circuit that controlled WAT expansion and adiposity,
providing a promising drug target for the intervention of obesity.

RESULTS

Rare gain-of-function mutations in CTNNB1 are associated
with human obesity

Our and others’ findings have reported the pathogenic roles of Wnt
signaling mutations in human obesity (18, 23, 24). To further ex-
plore the potential association between genetic variants in CTNNBI,
the core gene of the canonical Wnt signaling pathway and obesity, we
first applied a large-scale GWAS database in Genetic Investigation
of ANthropometric Traits (GIANT) and UK Biobank Meta-analysis
(25), including 795,640 subjects in the Type 2 Diabetes Knowledge
Portal (http://www.type2diabetesgenetics.org/), and found that the
common noncoding variants in and around CTNNBI were signifi-
cantly associated with body mass index (BMI) (the most significant
variant, rs9814633, = 0.012, P=2.10 x 10™"") (fig. S1 and table S1).
Next, we screened the low-frequency/rare variants with minor
allele frequency (MAF) less than 5% in the CTNNBI gene in our
in-home database of whole-exome sequencing (WES) data consisting
of 1408 young, severely obese cases (age, 23.8 £ 7.3 years; BMI, 35.2 +
4.7 kg/m?) and the published exome sequencing data containing
1455 ethnically matched nonobese controls (fig. S2A) (26). A total
of seven rare missense mutations (MAF < 1%) were identified and
verified by Sanger sequencing (table S2 and fig. S2B), which were
conserved among different species (fig. S2C) without hotspot
mutation features (fig. S2D). We obtained gene-based mutation prev-
alence of 0.71 versus 0.14% in obese cases and control subjects,
respectively, which presented a significant enrichment of germline
CTNNBI mutations in obesity (odds ratio, 5.20; 95% confidence
interval, 1.14 to 23.77; P = 0.02) (Fig. 1A).

To further explore whether the seven rare missense mutations
affected the function of B-catenin protein, we constructed plasmids
expressing the mutations and examined their transcriptional activ-
ities through the TOP-Flash system, which is used to evaluate the
canonical Wnt pathway activation by a luciferase reporter. p.T59A,
p-R124H, p.R274H, and p.G708E mutants showed higher transcrip-
tional activities than wild-type B-catenin (Fig. 1B), which were not
found in the gnomAD_database of 8624 East Asians (table S2). To
verify whether the higher transcriptional activity may be due to an
increase in B-catenin translocation from cytoplasm to nucleus, we
overexpressed these mutants into HeLa cells and calculated the
percentage of cells with B-catenin accumulating in the nucleus. We
found that three of four mutants except p.G708E had a higher accu-
mulation in the nucleus than in wild-type B-catenin (Fig. 1, Cand D).
These results together suggested that these mutations conferred
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higher functional activity for B-catenin protein. Previous studies
demonstrated the determinant roles of canonical Wnt signaling in
body fat distribution (17). We next evaluated the obesity and meta-
bolic features of these gain-of-function CTNNBI mutation carriers.
Four young obese female subjects carrying p.T59A, p.R124, and
p-R274H mutations were included and received physical examina-
tion, abdominal computed tomography scanning, and biochemical
analysis, while age-, sex-, ethnic-, and geography-matched obese
subjects without CTNNBI mutations were applied as general obese
controls. Of note, the visceral fat content and liver enzymes including
ALT (alanine aminotransferase), AST (aspartate aminotransferase),
and GGT (gamma-glutamyl transferase), which are usually referred
as the nonspecific indicators of lipid accumulation in liver in obesity
development, were much lower in CTNNBI mutation carriers than
in matched obese controls (table S3). Other clinical parameters such
as waist circumference and WHR did not show an obvious differ-
ence between carriers and noncarriers despite a trend to decrease in
carriers (table S3). There was no difference in blood glucose, glucose
tolerance, and serum lipids between groups (table S3). These results
suggested that rare gain-of-function mutation in CTNNBI confers
high risk for obesity coupled with unique clinical features, at least,
in these young female carriers.

Wnt/B-catenin signaling is induced in sSWAT by overnutrition
To further examine the potential roles of B-catenin in the develop-
ment of obesity, we first examined B-catenin expression in adipose
tissues between lean and obese humans and mice. B-Catenin
expression was significantly higher in sWAT of obese subjects than
in normal weight controls (Fig. 2, A and B). Moreover, B-catenin ex-
pression was significantly higher in inguinal WAT (iWAT) and
epididymal WAT (eWAT) of leptin-deficient (0b/ob) mice (Fig. 2, C
and D). We next examined B-catenin expression in different frac-
tions of WAT in mice. B-Catenin expression was significantly higher
in mature adipocytes than SVFs in both WATS, consistent with the
change in mature adipocyte markers such as leptin and adiponectin
(Fig. 2, E and F), indicating that B-catenin might be involved in the
function of mature adipocytes. We further examined the time
course change of the canonical Wnt pathway in HFD-induced
obese C57BL/6 ] mice and revealed that B-catenin and Wisp2, a
canonical Wnt/B-catenin pathway target gene, were gradually in-
duced in iWAT in parallel with leptin increase (Fig. 2, G to I); B-catenin
expression also showed positive correlation with leptin levels (Fig. 2J).
However, these changes were not observed in eWAT of HFD mice,
indicating much stronger activation of Wnt signaling in iWAT than
in eWAT by overnutrition (Fig. 2, K to N). These results also sup-
ported the potential involvement of canonical Wnt/B-catenin acti-
vation in adipose tissue expansion and obesity.

Ablation of B-catenin in mature adipocyte resists
HFD-induced obesity

We next examined the effects of B-catenin ablation in adipocytes
by crossing B—cateninﬂo"/ floX mice (27) with aP2-cre mice (APBKO)
(Fig. 3A and fig. S3A). B-Catenin was significantly reduced in the
adipose tissues; however, we also observed that several other tissues,
including brain, hypothalamus, bone, and muscle, showed an obvi-
ous decrease in B-catenin mRNA levels (fig. S3B). Possibly because
of this nonspecific leakage of B-catenin deletion using aP2-cre,
APBKO mice showed a lower birth rate than expected according to
Mendelian law of inheritance (fig. S3C) and severe neonatal death
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Fig. 1. Genetic mutations in the CTNNBT gene are associated with human obesity. (A) Comparison of the low-frequency CTNNBT mutations in control and obese
subjects. (B) Luciferase reporter assay performed in human embryonic kidney (HEK) 293T cells 48 hours after transfection with the indicated plasmids. pRL-TK (expressing
Renilla luciferase) was used as the normalized control. WT, wild type. (C) Representative images of B-catenin staining in HeLa cells that were overexpressed with indicated
plasmids. Scale bars, 20 um. The right panels were the amplified images of those in the corresponding squares in the middle panel. (D) Quantification of the percentage
of the cells with B-catenin accumulated in the nucleus relative to all cells transfected with wild-type or four mutant plasmids. EV, empty vector; WT, wild-type. Data are

shown as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

(fig. S3D). Despite this defect, a small portion of APBKO mice
avoided the fetal lethality of global B-catenin knockout mice and
survived to 8 weeks old. Phenotypically, survived APBKO mice
showed reduced body weight and body size (Fig. 3, B and C). Moreover,
iWAT mass of APBKO mice was markedly decreased, and eWAT
was notably absent (fig. S3, E and F). Histologically, the adipocytes
in iWAT of APBKO mice lost typical white adipocyte features show-
ing an underdeveloped structure without droplet accumulation (fig.
S3G). Brown adipocytes of APBKO mice also showed abnormal
signs of piled nuclei compared with control mice (fig. S3G). Genes
related to adipogenesis such as PPARy2 and C/EBPo. were also
reduced in brown adipose tissues (BATs) of APBKO mice (fig.
S3H). Despite nonspecific leakage of gene deletion, these results
indicated that B-catenin may be involved in the development and
maturation of adipocytes.

However, the leakage of B-catenin deletion in nonfat tissues and
early death added complexity to the exploration of its roles in
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adipocytes and obesity. We next crossed B-catenin™/1°% mice with

adipocyte-specific adiponectin-cre mice (ABKO) (Fig. 3D) and found
that B-catenin was specifically and effectively deleted in mature
adipocytes but not in SVFs, which contain adipocyte progenitors
(Fig. 3E), or in other tissues, e.g., hypothalamus, liver, and muscle
(fig. S4A). Thus, B-catenin ablation was restricted in the mature
adipocytes in ABKO mice. Next, ABKO mice fed chow diet showed
no difference in body weight (Fig. 3F), slight decrease in fat mass
(fig. S4, B and C), unaltered plasma lipid levels (fig. S4, D to H), and
glucose tolerance (fig. S4I) compared with control mice. There was
no change in these parameters until 18 months old (fig. S4, J to L),
indicating that B-catenin ablation in mature adipocyte did not affect
age-induced body weight gain. As obesity also develops under over-
nutrition, we subsequently fed both genotypes with HFD from
8 weeks of age and found that ABKO mice began to gain less weight
compared with the control group from 22 weeks of age. At the end
of the 24-week HFD (32 weeks of age), ABKO mice showed 9.0-g
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Fig. 2. B-Catenin was induced in the development of obesity in humans and mice. (A) B-catenin expression was significantly higher in subcutaneous adipose tissue of
obese subjects than in lean subjects. (B) B-catenin expression was unaltered in visceral adipose tissue of obese subjects compared with that of lean subjects. (For A and B,
n =11 for lean subjects, n = 21 for obese subjects.) (C and D) The expression of B-catenin was higher in inguinal WAT (iWAT) (C) and epididymal WAT (eWAT) (D) of ob/ob mice
than in wild-type mice (n = 10 for each group). (E and F) The expression of B-catenin was highly enriched in mature adipocytes than in SVF cells in iWAT (E) and eWAT (F)
(n =3 for each group). Leptin and adiponectin were used as the markers of mature adipocytes. (G to I) B-catenin expression was induced in iWAT during long-term HFD feeding
(G) along with high expression of Wisp2 (H) and WAT marker Leptin (1). (J) B-catenin expression was associated with Leptin expression in iWAT. AC, values of B-catenin and Leptin
were used to examine the association in linear regressmn analysis. (K to M) B-catenin expression was not significantly induced in eWAT during HFD feeding (K) despite the
high expression of Wsip2 (L) and WAT marker Leptin (M). (N) B-catenin expression was not significantly associated with Leptin expression in eWAT. For (G) to (N), n = 4 for each
group. AD, adipocyte; SAT, subcutaneous adipose tlssue, VAT, visceral adipose tissue; NCD, normal chow diet; HFD, high-fat diet; iWAT, inguinal white adipose tissue;
eWAT, epididymal white adipose tissue; SVF, stromal vascular fraction. Data are shown as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

body weight reduction compared with control mice (about 16.9%
body weight of control mice) (Fig. 3, G and H). Furthermore, fat
content analysis showed significantly reduced fat mass (A=7.8 g,
P < 0.001) in ABKO mice and similar lean mass between the

Chen et al., Sci. Adv. 2020; 6 : eaax9605 8 January 2020

two groups (A = 0.5 g, P = 0.28) (Fig. 3I). Collectively, these results
suggested that specific ablation of B-catenin in mature adipocytes re-
sisted long-term HFD-induced adipose tissue expansion and obesity,
and fat mass reduction contributed largely to body weight loss.
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Fig. 3. Ablation of B-catenin in mature adipocyte resists long-term HFD-induced obesity. (A) Schematic of conditional B-catenin deletion in mature adipocytes with
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of 8-week-old control and APBKO mice. (D) Schematic of conditional $-catenin deletion in mature adipocytes with adiponectin-cre. (E) Comparison of B-catenin expression
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white adipose tissue. Data are shown as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

Ablation of B-catenin in mature adipocytes improves
metabolic homeostasis

With such a significant decrease in body weight and adiposity, we
postulated that metabolic disturbances under HFD could also be
greatly improved in ABKO mice. As expected, fasted ABKO mice
showed reduced blood glucose levels compared with control mice
(Fig. 4A), which was much more evident when we challenged the
mice with p-glucose, as reflected by the improved glucose tolerance
(Fig. 4, A and B). Furthermore, insulin sensitivity was also improved
in ABKO mice (Fig. 4, C and D), and plasma insulin levels were
consistently decreased (Fig. 4E). This was further supported by en-
hanced insulin signaling pathway with enhanced phosphorylation
of Akt in iWAT (Fig. 4F). In addition, serum lipid levels were
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reduced in ABKO mice (Fig. 4, G and H), and HFD-induced ectopic
fat deposition in the liver was also markedly attenuated (Fig. 4, Iand ).
HFD-induced macrophage infiltration was reduced in iWAT of ABKO
mice compared with controls, as indicated by the reduced expression
of macrophage markers such as Cd68, F4/80, and CdlIc and the
reduced proportion of F4/80"Cd11b" macrophages (Fig. 4, Kand L,
and fig. S4, M and N). However, we did not find any changes in
macrophage number in the BAT or eWAT of HFD-fed ABKO mice
(fig. S4, M to O). Furthermore, we found that the markers of classi-
cally activated macrophages (M1), such as interleukin-1p (IL-1B),
tumor necrosis factor-o. (TNFo.), and C-C motif chemokine ligand 2
(Ccl2), were also significantly reduced in the iWAT of ABKO mice
(Fig. 4M), while the markers of alternatively activated macrophages
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Fig. 4. Ablation of B-catenin in mature adipocyte improves metabolic homeostasis. (A) Glucose tolerance test after 16-hour fasting in 24-week HFD-fed control and
ABKO mice (n = 13 for each group). (B) Quantification of area under the curve (AUC) for glucose tolerance test. (C) Insulin tolerance test after 6-hour fasting in 24-week
HFD-fed control and ABKO mice (n = 13 for each group). (D) Quantification of AUC for insulin tolerance test. (E) Fasting plasma Insulin levels of 26-week HFD-fed control
and ABKO mice (n = 8 for each group). (F) Left: Western blot of p-Akt and total Akt (t-Akt) in iWAT of 26-week HFD-fed control and ABKO mice fasted for 16 hours. Right:
Quantification of p-Akt/t-Akt ratio (n = 6 for each group). (G and H) Plasma triglyceride (G) and total cholesterol levels (H) in 26-week HFD-fed control and ABKO mice
(n =13 for each group). (I) Representative images of hematoxylin and eosin (HE) staining of liver in 26-week HFD-fed control and ABKO mice. Scale bars, 100 um. (J) Liver
triglyceride content quantification (n = 13 for each group). (K) The mRNA expression of macrophage markers F4/80, Cd68, and Cd11cin iWAT of 26-week HFD-fed control
and ABKO mice (n = 13 for each group). (L) Left: Representative cell sorting of F4/80"Cd11b* cells from iWAT SVF of 26-week HFD-fed control and ABKO mice by fluorescence-
activated cell sorting (FACS). Right: Quantification of the percentage of F4/80"Cd11b" cells to Cd45* cells in SVF of iWAT (n = 4 for each group). (M) mRNA expression of
the indicated M1 macrophage markers in iWAT of 26-week HFD-fed control and ABKO mice (n = 13 for each group). (N to P) Plasma levels of Leptin (N), Resistin (0), and
Pai-1 (P) in 26-week HFD-fed control and ABKO mice (n = 8 for each group). IPGTT, intraperitoneal glucose tolerance test; ITT, insulin tolerance test; ABKO, Adiponectin-
cre;B-catenin®/1%% HFD, high-fat diet. Data are shown as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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(M2), such as Il-4 and II-13, were unaltered (fig. S4P). In line with
the reduced adiposity and improved iWAT inflammation, ABKO
mice also showed improved systemic inflammatory reaction, indicated
by lower plasma levels of Leptin, Resistin, and Pai-1 when compared
with control mice (Fig. 4, N to P). These results together demon-
strated that ablation of B-catenin in mature adipocytes improved
global metabolic homeostasis under long-term overnutrition.

To fully evaluate the energy balance in ABKO mice, food intake,
fecal energy excretion, physical activity, and energy expenditure,
represented by O, consumption and CO, production, were system-
ically measured, and only energy expenditure showed a significant
but subtle increase in ABKO mice (fig. S5), which might also
explain the accumulated body weight difference between the two
genotypes over long-time HFD challenge.

Ablation of B-catenin in mature adipocytes reduces

the proliferation of preadipocytes and iWAT mass

in HFD feeding

It is well known that obesity comes with expansion of WATSs, which
generally contains two distinct processes, one in the form of hyper-
trophy (characterized by an enlargement in adipocyte size) and the
other in the form of hyperplasia (characterized by new adipocyte
generation from progenitor and preadipocyte cells) (13, 15, 28). We
found that iWAT weight reduced significantly in ABKO mice, while
the weights of eWAT and BAT were unaltered (Fig. 5, A to C).
Thereafter, the adipocyte size of iWAT was carefully examined
but appeared to be highly similar between ABKO and control mice
(Fig. 5, D to F). Meanwhile, the expression of genes related to fatty
acid synthesis and lipolysis was further examined and also showed
no significant alterations either in iWAT, eWAT, or BAT between
the two groups (fig. S6, A to F). The expression of adipogenesis-
related genes was not different in adipose tissues either (fig. S6, G to I).
These results strongly suggested that B-catenin regulated iWAT
mass not through affecting hypertrophy. It is previously reported
that iWAT expansion involves hyperplasia due to the notable in-
crease in adipocyte progenitor proliferation in response to HFD (28).
We hypothesized that the reduced iWAT mass in ABKO mice might
result from decreased progenitor or preadipocyte proliferation and
the consequent lower hyperplasia for newborn adipocytes. As shown
in Fig. 5G, Pdgfra" preadipocytes, which reside in SVFs and con-
tribute to new white adipocyte generation in response to HED (8),
were significantly decreased in ABKO mice (Fig. 5G). The percentage
of proliferated preadipocytes, marked by BrdU" Pdgfra* double
labeling, was also decreased in ABKO mice (Fig. 5H), indicating that
the blunted proliferation of preadipocytes was associated with the
restricted mass expansion in iWAT of ABKO mice. Consistently,
the progenitors marked by other recently identified markers, such
as Cd142 and Icam1, were also significantly reduced in the iWAT
of ABKO mice (fig. S6, ] to Q) (10). There were no obvious changes
in these progenitors in eWAT of ABKO mice (fig. S6,] to Q). These
data together may suggest that ablation of B-catenin in mature
adipocytes reduced hyperplastic adipose expansion through reducing
the proliferation of preadipocytes.

B-catenin regulates the transcription of serum amyloid A3
(Saa3) through the TCF binding site

As B-catenin was specifically deleted in mature adipocytes but not
in preadipocytes of adipose tissues (Fig. 3E), we hypothesized that
B-catenin deletion may regulate certain factors that can be secreted
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by mature adipocytes and, in turn, affect the preadipocyte prolifer-
ation. We then performed unbiased whole transcriptome profiling
analysis on iWATs of the two genotypes. Among the altered genes
(Fig. 6A), the secreted factors were further examined, and serum
amyloid A3 (Saa3), which was an adipokine highly expressed in
WAT (29) and validated by real-time polymerase chain reaction
(PCR) (Fig. 6B), was included for further analysis, while the other
factor Slit2 was excluded for its antiobese effects (30), which was
opposite to the effects of B-catenin. We next examined the cell-
autonomous regulation of Wnt/B-catenin on Saa3. B-catenin knock-
down by lentivirus short hairpin RNA (shRNA) in differentiated
adipocytes from 3T3-L1 preadipocytes significantly reduced the
expression of Saa3 (Fig. 6C). Meanwhile, recombinant Wnt3a stim-
ulation, which can robustly lead to downstream B-catenin activa-
tion, significantly up-regulated Saa3 expression (Fig. 6D), while
PKF115, a small molecule as a canonical Wnt signaling inhibitor,
decreased Saa3 expression (Fig. 6E) in mature adipocytes differen-
tiated from SVFs. Wisp2 was examined as a positive control of
canonical Wnt signaling target and activation (Fig. 6, C to E). We
further demonstrated that B-catenin overexpression significantly
increased Saa3 transcriptional activity (Fig. 6F). As B-catenin acts
as a cofactor of the transcription factor Tcf4 (also named as Tcf712)
to promote downstream targets, we further analyzed the promoter
region of Saa3 gene, and six potential TCF binding sites, CTTTG(A/T)
(A/T) (31), were indicated, of which deletion of TCF binding site
(-84 to —90) largely abolished B-catenin-induced transcriptional
activity, while deletion or mutation of other sites showed marginal
alterations (fig. S7A). Chromatin immunoprecipitation (ChIP) assay
further showed the interaction of the B-catenin-Tcf4 complex with
Saa3 promoter containing the above binding site in white adipocytes,
which were differentiated from SVFs for 8 days (Fig. 6, G and H).
These data together demonstrated Saa3 as a new downstream target
of the canonical Wnt/B-catenin pathway in mature adipocytes.

Saa3-activated macrophages promote

preadipocyte proliferation

We have demonstrated that B-catenin deficiency in mature adipo-
cyte largely decreased the expression of Saa3, while Saa3, similar to
its homolog Saal/2, can be secreted into the tissue matrix as a
secreted adipokine (32). We next examined whether Saa3 could
further function on preadipocytes. Unexpectedly, we did not observe
the direct effects of recombinant Saa3 protein or Saa3 overexpression
on the growth rate of SVF cells or 3T3-L1 preadipocytes (fig. S7, B
and C). Previous studies have shown that Saa3 is also referred as
a chemokine that played a role in macrophage recruitment in
WATSs (29), and ablation of Saa3 inhibits macrophage accumu-
lation and then resists HFD-induced obesity (33). We further ex-
amined whether Saa3 functioned through recruiting macrophages
to induce the secreted factors, which then promoted the prolifera-
tion of adipocyte progenitors. Saa3 stimulation significantly increased
the mRNA expression of several inflammatory and secreted factors in
macrophages (fig. S7D and Fig. 6, I to L), among which Pdgf-aa was
significantly elevated in the conditioned medium in a dose-dependent
manner, and other factors such as Mcp-1 and Cxcl2 were also
significantly increased (Fig. 6, J to L, and fig. S7, E to G). The
conditioned medium of Saa3-treated macrophages further increased
the growth rate of preadipocytes (Fig. 6M), suggesting that Saa3
indirectly promoted preadipocyte proliferation through activating
macrophages. This was also consistent with reduced macrophage
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Fig. 5. Ablation of B-catenin in mature adipocyte reduces preadipocyte proliferation and subcutaneous fat mass in long-term HFD feeding. (A) Representative
images of BAT, iWAT, and eWAT depots in 26-week HFD-fed control and ABKO mice. (B and C) Absolute tissue weight (B) and percentage of tissue weight to body weight
(C) for IWAT, eWAT, and BAT depot in 26-week HFD-fed control and ABKO mice (n = 13 for each group). (D) Representative images of HE staining of iWAT in 26-week HFD-fed
control and ABKO mice. Scale bars, 100 um. (E) Left: The frequency distribution of adipocyte cell size in iWAT of 26-week HFD-fed control and ABKO mice. Right: Box plot
of adipocyte diameter in two groups, Wilcoxon rank-sum test, boxes represent the interquartile range (IQR) between the first and third quartiles, and the line inside the
box represents the median; whiskers represent the lowest or highest values within 1.5 times IQR from the first or third quartiles. (F) Cell counting per field in HE-stained
sections under microscopy in iIWAT of 26-week HFD-fed control and ABKO mice. (G) Left: Representative cell sorting of Pdgfra* cells from iWAT SVF of 26-week HFD-fed
control and ABKO mice by FACS. Right: Quantification of the percentage of Pdgfra™ cells to SVF cells in iWAT (n = 7 for each group). (H) Left: Representative images of
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***P < 0.001. N.S., not significant.
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Chen et al., Sci. Adv. 2020; 6 : eaax9605 8 January 2020 90f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

infiltration and the improved inflammation reaction in iWAT of
ABKO mice (Fig. 4, ] to M). To further identify the potential secreted
factors that contributed to the effects of Saa3/macrophages on the
proliferation of preadipocytes, we next treated 3T3-L1 preadipocytes
with different combination formula consisting of the recombinant
proteins of these up-regulated factors. Of note, the combination con-
taining Pdgf-aa or Pdgf-aa alone both significantly increased the
growth rate of preadipocytes (Fig. 6N and fig. S7, H and I). These
findings indicated that Pdgf-aa may be one of the contributing fac-
tors linking Saa3/macrophages and preadipocytes.

To further demonstrate that macrophages in iWAT may con-
tribute to the maintenance of Pdgfra™ cells in iWAT, clodronate
liposomes were respectively injected into one side of iWAT pads of
control and ABKO mice fed with HED to clear macrophages, while an
equal amount of control liposomes was injected into the other side.
We found that macrophages marked with F4/80 in the clearance side
were remarkably reduced in both control and ABKO mice (Fig. 60).
Moreover, the percentage of Pdgfra™ preadipocytes was also de-
creased upon clodronate liposome treatment in the two groups
(Fig. 6P), in parallel with the changes of macrophage markers. These
results implied that the reduction in Pdgfro* preadipocyte percentage
iniWAT of ABKO mice was most likely due to the lower number of
macrophages. As such, Saa3 may mediate the effects of B-catenin
ablation on adipose expansion by recruiting macrophages and their
effects on the proliferation of preadipocytes. Furthermore, in agree-
ment with the gradually increased B-catenin levels upon HED, Saa3
was also robustly induced in iWAT in response to HFD (Fig. 6Q)
and showed tightly positive correlation with B-catenin expression
(Fig. 6R). These results together supported the findings that ablation
of B-catenin in mature adipocytes decreased macrophages infil-
tration in WAT and resisted long-term HFD-induced adipose
expansion.

DISCUSSION

Canonical Wnt/B-catenin signaling plays important biological roles
in adipocyte differentiation and metabolism (21). However, the
in vivo physiological roles of its key effector CTNNBI1/B-catenin in
human obesity and mature adipocyte function are still not clear.
Here, we identify that rare gain-of-function mutations in CTNNBI
are associated with increased obesity risk in humans. A significant
elevation of B-catenin expression is also detected in sWAT of obese
subjects. By using mouse models, we further reveal the involvement
of B-catenin in sWAT expansion, pointing to possible mechanisms
of Wnt/B-catenin/Saa3-macrophage in the cross-talk between
mature adipocytes and nonadipocytes in controlling adipose tissue
expansion and obesity.

More and more genetic evidence has linked canonical Wnt sig-
naling to human adiposity and metabolic disorders. Loss-of-function
mutations in LRP5 and LRP6, which encode the coreceptors in the
Wnt/Fzls signaling pathway, are associated with osteoporosis (34) and
cardiovascular risk (35), respectively. In addition, gain-of-function
mutations in LRP5 are associated with osteosclerosis (36) and altered
fat distribution, enhanced lower-body sWAT accumulation, and
reduced android fat content (17). GWAS also identify common vari-
ants in ZNRF3 and RSPO3, which encode the modulators of canonical
Wnt signaling pathway, associated with WHR (19, 20). Our previous
studies demonstrate that a low-frequency activating variant in
LGR4, which encodes the receptor of canonical Wnt modulator
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RSPO1-4, is associated with increased risk of human obesity (18, 24).
Here, we reported that the common variants in and around CTNNBI
were significantly associated with BMI, and further, we identified that
rare germline missense mutations in CTNNBI conferred a moderate
risk of human obesity in a young, severely obese cohort. Of note,
three of seven missense mutations showed a consistent gain of bio-
logical function, indicated by the enhanced transcriptional activities
and nuclear accumulation. Somatic activating CTNNBI mutations
promote the development of several types of cancers, in particular
colorectal cancers (37). As these germline gain-of-function CTNNBI
mutation obese carriers are much younger at present, they are sug-
gested for intensive clinical follow-up for primary prevention of
tumors later in life. In addition, by comparing with matched obese
subjects without CTNNBI mutations, we found that these functional
CTNNBI mutant carriers showed similar BMI but had reduced
visceral fat mass and serum liver enzyme levels than obese controls,
portraying the special features of these obese carriers. The human-
ized mice carrying these CTNNBI mutations are needed to further
illuminate the causal effects of these gain-of-function CTNNBI
mutations on fat distribution. However, we could not exclude the
possibility that the CTNNBI mutations, which could increase 3-catenin
activity in other tissues such as hypothalamus, may also contribute
to obesity risk in other ways, for example by regulating appetite. In
agreement with our reports of genetic CTNNBI activation predis-
posing risk to adiposity, a line of clinical intervention evidence that
Lithium salts, a first-line long-term bipolar drug that activates
B-catenin by inhibiting GSK3B, also promote body weight gain in
patients (38). These results suggested that B-catenin activation was
associated with the development of human obesity. Future studies
are warranted to validate these genetic findings in other ethnic and
much larger-scale populations.

To further investigate the potential role of B-catenin in regulating
obesity, we examined its expression in obese human and mice and
consistently found that B-catenin expression was significantly
increased in sSWAT of obese subjects and HFD-induced obese mice,
but less significant in vVWAT. Moreover, B-catenin is more abundant
in mature adipocytes than in preadipocytes. These results suggest
that B-catenin may play important roles in mature adipocyte func-
tion contributing to more fat accumulation in sWAT rather than
VvWAT. Here, we used adiponectin-cre to specifically knock out
B-catenin in mature adipocytes, which significantly reduced body
weight and fat mass especially sWAT mass, in response to long-term
HEFD feeding, to further support the human findings. It should also
be noted that activation or inactivation of Wnt pathway in different
development stages may result in discordant phenotypes (39). A
previous study reported that constitutive activation of B-catenin
with the PPARY-tTA;TRE-Cre switched the fate of adipose progen-
itors into a fibroblastic lineage in iWAT and showed lower visceral
fat mass but increased single adipocyte hypertrophy in eWAT,
while activation with aP2-cre showed no effects on adiposity and
metabolism in chow diet (22). In our study, aP2-cre-induced B-catenin
knockout mice produced haplomorphic mutant mice with impaired
birth rate, and the mutant mice that survived showed developmental
defects of iWAT and absolute absence of eWAT. According to a
series of studies, PPARYy expresses in preadipocytes and mature
adipocytes earlier than aP2, while adiponectin-cre functions much
later and specifically expresses in mature adipocytes (40). These
data together suggested that Wnt/B-catenin plays distinct physio-
logical roles along different stages of fat tissue development, and
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B-catenin in mature adipocyte is crucial for promoting adiposity.
It is also worth mentioning that Wnt/B-catenin activation in
PPARy-expressing cells promoted muscle glucose uptake through
extrinsic signals (22), while we did not detect marked muscle phenotypes
in adiponectin-cre-induced B-catenin knockout mice (data not shown),
which may also reflect the various effects of Wnt/B-catenin in different
stages of adipocytes.

In our study, B-catenin-specific ablation in mature adipocytes
resulted in no differences in body weight and body composition
compared with control mice under normal chow diet, which was
consistent with the phenotype of B-catenin activation using aP2-cre
in chow diet (22). Although many studies have demonstrated that
activation of Wnt signaling in adipose precursors or preadipocytes
could block the differentiation of adipocytes, none of them focused
on the function of B-catenin in mature adipocytes under overnutri-
tion, including mice with aP2-cre-induced B-catenin activation. We
unexpectedly found that ABKO mice resisted long-term HFD-
induced iWAT expansion and adiposity. These results may suggest
that long-term overnutrition is one important triggering factor for
the effects of Wnt/B-catenin on mature adipocytes. Detailed mech-
anism regarding the response of mature adipocyte Wnt/B-catenin
to nutrition load needs to be clarified in future studies. Adipocyte
hypertrophy and hyperplasia both contribute to HFD-induced obe-
sity. We did not detect significant differences in adipocyte size
between ABKO and control mice. However, Pdgfra" preadipocytes
together with other subpopulations of preadipocytes were signifi-
cantly decreased in ABKO mice, indicating that the reduced fat mass
may result from the reduced number of adipose progenitors or preadi-
pocytes contributing to new-turn adipocyte generation. This was
consistent with the observation that iWAT expansion involves
hyperplasia in response to HED (28). There are also studies reporting
that iWAT expansion originates from hypertrophy before 12 weeks
of HED feeding (13), while in our study, B-catenin ablation showed
consistent weight loss effects later after 14 weeks of HFD feeding in
three independent experiments and did not affect adipocyte hyper-
trophy in the early stage of HFD feeding, which might also explain
the delayed effects of B-catenin ablation on obesity. To bridge the gap
between B-catenin ablation in mature adipocytes and proliferated
preadipocytes, we next performed an unbiased screening and found
a secreted protein,Saa3, which was down-regulated in mature adi-
pocytes of ABKO mice and was identified as a new target gene of
canonical Wnt/B-catenin/TCF signaling. A previous study showed
that Saa3 directly activates macrophages by the TLR4/MyoD88
pathway and enhances inflammatory factor release (41). Saa3 is also
reported to increase during adipose tissues expansion and recruit
monocytes for local inflammation in adipose tissues (29). Abundant
evidence already demonstrates that macrophages have strong pro-
moting effects on proliferation of preadipocytes via secreted growth
factors (42). Our in vitro studies further found that the conditioned
medium of Saa3-stimulated macrophages promoted the proliferation
of preadipocytes, in which several secreted proteins were activated.
Of note, Pdgf-aa was dose-dependently accumulated in the condi-
tioned medium of macrophages and further promoted the growth
rate of preadipocytes, pointing to its contribution to the cross-talk
between Saa3/macrophage and preadipocytes. Other potential con-
tributing factors still need to be identified in the future. Since clo-
dronate liposomes could achieve incomplete clearance of macrophages
in target tissues or organs, by this method, we found that when mac-
rophages in iWAT of control mice decreased to the same level as
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those in ABKO mice, Pdgfro” preadipocytes in iWAT of control
mice were also reduced to a similar level in ABKO mice. Future
studies are warranted to better elucidate this by using a genetic or
chemical approach to completely abolish the effects of macrophages.
These findings may indicate a potential cross-talk among mature
adipocytes, macrophages, and preadipocytes mediated by secreted
adipokine and growth factors. Consistently, we also detected reduced
inflammation factors in iWAT and circulation along with metabolic
improvement, including improved glucose tolerance and enhanced
insulin sensitivity, upon reduction in B-catenin and Saa3 in ABKO
mice. Consistent to these phenotypes, Saa3™"" mice are also reported
to gain less body weight and have reduced adipose inflammation
in high-fat high-sucrose diet (33). Future studies using mature
adipocyte—specific Saa3 knockout mice would be more helpful to
evaluate the effects of Saa3 on macrophages and preadipocytes.

In summary, we identify that germline gain-of-function muta-
tions in the CTNNBI gene are associated with higher risk for human
obesity. Further, using animal models, we demonstrate that B-catenin
plays an essential role in mature adipocytes to regulate WAT ex-
pansion and obesity, and point to the possible cross-talk circuit
from mature adipocytes to macrophages and further hyperplastic
WAT expansion by B-catenin/Saa3 signaling. This study extends
our understanding of the canonical Wnt/B-catenin signaling in human
obesity and overnutrition-induced adipocyte hyperplasia following
chronic mature adipocyte hypertrophy, providing the basis for devel-
oping drugs targeting CTNNBI1/B-catenin to intervene in obesity.

MATERIALS AND METHODS

Human genetic study

For genetic evaluation of rare variants in the coding region of
CTNNBI1/B-catenin, we analyzed our in-home database consisting
of the WES data of 1408 obese patients and the published database
of 1455 ethnically matched control subjects (fig. S2A) (26). Obese
patients were identified and recruited continuously from the spe-
cialized obesity outpatient clinic of Ruijin Hospital, Shanghai Jiao
Tong University School of Medicine. In brief, patients with body
mass index (BMI) > 30 kg/m2 were recruited and secondary or
syndromatic obesity were excluded. Basic characteristic informa-
tion was obtained from the Genetics of Obesity in Chinese Youngs
study, which was previously established by Ruijin Hospital and
registered in ClinicalTrials.gov (ClinicalTrials reg. no. NCT01084967,
http://www.clinicaltrials.gov/) (18, 24, 43). By filtering on common
variants with MAF > 5% and synonymous variants, we obtained
a list of low-frequency or rare missense and indel variants in the
CTNNBI gene with MAF < 5% for further analysis. All the included
variants were verified by Sanger sequencing (fig. S2B). The clinical
procedures for anthropometric assessment, biochemical measure-
ment, blood glucose, and lipid ascertainment were performed
according to previously described protocols (18, 24, 43, 44). This
study was approved by the Institutional Review Board of the Ruijin
Hospital, Shanghai Jiao Tong University School of Medicine and
was performed in accordance with the principle of the Helsinki
Declaration II. A written informed consent was obtained from each
participant.

Mice

APBKO mice and ABKO mice were generated using the Cre/Loxp system.
In general, B-catenin®™°* mice were mated with aP2-cre or adiponectin-cre
mice, respectively. The F1 generation B-catenin™*;aP2-cre mice or
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B-catenin™*;adiponectin-cre mice was further intercrossed to

generate B-catenintlo¥loxa P2 _cre (APBKO) mice or B-cateninflox/flox;
adiponectin-cre (ABKO) mice, respectively, and B-catenin /1o
mice were used as control mice. Mice were maintained under 12-hour
dark-light cycles with unrestricted access to food and water. A whole-
body composition analyzer (EchoMRI) was used to evaluate fat
mass and lean mass on awake animals. Mice were placed in metabolic
cages (Columbus Instruments) to assess their energy expenditure,
O, consumption, CO, production, and physical activity. Twenty-four—
hour fecal caloric content was measured with a 6400 Automatic Iso-
peribol Calorimeter (Parr Instrument Company) according to the
manufacturer’s instructions. In some experiments, mice were fed
60 kcal% HFD (Research Diet 12492i). For BrdU (bromodeoxyuridine)
incorporation, BrdU (Sigma-Aldrich) was resolved in phosphate-
buffered saline (PBS; 20 mg/ml) and diluted in drinking water at a
final concentration of 0.4 ml/ml. Drinking water containing BrdU
was given to HFD-fed male mice for 1 week and refreshed every
other day. BrdU was detected by immunostaining as described
below. For the clearance of macrophages located in iWAT, control
and ABKO mice fed with HFD for 24 weeks were injected with clo-
dronate liposomes (110 mg/kg; Clodronateliposomes.org) into one
side of iWAT pad or equal amount of control liposomes into the
other side of iWAT pad, and the injection was repeated once 3 days
later. Mice were euthanized 6 days later after the first injection, and
iWATS were fixed in 4% paraformaldehyde (PFA). Male mice were
used in the experiments unless otherwise indicated. All procedures
were approved by the Animal Care Committee of Shanghai Jiao
Tong University School of Medicine.

IPGTT and ITT

Mice were fasted overnight for 16 hours and injected with p-glucose
(2 g/kg for normal chow diet and 1 g/kg for HFD mice) intraperito-
neally for the glucose tolerance test. HFD mice were fasted for 6 hours
and injected with recombinant human insulin (1.5 U/kg, Eli Lilly)
intraperitoneally for the insulin tolerance test.

Blood glucose and plasma insulin and biochemical measurements
Mouse blood glucose levels were measured with whole blood from
the tail vein using a glucose meter (LifeScan). Plasma insulin, leptin,
resistin, PAI-1 (Millipore), triglyceride, and total cholesterol (Ke Hua
Biotechnology) levels were measured using commercial enzyme-
linked immunosorbent assay kits according to the manufacturer’s
instructions.

Hematoxylin and eosin staining and cell counting

Liver and adipose tissues were fixed in 4% PFA and embedded in
paraffin. Sections of 5-pm thickness were stained with hematoxylin
and eosin (HE) according to standard protocols. HE images from
iWAT were used for morphometric analysis. Cell counting was
achieved using the Image] software and AdipoCount software
(http://www.csbio.sjtu.edu.cn/bioinf/AdipoCount/).
Immunofluorescence

Immunostaining was performed in paraffin sections according to
the standard protocols. In brief, samples were deparaffinized and
rehydrated, followed by antigen retrieval in 10 mM sodium citrate.
Blocking and staining were performed in antibody diluent with
background-reducing components (Dako). Sections were incubated
with rat anti-BrdU (Abcam, #ab6326, 1:500) and rabbit anti-Pdgfro
(Cell Signaling Technology, #3174, 1:500) antibodies overnight at
4°C, followed by incubation with the corresponding secondary
antibodies goat anti-rat Alexa Fluor 594 and goat anti-rabbit Alexa
Fluor 488 (Thermo Fisher Scientific, both used at 1:500), respectively.
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For HelLa cells overexpressing human wild-type or mutant B-catenin
plasmids, cells were seeded in eight-well glass slides (Millipore).
After transfection, cells were fixed in 4% PFA at 37°C for 30 min
and then washed sequentially with PBS, 0.2% PBST (Phosphate buffered
saline with Tween-20), and PBS. Blocking and staining proceeded as
described above. Slides were mounted with DAPI (4',6-diamidino-2-
phenylindole) Fluoromount-G mounting media (Southern Biotech)
and imaged by fluorescence microscopy (Olympus). Cell counting
was achieved using the Image] software.

RNA isolation and real-time PCR

Total RNA was extracted from cells or tissues using TRIzol reagent
(Life technologies). One microgram of RNA was transcribed to
complementary DNA with the Reverse Transcription System (Promega)
and diluted with ddH,O 10 times. Real-time PCR was carried out
on the LC480 system using SYBR Green Supermix (Takara). Data
were normalized to 36B4 and analyzed using the AAC; method.
Western blot

Proteins from iWAT or HEK293T cells were isolated with cold
radioimmunoprecipitation assay buffer, followed by concentration
quantification with the BCA Protein Assay kit (Thermo Fisher
Scientific) and immunoblot with p-Akt Ser*”® (Cell Signaling
Technology, #4060, 1:1,000), total-Akt antibodies (Cell Signaling
Technology, #9272, 1:1,000), and B-catenin (Cell Signaling Technology,
#9562, 1:1,000). B-Actin (Santa Cruz Biotechnologies, #sc-47778,
1:1,000) or Hsp90 (Cell Signaling Technology, #4877, 1:1,000) was
used as the internal control. The membranes were visualized
using LAS 4000 (Life Science) according to the manufacturer’s
instructions.

Cell culture

Murine preadipocyte 3T3-L1 cell line and murine macrophage
RAW264.7 cell line were purchased from the American Type
Culture Collection. 3T3-L1 preadipocytes were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). Raw264.7 cells were cultured in RPMI 1640
supplemented with 10% FBS.

SVF isolation, cell sorting, and white adipocyte differentiation
SVEFs were isolated as described previously (24). In brief, adipose
tissue was minced and digested with collagenase type II (2 mg/ml;
Sigma-Aldrich) in Hepes (Invitrogen) supplemented with 1% bovine
serum albumin for 30 min at 37°C, followed by quenching with
complete medium. Cell suspensions were centrifuged, washed, and
filtered through a 40-um strainer (BD Biosciences). For fluorescence-
activated cell sorting (FACS) analysis, SVFs were resuspended in
red blood cell lysis buffer (BD Biosciences) for 15 min at room tem-
perature and then further incubated with anti-mouse CD140a-PE
(BioLegend, #135906), anti-mouse CD140a-APC (BD Pharmingen,
#562777), anti-mouse CD45-FITC (BD Pharmingen, #561874),
anti-mouse CD45-APC/Cy7 (BD Pharmingen, #560694), anti-mouse
CD31-PE (eBioscience, #12-0311-81), anti-mouse CD26-PerCP/
Cyanine5.5 (eBioscience, #45-0261-82), anti-mouse CD54-BV510
(BD Pharmingen, #563628), anti-mouse CD142 (Sino Biological, #50413-
R001), anti-mouse F4/80-PerCP-Cyanine5.5 (eBioscience, #45-4801-82),
and anti-mouse CD11b-AF700 (BD Pharmingen, #557960) and
subjected to FACS (BD Biosciences). SVFs were cultured in DMEM
supplemented with 10% FBS and murine basic fibroblast growth
factor (10 ng/ml; R&D Systems). White adipocyte differentiation was
conducted in a cocktail medium containing insulin (5 pug/ml), 0.5 mM
isobutylmethylxanthine (Sigma-Aldrich), and 1 pM dexamethasone
(Sigma-Aldrich).
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Plasmids and luciferase reporter assay

Plasmids encoding green fluorescent protein (GFP)-p-catenin and
TOP-Flash used in this study were described previously (45). Saa3
promoter (—400 to 590 from transcriptional start site) was amplified
from mouse genomic DNA and inserted into the pGL4-basic vector
(Promega). Various mutations were further introduced using the
QuikChange II site-directed mutagenesis kit (Stratagene). Plasmids
encoding human wild-type or mutant CTNNBI1/B-catenin gene
were constructed using pcDNA3.1(+)-IRES:EGFP vector. All con-
structs were verified by DNA sequencing. For the luciferase reporter
assay, 3T3-L1 preadipocytes were transfected with the indicated
Saa3 promoter reporter constructs, pRL-TK (expressing Renilla
luciferase), and pEGFP-B-catenin or vector for 48 hours, followed
by luciferase activity measurement using a dual-luciferase reporter
assay system (Promega).

ChIP assay

ChIP assay was performed to detect the interaction of Tcf4 or
B-catenin with the Saa3 promoter using a commercial kit (Millipore,
#17-371) according to the manufacturer’s instructions. In brief,
SVFs were differentiated toward white adipocytes for 8 days, and
then cell lysates were incubated with rabbit anti-Tcf4 antibody
(Cell Signaling Technology, #2569, 1:400) or anti-B-catenin (Cell
Signaling Technology, #9562, 1:400) or rabbit immunoglobulin G (IgG).
The precipitated DNA fragments were further analyzed by PCR
with the following mouse Saa3 primers: primerl, 5-CCTGTTCCCTA-
AGGCTCCAG-3 (forward) and 5-GTTAGGACTTTCTGAAGTCT-3
(reverse); primer2, 5-TTTCCAACCAGGATGGCGAA-3 (forward)
and 5-CGAGCTCCTTCTGGGACC-3 (reverse); and primer3, 5-GGTC-
CCAGAAGGAGCTCGCA-3 (forward) and 5-AGCACACTA-
CAAGTTCCATG-3 (reverse).

Cell proliferation

Raw264.7 cells were seeded in a 12-well plate and then treated with
recombinant Saa3 at different doses for 6 hours. The medium was
then replaced with DMEM containing 2.5% FBS for another 24 hours,
and the conditioned medium of Raw264.7 cells was collected, mixed
with fresh DMEM containing 7.5% FBS to acquire medium with
5% FBS, and then added to 3T3-L1 preadipocytes. We refreshed the
medium every 24 hours. MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphen-
yltetrazolium Bromide] assay was further performed to mea-
sure cell viability and growth rate of 3T3-L1 preadipocytes at 72, 96,
and 120 hours after treatment with the conditioned medium or the
following recombinant proteins: mouse Mcp-1 (R&D, #479-JE-010),
mouse Cxcl2 (R&D, #452-M2-010), mouse Cxcl10 (R&D, #466-CR-010),
mouse Cxcl12 (R&D, #460-SD-010), mouse osteopontin (R&D, #441-
OP-050), and human PDGF-AA (R&D, #221-AA-010). For some
experiments, cell number was assessed by cell counting with a
hemocytometer. The protein levels in the conditioned medium were
measured with a commercial kit (R&D, #LXSAMSM) according to
the manufacturer’s protocols.

Microarray

RNA used for microarray was extracted using TRIzol Reagent (Life
Technologies) following the manufacturer’s instructions and checked
for a RNA integrity number (RIN) number to inspect RNA integri-
ty by an Agilent Bioanalyzer 2100 (Agilent technologies). Qualified
total RNA was further purified by RNeasy micro kit (QIAGEN) and
RNase-Free DNase Set (QIAGEN). Total RNA was amplified, labeled,
and purified by using GeneChip 3’IVT Express kit (Affymetrix)
according to the manufacturer’s instructions. The biotin-labeled
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cRNA was then hybridized and washed by using GeneChip Hybrid-
ization, Wash and Stain Kit (Affymetrix) in Hybridization Oven 645
(Affymetrix) and Fluidics Station 450 (Affymetrix) following the
manufacturer’s instructions. Hybridized slides were scanned by
GeneChip Scanner 3000 (Affymetrix) and Command Console
Software 3.1 (Affymetrix) with default settings. Raw data were nor-
malized by the MAS 5.0 algorithm, Gene Spring Software 11.0
(Agilent technologies). Differential genes shown in the heatmap were
visualized by using R packed “Pheatmap” under two selection criteria
including (i) a fold change larger than 1.5 and (ii) the corresponding
P values less than 0.05.

Statistical analysis

Data were shown as mean * SEM and analyzed by Student’s ¢ test
for comparison between the two groups. In human genetic study,
for continuous variables, the Shapiro-Wilk test was performed for
normal distribution examination. Differences in categorical vari-
ables such as the gene-based frequency distribution of CTNNBI
mutations were calculated using the Fisher’s exact test. General lin-
ear regression analysis was performed to examine the difference in
clinical indicators between CTNNBI mutation carriers and noncar-
riers with adjustment for age and sex, and logistic transformation
was applied where appropriate. Energy expenditure, O, consumption,
and CO, production were corrected for lean mass. Energy expenditure
was also analyzed using analysis of covariance (ANCOVA) with body
weight as a covariate according to previous report (46). A P value
less than 0.05 was considered to be statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/2/eaax9605/DC1

Fig. S1. Common noncoding variants in and around CTNNB1 show significant association
signals with BMI in GIANT UK Biobank study.

Fig. S2. Genetic mutations in the CTNNBT gene in young obese and control subjects.

Fig. S3. Phenotypes of APBKO mice.

Fig. S4. Metabolic parameters in ABKO mice fed normal chow diet at young and old ages.
Fig. S5. Food intake, fecal calorie excretion, and energy expenditure in ABKO mice fed HFD.
Fig. S6. The expression changes of genes involved in adipogenesis and the percentage
changes of progenitors in adipose tissues of ABKO mice fed HFD.

Fig. S7. Cell viability of Saa3-treated preadipocytes and the expression of secreted factors in
Saa3-treated macrophages.

Table S1. The BMI association signals of common variants in and around CTNNBT from GIANT
UK Biobank GWAS.

Table S2. Rare missense variants in the CTNNBT gene in young, severely obese cases and
controls.

Table S3. The clinical parameters related to obesity in gain-of-function CTNNBT carriers.
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