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∙ CXXC5 is abundantly expressed in the adipose tissues from obese-T2DM
patients.

∙ Ablation of Cxxc5 resists obesity-related metabolic diseases.
∙ KY19334, a small molecule blocking CXXC5-Dvl binding, reverses obesity-
related metabolic diseases with adult tissue remodelling.

∙ Effects on glycaemic control with KY19334 prolong during post-treatment.
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Abstract
Background:Metabolic diseases, including type 2 diabetes, have long been con-
sidered incurable, chronic conditions resulting from a variety of pathological
conditions in obese patients. Growing evidence suggests theWnt/β-catenin path-
way is amajor pathway in adipose tissue remodelling, pancreatic β-cell regenera-
tion and energy expenditure through regulation of key metabolic target genes in
various tissues. CXXC5-type zinc finger protein 5 (CXXC5) is identified negative
feedback regulator of the Wnt/β-catenin pathway that functions via Dishevelled
(Dvl) binding.
Methods: Expression level of CXXC5 was characterised in clinical samples and
diabetes-induced mice model. Diabetes-induced mice model was established by
using high-fat diet (HFD). HFD-fedmice treated with KY19334, a small molecule
inhibiting CXXC5-Dvl protein–protein interaction (PPI), was used to assess the
role of CXXC5 in metabolic diseases.
Results:Here, we show that CXXC5 is overexpressedwith suppression ofWnt/β-
catenin signalling in visceral adipose tissues of patients with obesity-related dia-
betes. Meanwhile, Cxxc5−/− mice fed an HFD exhibited resistance to metabolic
dysregulation. KY19334 restores the lowered Wnt/β-catenin signalling and
reversesmetabolic abnormalities as observed inHFD-fedCxxc5−/−mice.Admin-
istration of KY19334 on HFD-fed mice had a long-lasting glucose-controlling
effect through remodelling of adipocytes and regeneration of pancreatic β-cells.
Conclusion: Overall, the inhibition of CXXC5 function by small molecule-
mediated interference of Dvl binding is a potential therapeutic strategy for the
treatment of obesity-related diabetes.
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1 INTRODUCTION

Type 2 diabetes mellitus (T2DM) is one of the major
metabolic diseases. Currently, clinically available drugs
for T2DM, including sulfonylureas, glucagon-like peptide-
1 (GLP-1) agonists, sodium-glucose transport protein
2 (SGLT2) inhibitors, peroxisome proliferator-activated
receptor gamma (PPARγ) agonists, dipeptidyl-peptidase 4
(DPP4) inhibitors and biguanides, control blood glucose
levels by acting on peripheral insulin target tissues, such
as pancreas, intestine, muscle and liver.1,2 Despite recent
advances in therapeutics, the glucose-controlling effect of
these drugs is transient; thus, patients need to be pre-
scribed these drugs daily throughout their lifetime.3
Growing evidence indicates that the Wnt/β-catenin sig-

nalling is a major player in the regeneration of tissues
that have been damaged by pathological conditions.4–6 The
direct Wnt/β-catenin signalling target genes, such as tran-
scription factor 7 like 2 (TCF7L2), wnt1-induced secreted
protein 1 (WISP1), GLP1 and peroxisome proliferator-
activated receptor delta (PPARδ), play major roles in obe-
sity and diabetes.7 Especially, TCF7L2 promotes β-cell
regeneration via stimulating proliferation and differentia-
tion, as well as improves insulin secretion in islets.8 Also, a
novel adipokineWISP1mediates the anti-adipogenic activ-
ities by suppression of low-grade inflammatory cytokines
in adipose tissues that leads to adipose tissue remodelling.9
The role of Wnt/β-catenin signalling inactivation in the

pathogenesis of T2DM was further indicated by the ele-
vation of Dickkopf-1 (DKK-1), a Wnt/β-catenin signalling
antagonist, in the serumof a patientwithT2DM.10,11 Inacti-
vation ofWnt/β-catenin signallingmodifies the adipokine-
secretion profile followed by obesity-induced adipose tis-
sue inflammation, thereby influencing systemic insulin
resistance.6,12 Activation of Wnt/β-catenin pathway by
inhibition of glycogen synthase kinase 3 beta (GSK3β) has
been known for treatment of T2DM; however, the blood-
glucose-lowering effects by GSK3β inhibitor are transient
because its effects are confined to the liver.13 Therefore,
identifying a factor regulating the Wnt/β-catenin pathway,
especiallywhich drivesmetabolic diseases, is important for
the systemic improvement in diverse metabolic diseases,
including diabetes.
We found thatWnt/β-catenin signalling is suppressed in

adipose tissues of patients with obesity-related T2DM and
adipose and liver tissues of HFD-induced diabetic mice.
Therefore, identifying an endogenous factor suppressing
Wnt/β-catenin signalling and restoration ofWnt/β-catenin
signalling by a specific blockade of its functions could be a
therapeutic strategy for metabolic diseases.
CXXC5-type zinc finger protein 5 (CXXC5) is identified

negative feedback regulator of the Wnt/β-catenin pathway

that functions via Dishevelled (Dvl) binding.14,15 The func-
tional role of CXXC5 as a driving factor in metabolic dis-
eases was indicated by the induction of Cxxc5 in adipose
and liver tissues of HFD-fed obese mice. The Cxxc5−/−
mice resisted obesity and obesity-related insulin resistance
when fed an HFD.
To confirm the potential role of Cxxc5 as a target for the

treatment of obesity and diabetes, we orally administered
KY19334, a small molecule that specifically interferes with
the cytosolic function of CXXC5 as a negative regulator of
the Wnt/β-catenin pathway by inhibition of the CXXC5-
Dvl protein–protein interaction (PPI),16 and examined its
effects on metabolism. As for the HFD-fed Cxxc5−/− mice,
HFD-fed Cxxc5+/+ mice administered KY19334 revealed a
reduction in abnormal metabolic phenotypes, such as obe-
sity, insulin resistance and other diabetes-related pheno-
types. Differently with sitagliptin, which is a frequently
prescribed drugs for T2DM patients, KY19334 showed sus-
tained effects in controlling fasting glucose levels in HFD-
fedmice. The therapeutic effect of KY19334 on glucose con-
trol was not caused by direct blood glucose control but by
the regeneration and subsequent remodelling of the dam-
aged tissues caused by the disease state. The therapeutic
effects of KY19334 on metabolic diseases phenotypes were
acquired by restoration of suppressedWnt/β-catenin path-
way via blockade of the functions of the aberrantly overex-
pressed Cxxc5.
Overall, the restoration of the metabolic phenotypes

with prolonged control of blood glucose levels by the
CXXC5-Dvl PPI inhibitor provides a potential approach for
the treatment of insulin resistance and metabolic diseases.

2 MATERIALS ANDMETHODS

2.1 Human visceral fat tissue specimens

To monitor the expression patterns of β-catenin and
CXXC5 during the development of obesity-related dia-
betes, 5-mm biopsy specimens were obtained from the
liver or colon of patients with cancer who had undergone
surgery. The age of the subjects ranged from 43 to 82 years,
and their BMI was between 17 and 32 kg/m2. Individuals
were divided into four cohorts according to BMI and DM
grade (lean, BMI < 25 and DM grade = 0, 1, 2) divided
into four cohorts. (i) lean, BMI < 25, DM = 0; (ii) obese,
BMI> 25, DM= 0 or 1; (iii) lean, BMI< 25, DM= 2 and (iv)
obese, BMI > 25, DM = 2. Experiments using patient sam-
ples were approved by the Institutional Review Board of
the Clinical Research Institute of Severance Hospital and
were conducted according to the Declaration of Helsinki
Principles.
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2.2 Animals

The generation of Cxxc5−/− mice has been described
previously.17 Cxxc5 heterozygous mice were intercrossed
for four generations to obtain littermate wild-type and
Cxxc5−/− mice and were maintained on a C57BL/6 back-
ground. Six-week-old Cxxc5+/+ and Cxxc5−/− mice were
fed an HFD for 8 weeks.
Wild-type male C57BL/6 mice (KOATECH, Seoul,

Korea) were fed an HFD consisting of 60% calories from
fat (Research Diet, D12492) for 18 weeks. To validate the
successful establishment of the insulin-resistant mouse
model, fasting glucose levels were assessed using a One
Touch Ultra glucometer (LifeScan). Subsequently, each
HFD-fed mouse with fasting glucose levels higher than
7.0 mmol/L was orally administered KY19334 (25 mg/kg),
sitagliptin (50 mg/kg, Selleckchem) or its vehicle18 for
5 days at weeks 8 and 12. After the removal of the drugs,
mice were maintained for 3 weeks on an HFD.
To monitor pancreas regeneration, six-week-old

Cxxc5+/+ andCxxc5−/−micewere fed anHFD as described
above. After 4 weeks of dietary treatment, the mice were
intraperitoneally injected with STZ (50 mg/kg/day) for
1 week, and the control mice were injected with saline.
After 2 weeks, Cxxc5+/+ mice with non-fasting glucose
levels higher than 16.7 mmol/L were orally administered
KY19334 (25 mg/kg/day) or sitagliptin (50 mg/kg/day) or
its vehicle by oral gavage for 4 weeks.
For the glucose tolerance test (GTT) or insulin tolerance

test (ITT),micewere injectedwithD-glucose (1.5 g/kg body
weight) after 16 h starvation or human insulin (0.75 U/kg
body weight) after 4 h starvation, respectively. Tail blood
was drawn at 0, 15, 30, 60, 120 and 180 min intervals, and
blood glucose levels were measured using a One Touch
Ultra glucometer (LifeScan). All mice were maintained
under temperature-controlled and light-controlled (stan-
dard 12 h light/dark cycle) conditions and provided with
food andwater ad libitum.All protocolswere reviewed and
approved by the Institutional Review Board of Severance
Hospital, Yonsei University College of Medicine (09-013).

2.3 Blood chemistry

Total blood of mice was collected by cardiac puncture
after fasting. The blood was allowed to clot for 30 min
and then centrifuged at 1000 × g for 10 min to obtain the
supernatant, with which to measure metabolic parame-
ters in the serum. ELISA assay kits were used to assess
serum insulin (Millipore, EZRMI-13K), glucagon (Mil-
lipore, EZGLU-30L), FFA (Cayman Chemical, 700310),
adiponectin (ABclonal, RK02574), active GLP-1 (7-36)
(EDI, KT871) and c-peptide (ALPCO, 80-CPTMS-E01).

The insulin function test was evaluated using HOMA-
IR. Serum chemistry variables, including total cholesterol,
HDL-cholesterol, glucose, TG, ALT and AST concentra-
tions, were measured using a blood chemistry analyser
(FUJIDRI-CHEM4000i). The calibration of serumparam-
eters was performed using the quality control card sup-
plied with the FUJI DRI-CHEM slides whenever slides
from a new lot were used.

2.4 Adipokine-related protein analyses

Adipokines and hormones inmouse serumweremeasured
using mouse adipokine array kits (Proteome Profiler and
Human Cytokine; R&D System, ARY013), allowing simul-
taneous detection of the expression levels of 38 different
obesity-related proteins. The array was performed accord-
ing to the manufacturer’s instructions. Blots were devel-
oped with enhanced chemiluminescence using a lumines-
cent image analyser LAS-3000 (Fujifilm). All data were
normalized by the intensity of the reference spots in each
membrane following the manufacturer’s instructions.

2.5 Haematoxylin and eosin (H&E)
staining

The dissected tissues were fixed in 4% neutral
paraformaldehyde and embedded in paraffin. Paraf-
fin sections were cut to a thickness of 4 μm. The sections
were deparaffinized in three changes of xylene and rehy-
drated using a graded ethanol series. The sections were
stained with haematoxylin for 7 min and stained with
eosin for 2min. The adipocyte cell size wasmeasured in 20
randomly chosen microscopic areas from 3 independent
animals using a Nikon bright-field optical microscope
(Nikon TE-2000U). The average size of the adipocytes was
determined using ImageJ software.

2.6 Immunohistochemical (IHC)
analysis

Paraffin sections were deparaffinized and rehydrated.
For antigen retrieval, slides were autoclaved in 10 mM
sodium citrate buffer (pH 6.0). Sections were blocked in
phosphate-buffered saline (PBS) containing 10% BSA at
20◦C for 30 min. The sections were incubated overnight
at 4◦C with the following dilutions of primary antibod-
ies: anti-β-catenin (1:100, 610514, BD, NJ), anti-β-catenin
(1:100, ab16051, Abcam, Cambridge, UK), anti-CXXC5
(1:50, Lab made), anti-F4/80 (1:100, sc-377009, Cell Signal-
ingTechnology,MA), anti-CD11b (1:100, ab133357,Abcam),
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anti-insulin (1:1000, I2018, Sigma-Aldrich), anti-PCNA
(1:100, sc-56, Santa Cruz Biotechnology, Inc., TX) and
anti-pancreatic and duodenal homeobox 1 (Pdx-1; 1:400,
5679S, Cell Signaling Technology). The slides were washed
with PBS, incubated with Alexa Fluor 488- (1:300, A11001,
Invitrogen, MA) or Alexa Fluor 555-conjugated IgG sec-
ondary antibodies (1:300, A21428, Invitrogen) at 20◦C for
1 h, and counterstained with DAPI (1:5000, D9564, Sigma-
Aldrich). The images were captured using an LSM700
META confocal microscope (Carl Zeiss, Jena, Germany)
after excitation with 405, 488 or 543 nm laser lines. To
block endogenous peroxidase activity before peroxidase
IHC analysis, tissues were incubated with 1% H2O2 (Sam-
chunChemicals, Gyeonggi, Korea) for 10min. Before incu-
bating the sections with mouse primary antibody, mouse
IgG was blocked using a M.O.M. Mouse IgG blocking
kit (Vector Laboratories, CA). Sections were incubated
with primary antibodies overnight at 4◦C with the follow-
ing dilution with the primary antibody, anti-uncoupling
protein 1 (UCP1; 1:100, ab10983, Abcam). Sections were
then incubated with biotinylated anti-rabbit (1:300, BA
1000, Dako, Hamburg, Germany) secondary antibodies
for 1 h at 20◦C. The samples were stained with 3,3-
diaminobenzidine (DAB; Dako) for 3–7 min and counter-
stained with Mayer’s haematoxylin (Muto, Tokyo, Japan).
All incubations were conducted in a humid chamber. Sig-
nals were analysed using a bright-field microscope (Nikon
TE-2000U).

2.7 Metabolic monitoring and body
composition analysis

Metabolic performance (energy intake and energy expen-
diture) was studied using a PHENOMASTER auto-
mated combined indirect calorimetry system (TSE system
GmBH). The mice were acclimated for 24 h in a metabolic
chamber and were provided with food and water. They
were evaluated for 3 days to measure oxygen consump-
tion (VO2), carbon dioxide production (VCO2), ambulatory
counts and the respiratory exchange ratio. Additionally,
an LF50 body composition analyser (Bruker) was used to
determine the body composition (lean bodymass and total
body fat) of themice. The temperature for these studieswas
maintained at 22◦C with a 12 h light/dark cycle. Standard
in-house software was used for energy expenditure.

2.8 Bioinformatic data analyses

Molecular pathway dysregulation in the human visceral
adipose tissues was determined by gene set enrich-
ment analysis, surveying the molecular pathway gene set

in the Molecular Signature Database (MsigDB) (www.
broadinstitute.org/msigdb). Cross-species comparison of
transcriptomic dysregulation was performed in the space
of themolecular pathway gene sets fromHALLMARK and
KEGG databases, and statistically significant dysregula-
tion was defined as a false discovery rate (FDR) < 0.01
in either of the two human visceral and subcutaneous
adipose tissue transcriptome datasets: normal (n = 5) vs.
T2DM (n = 5) subjects (GSE16415), normal glucose toler-
ance (n = 17) vs. T2DM (n = 17) subjects (hgu-133a), lean
(n= 10) vs. obese (n= 10) subjects (GSE2508), normal glu-
cose tolerance (NGT) (n = 4) vs. impaired glucose toler-
ance (IGT) (n = 4) vs. T2DM (n = 4) subjects (GSE27951)
and insulin-sensitive (n = 5) vs. resistant (n = 5) subjects
(GSE15773).

2.9 Triglyceride (TG) assay

Tissue samples were homogenised in the Standard Dilu-
ent Assay Reagent provided by a Triglyceride Colorimetric
Assay kit (Cayman Chemical, Ann Arbor, MI) and triglyc-
eride levels were quantified based on reference standards
as described in the manufacturer’s instructions.19

2.10 Quantitative real-time polymerase
chain reaction (PCR)

Total RNAwas extracted from ground tissue powder using
the TRIzol reagent (Invitrogen), according to themanufac-
turer’s instructions. Reverse transcription was performed
with M-MLV reverse transcriptase (Invitrogen) using 2 μg
of total RNA. Synthesised cDNA was diluted to a con-
centration of 1 μg. Quantitative PCR analyses were per-
formed in a Rotor-Gene Q real-time PCR cycler (Qiagen)
using SYBR green reagent (Qiagen) as follows: 95◦C for
10 min followed by 40 cycles at 95◦C for 5 s, and 60◦C
for 15 s. Relative quantification of mRNA levels was per-
formed using the comparative Ct method (∆∆Ct). All
mRNA values were normalised to those of GAPDH. The
primer sequences are listed in Table S1.

2.11 Western blotting

Cells and tissues were lysed using radioimmunoprecipi-
tation assay (RIPA) buffer (150 mM NaCl, 10 mM Tris,
pH 7.2, 0.1% SDS, 1.0% Triton X-100, 1% sodium deoxy-
cholate and 5 mM EDTA). Samples were separated on
12% SDS polyacrylamide gels and transferred onto PRO-
TRAN nitrocellulose membranes (Shleicher and Schuell,
Co., NH). After blocking with PBS containing 5% non-fat

http://www.broadinstitute.org/msigdb
http://www.broadinstitute.org/msigdb
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dry skim milk and 0.07% Tween 20, the membranes were
incubated with antibodies specific for β-catenin (1:1000,
sc-7963, Santa Cruz Biotechnology, Inc.), CXXC5 (1:500,
Lab made) and β-actin (1:1000, ab8226, Abcam) at 4◦C for
12 h. Membranes were then incubated with horseradish
peroxidase-conjugated anti-rabbit (Bio-Rad, CA) or anti-
mouse (Cell Signaling Technology) IgG secondary anti-
body. Protein bandswere visualizedwith enhanced chemi-
luminescence (GE Healthcare, IL) using a luminescent
image analyser (LAS-3000).

2.12 Oil Red O staining

Liver tissues were washed with PBS and 70% isopropanol
(Duksan Pure Chemicals) and stained with Oil Red O
solution (Sigma-Aldrich) at 20◦C for 12 h. The samples
were thoroughly washed with distilled water. The tissues
were counterstained with Mayer’s haematoxylin. Images
of Oil Red O staining were visualized using a bright-field
microscope (Nikon TE-2000U). For the quantification of
lipid content, Oil Red O was eluted by adding 500 μl iso-
propanol containing 4% nonidet P-40 to each well, and
the absorbance was measured spectrophotometrically at
590 nm.

2.13 Isolation of primary pancreatic
islet cells

Primary islet cells from C57BL/6 mice fed NCD or
HFD with STZ injection were isolated and cultivated as
described.20 Briefly, the pancreas was digested in Hanks’
balanced salt solution (HBSS; Gibco) containing 1 mg/ml
collagenase-P (Roche) for 15 min at 37◦C. The digestion
was stopped by adding HBSS containing 1 mM CaCl2.
The pellets were resuspended in a pre-wetted 70 μm cell
strainer and the captured islets were maintained in RPMI
1640 (Gibco) containing 10% FCS, 20 mM L-glutamine
(Gibco) and 100 U/L penicillin/streptomycin (Gibco) at
37◦C in a 5% CO2 environment.

2.14 Transfection, drug treatment and
fluorescence staining of primary islet cells

Isolated islets were seeded in 24-well plates and main-
tained in RPMI containing 10% FCS, 20 mM L-glutamine,
and 100 U/L penicillin/streptomycin with or without
KY19334. For transient transfection, islets were transfected
with siRNAusing lipofectamine (Invitrogen) inOpti-MEM
(Gibco). Islet cells were fixedwith 4% paraformaldehyde in
PBS for 30 min at 20◦C. The cells were then permeabilized

and blocked with 0.5% Triton X-100 and 5% BSA in PBS for
30min at 20◦C. Cells were then incubated overnight at 4◦C
with the following dilutions of primary antibodies: anti-
insulin (1:500, I2018, Sigma-Aldrich) and anti-Ki67 (1:100,
ab15580, Abcam). Additionally, the cells were incubated
with Alexa Fluor 488-conjugated (1:300, A-11001, Invitro-
gen) or Alexa Fluor 555-conjugated IgG secondary anti-
body (1:300, A-21428, Invitrogen) at 20◦C for 1 h and coun-
terstained with DAPI (1:5,000, D9564, Sigma-Aldrich). The
stained cells were captured using an LSM700 META con-
focal microscope (Carl Zeiss) after excitation with 405, 488
or 543 nm laser lines.

2.15 Glucose-stimulated insulin
secretion (GSIS) assay

After 3 days of transfection or drug treatment, islets were
incubated in KRBH buffer containing 10 mM HEPES,
20 mM NaHCO3, 0.2% BSA and 2.8 mM glucose for 1 h for
equilibration. To measure GSIS, the equilibration medium
was replaced with KRBH buffer enriched with different
glucose concentrations (low glucose, 2.8mM;high glucose,
16.7 mM) and incubated for 1 h at 37◦C. At the end of each
incubation, the media were collected. Secreted insulin was
detected using an insulin enzyme-linked immunosorbent
assay kit (Millipore).

2.16 β-Cell mass measurement

β-Cell mass from the insulin antibody-stained sections
was measured using HistoQuest software (TissueGnos-
tics). The cross-sectional area occupied by all β-cells in the
pancreas was quantified. Total β-cell area and total pancre-
aticmass for each animal were calculated as the sum of the
determinations from each of the 8–10 segments of the pan-
creas. A total of 1000–1500 β-cells were counted for each
pancreas. Total β-cell mass for each pancreas was deter-
mined as the product of the total cross-sectional β-cell area
over the total tissue area and the weight of the pancreas
before fixation.

2.17 Quantitation of signal intensity

For immunofluorescent staining, the intensity was anal-
ysed with NIS Elements V3.2 software (Nikon). The blue
channel was used as a reference to visualise the nuclei, and
the threshold was defined for red, green or blue channels.
Mean intensity was calculated in the red and green chan-
nels separately, andmean valueswere estimated fromanal-
yses of three independent experiments.
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F IGURE 1 Expression of CXXC5, an inhibitor of the Wnt/β-catenin pathway, in human adipose tissues of patients with obesity-induced
diabetes. (A) Hierarchical clustering and heat-map of RNA-seq data in visceral adipose tissues from women with obesity-induced diabetes
(n = 5 for all groups). The colour scale shows Z-score fragments per kilobase of transcript per million mapped reads representing the mRNA
levels of each gene in the blue (low expression) to red (high expression) coloured scheme. (B) Gene set enrichment analysis of microarray
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2.18 Statistical analysis

Data are presented as themeans± standard deviation (SD).
Statistical analyseswere performedusing an unpaired two-
tailed Student’s t-test. Asterisks denote statistically signifi-
cant differences (*p < 0.05, **p < 0.01, ***p < 0.001).

3 RESULTS

3.1 CXXC5 is upregulated with
suppression of the Wnt/β-catenin target
genes involved in the metabolism of
visceral fat tissues in patients with
obesity-related diabetes

The clinical implications of the functional roles of CXXC5
in metabolic diseases and their relationship with Wnt/β-
catenin signalling were investigated in human adipose tis-
sues. As shownbymicroarray analyses,mRNA levels of the
Wnt/β-catenin signalling target genes related to metabolic
diseases, including TCF7L2, WISP-1, IGF-1 and PPARδ,
were lower in the visceral adipose tissues from patients
with T2DM than in tissues from non-diabetic subjects
(Figure 1A and B). In contrast, the mRNA levels of CXXC5
and DKK-1, which are negative regulators of the Wnt/β-
catenin signalling, were high in the visceral adipose tissues
of patients with obesity-related T2DM (Figure 1A and C).
The increment of CXXC5mRNA levels in adipose tissues of
patients with insulin-resistant obesity-related T2DM was
confirmed (Figure 1D–F). CXXC5 was highly expressed in
subcutaneous and visceral adipose tissues of the obese-
diabetes patients especially at the F4/80+ crown-like struc-
tures (CLSs) of adipose tissues, compared to that in lean
non-diabetic subjects (Figures 1G and S1A and B). How-
ever, β-catenin was expressed in both the nucleus and
cytosol of adipose tissue cells of lean non-diabetic sub-

jects but was mostly abolished in cells from patients with
obesity-related diabetes (Figure 1G).Moreover, CXXC5 and
β-catenin levels were correlated (Figure 1H) and inversely
correlated (Figure 1I), respectively, with body mass index
(BMI) in visceral fat tissues. The mRNA expression lev-
els of Cxxc5were significantly and selectively upregulated,
whereas those of Wnt/β-catenin signalling target genes
were downregulated in metabolic target tissues, such as
epididymal white adipose tissue (epiWAT), subcutaneous
white adipose tissue (scWAT) and the liver of HFD-fed
mice compared to that of NCD-fed mice (Figures 2J and
S2). Additionally, protein levels of Cxxc5 were increased
with a decrement of β-catenin in epiWAT, scWAT and liver
tissues in HFD-fed mice (Figure 2K). Overall, CXXC5 was
specifically induced in the subcutaneous and visceral adi-
pose tissues of patients with T2DM.

3.2 Cxxc5−/− mice resist to the
development of HFD-induced obesity and
metabolic disease phenotypes

To evaluate the systemic roles of CXXC5 in obesity-related
metabolic diseases, Cxxc5+/+ and Cxxc5−/− mice were fed
either an HFD or NCD for 8 weeks. HFD-induced obe-
sity did not occur in Cxxc5−/− mice (Figures 2A and
S3A), and their body weights were similar to those of
Cxxc5+/+ mice fed NCD (Figure 2B) without alterations in
food intake (Figure S3B). Consistent with reduced obesity,
HFD-fedCxxc5−/−mice exhibitedmarkedly improved glu-
cose tolerance and insulin sensitivity (Figure 2C–E), with
improved levels of metabolic parameters, including lep-
tin, resistin, adiponectin, TGs, total cholesterol and HDL-
cholesterol levels (Figure S4). In contrast, on the NCD,
neither Cxxc5+/+ nor Cxxc5−/− mice exhibited differences
in insulin sensitivity, serum levels of glucose, TGs and
adipose tissue weight (Figure S5A–D). The roles of the

transcriptome data from BMI-matched patients with diabetes for Wnt/β-catenin signalling-activated gene signature. Black columns indicate
83 enriched genes in visceral adipose tissues of subjects with normal glucose tolerance or diabetes, involving the Wnt/β-catenin signalling
pathway (n = 17 for all groups). NES, normalized enrichment score; ES, enrichment score; FDR, false discovery rate. (C–F) Expression levels
of CXXC5 in visceral adipose tissues from lean and obese subjects (GEO: GSE16415, GSE15773, GSE27951, GSE2508) (C), in visceral adipose
tissues from BMI-matched obese patients suffering from insulin sensitivity and resistance (n = 5 per group) (D), in subcutaneous adipose
tissues from subjects with normal glucose tolerance (NGT), impaired glucose tolerance (IGT) and T2DM (n = 4 per group) (E), in
subcutaneous adipose tissues from lean and obese subjects (n = 10 per group) (F). Expression levels of mRNA were normalized by
non-diabetes (C), insulin sensitive (D), NGT (E), lean group (F). (G–I) Visceral adipose tissues from human subjects that were lean, obese,
diabetic and obese-diabetic (n = 4 per group). Representative IHC images of CXXC5 and β-catenin in visceral adipose tissue and quantitative
analyses of IHC staining for CXXC5 and β-catenin (G: upper panel). The quantitative mean intensity value of IHC staining of CXXC5 and
β-catenin was performed (G: lower panel), correlation of CXXC5 expression (H) and β-catenin expression (I) with BMI. (J, K) Cxxc5+/+ mice
were fed HFD or NCD for 8 weeks (n = 6 per group). Relative Cxxc5mRNA expression in epiWAT, scWAT, liver, pancreas, kidney, muscle and
heart tissues was normalized by NCD-fed mice group (J) and β-catenin and Cxxc5 expression in epiWAT, scWAT and liver tissues (n = 3 per
group) (K). Scale bars = 100 μm. All data are presented as the mean ± SD. *p < 0.05, ***p < 0.001 determined by Student’s t-test. #p < 0.05,
##p < 0.01, ###p < 0.001 determined by Tukey’s post hoc test
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F IGURE 2 Ablation of Cxxc5 resists obesity-related insulin resistance and hepatosteatosis in HFD-fed mice. (A–E) Cxxc5+/+ and
Cxxc5−/− mice were fed HFD or NCD for 8 weeks (n = 9–13 per group). Representative photographs of HFD-fed Cxxc5+/+ and Cxxc5−/− mice
(A), body weight (B), fasting glucose levels (C), glucose tolerance test (D) and insulin tolerance test (E) and area under the curve (AUC). (F, G)
epiWAT from Cxxc5+/+ and Cxxc5−/− mice fed HFD for 8 weeks (n = 9–13 per group). Representative images of IHC staining for β-catenin,
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Wnt/β-catenin signalling suppressor Cxxc5 in metabolic
disease-related phenotypes were confirmed in the epiWAT
of HFD-fed Cxxc5−/− mice, which had smaller adipocytes
and decreased expression levels of F4/80, Cd11b proinflam-
matory markers in the CLSs with decreased and increased
expression of M1 and M2 macrophage markers, respec-
tively (Figures 2F and G and S6A and B). On the HFD,
in epiWAT, expression levels of the Wnt/β-catenin sig-
nalling target genes were higher, whereas those of the
late adipocyte differentiation markers, such as Pparγ and
Cebpαwere decreased inCxxc5−/−mice compared to those
in Cxxc5+/+ mice (Figure 2H). Differently with Cxxc5+/+
mice, Cxxc5−/− mice did not exhibit significant hepatic
steatosis induced by the HFD (Figure 2I). The expression
levels of gluconeogenic genes weremarkedly reducedwith
the increment of Wnt/β-catenin signalling target genes in
the livers of HFD-fed Cxxc5−/− mice (Figure 2J). Thus,
HFD-induced adipocyte hypertrophy and hepatic steatosis
were abrogated in Cxxc5−/− mice.

3.3 KY19334 resulted in sustained
glucose control with inhibition of the
HFD-induced metabolic disease
phenotypes

To examine whether the blockade of CXXC5 function,
especially its interaction with Dvl in the cytosol, could
restore Wnt/β-catenin signalling and exert anti-diabetic
properties, we selected 5-methoxyindirubin-3′-oxime
(KY19334), one of the small molecules that activates
Wnt/β-catenin signalling by releasing the CXXC5-
mediated negative feedback regulation. KY19334 is a
derivative of indirubin-3-oxim (I3O), which was screened
using an in vitro high-throughput screening system to
monitor CXXC5-Dvl PPI and secondarily TOPFlash Wnt
reporter activity, followed by chemical synthesis of 80
analogues for improvement.16
Oral administration of KY19334 (25 mg/kg) suppressed

fasting glucose levels of HFD-fed mice as effectively as
the representative drug sitagliptin at 50 mg/kg, the opti-
mal dosages.21 The fasting glucose level was effectively
decreased by KY19334 treatment, as it was by sitagliptin,
but re-increment of glucose level after the termination
of KY19334 administration was much lower than that
shown by treatment of sitagliptin (Figure 3A). The glucose-

controlling effect of KY19334, but not sitagliptin, per-
sisted for 3 more weeks after the second application
(Figure 3A). This prolonged effect was not observed in the
sitagliptin treatment groups (Figure 3A). KY19334 treat-
ment significantly improved systemic glucose tolerance
and insulin resistance compared with sitagliptin treat-
ment in HFD-fed mice (Figure 3B and C). Consistent with
the improvement in insulin resistance by KY19334 treat-
ment in HFD-fed mice, body weight was decreased with-
out significant changes in food intake (Figure S7A and
B). The inhibition of HFD-induced body weight gain by
KY19334 treatment was attributed to reducing overall fat
mass, especially in adipose and liver tissues (Figures 3D
and S7C). Additionally, KY19334 showed much better
effects than sitagliptin in the improvement of endocrine
and metabolic parameters, including total cholesterol,
HDL-cholesterol, TGs and adiponectin levels (Figure S7D
and E). As confirmed by protein chip analyses, KY19334
decreased the expression levels of various adipokines
such as angiopoietin-3, DPP4, IGFBP-5, leptin, resistin
and PAI-1, which are implicated in obesity-related insulin
resistance (Figure 3E). The improved insulin resistance
of HFD-fed mice could have resulted from a reduction
in inflammatory responses accompanying tissue remod-
elling in the epiWAT.22 KY19334 treatment significantly
decreased the expression levels of F4/80 and Cd11b in
CLSs, and the size of adipocytes in epiWAT compared to
vehicle- and sitagliptin-treated mice (Figures 3F and S8A
and B). The cytosolic Cxxc5 was highly expressed with
decreased expression of β-catenin in the F4/80+ CLSs
(Figure 3G andH), whereas nuclear β-cateninwas elevated
after KY19334 treatment (Figure 3G and I). The mRNA
expression levels of all M1 and M2 macrophage marker
genes were decreased and increased, respectively, in the
epiWAT of KY19334-treated mice (Figure S8C). Addition-
ally, theWnt/β-catenin signalling target genes were upreg-
ulated with the downregulation of lipogenesis genes in the
epiWAT of KY19334-treated mice (Figure S8D and E).

3.4 KY19334 reduces hepatic steatosis
and improves glucose homeostasis

Hypertrophic adipose tissue releases excess FFAs, taken
up by hepatocytes and stored as TGs, resulting in hep-
atic steatosis and insulin resistance.23 Liver tissues from

Cxxc5 (F), F4/80 and Cxxc5 (G: left panel) and the correlation of cytosolic Cxxc5 with the number of CLSs (G: right panel). (H) Relative
expression levels of Wnt/β-catenin pathway target (left panel) and adipogenesis (right) genes. Expression levels of mRNA were normalized by
HFD-fed Cxxc5+/+ mice group. (I, J) Liver tissue from Cxxc5+/+ and Cxxc5−/− mice fed HFD for 8 weeks (n = 9–13 per group). Representative
images of H&E staining and Oil Red O staining (I: left panel) and TG concentration in the liver tissue (I: right panel) and relative mRNA
expression levels of Wnt/β-catenin signalling target and gluconeogenic genes (J). Expression levels of mRNA were normalized by HFD-fed
Cxxc5+/+ mice group. Scale bars = 100 μm. All data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 determined by
Student’s t-test
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F IGURE 3 Treatment with KY19334, CXXC5-Dvl PPI inhibitor, improves obesity-related insulin resistance with long-lasting effect.
C57BL/6 mice fed NCD or HFD for 18 weeks were p.o. administered KY19334 (25 mg/kg/d) or sitagliptin (50 mg/kg/d) for 5 days on weeks 8
and 12 (n = 10 per group). (A) Fasting glucose. (B) Glucose and insulin tolerance tests and area under the curve (AUC). (C) Plasma insulin
concentration in the overnight fasted state (left panel) and HOMA-IR (right panel). (D) Percentage of fat and lean mass. (E) The mouse
adipokine and adipokine-related protein array in plasma (left panel). The quantification mean intensity values of proteins of angiopoietin-like
protein-3 (ANGPTL-3), DPP4, IGFBP-5, Leptin, Resistin and PAI-1 (right panel). (F) Flow cytometry analysis of the expression of F4/80 and
Cd11b and percentage of F4/80+Cd11b+ cells are shown. (G) Representative IHC images for β-catenin, Cxxc5. (H) Representative IHC images
for F4/80 and Cxxc5. (I) The correlation of cytosolic Cxxc5 and nucleus β-catenin expression with the number of CLSs. Scale bars = 100 μm.
All data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 determined by Student’s t-test
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KY19334-treated mice on the HFD did not form lipid
droplets and had reduced hepatic TG levels (Figure 4A).
The HFD-induced increase in factors indicating liver dam-
age, such as ALT, AST and FFAs, was mostly suppressed
by KY19334 treatment, and these liver protective effects
were more significant than those shown by sitagliptin
treatment (Figure 4B–D). Consistent with the histological
data, expression levels of lipogenesis and gluconeogene-
sis genes were suppressed with the induction of Wnt/β-
catenin signalling target genes in the livers of KY19334-
treated mice (Figure 4E–G). Overall, KY19334 improved
systemic metabolic homeostasis accompanied by restora-
tion of tissues similar to the intact form and suppressed
inflammation, which were not achieved by sitagliptin.

3.5 KY19334 enhances energy
expenditure by increasing the thermogenic
activity of beige-fat tissues

The KY19334 effects in tissue remodelling were further
shown by the browning of adipocyte tissue with an incre-
ment of the mitochondrial biogenesis markers, includ-
ing the major thermogenin UCP1 and beige-fat markers,
and the Wnt/β-catenin signalling target genes involved in
energy metabolism in the scWAT of mice fed the HFD
(Figure 5A–C). The stimulation of adipose tissue brown-
ing without alteration in food intake indicated a potential
enhancement in energy consumption in KY19334-treated
mice on an HFD. KY19334-treated mice consumed higher
levels of VO2 and exhaled higher levels of VCO2 during
both the light and dark periods than those of the vehicle-
treated mice (Figure 5D and E). KY19334-treated mice
also showed higher energy expenditures and more active
behavior than vehicle-treated mice (Figure 5F and G). The
lower respiratory exchange ratio of KY19334-treated mice
increased fat usage (Figure 5H). Therefore, blockade of
Cxxc5 function promoted energy expenditure by enhanc-
ing the thermogenic activities of both brown and beige fats.

3.6 KY19334 reverses diabetes
phenotypes and promotes pancreatic β-cell
regeneration in HFD and
streptozotocin-treated diabetic mice

Considering that loss of functional β-cells is crucial dur-
ing late-stage diabetes,24 we investigated whether KY19334
could reverse diabetes by promoting pancreatic β-cell
regeneration in HFD-fed and the STZ-induced diabetes
mellitus (DM) mouse model.25 The STZ-induced diabetic
phenotypes, including hyperglycaemia, insulin resistance,
and pancreatic dysfunction, were improved by KY19334,

and the effects were more significant than those of
sitagliptin (Figure 6A–D). These results of the KY19334
treatment were correlated with enhanced insulin secre-
tion levels (Figure 6D) and plasma levels of active GLP-
1 (Figure 6E), one of the Wnt/β-catenin pathway target
genes, which stimulate insulin secretion from pancreatic
β-cells in a glucose-dependent manner.21 Pancreatic β -
cells, which were destroyed in diabetic mice, were signif-
icantly restored by KY19334, and their functionality was
confirmed by glucose-stimulated insulin and C-peptide
secretion (Figure 6F–H). The expression levels of prolif-
eration markers, Pdx-1 and insulin were also increased
by KY19334 treatment, indicating that the functionality
of the regenerated pancreatic β-cells was enhanced by
KY19334 (Figure 6I). The role of KY19334-induced recov-
ery of Wnt/β-catenin signalling in the regeneration of pan-
creatic β-cells was indicated by the specific increase in β-
catenin levels andWnt/β-catenin signalling target genes in
the cells (Figure 6I and J). The role of Cxxc5 in the regen-
eration of functional β-cells was confirmed by the KY19334
mimetic effects on Cxxc5−/− diabetic mice (Figure S9A–J).

4 DISCUSSION

Diabetes is one of the major metabolic diseases related to
obesity, and current drugs result in the transient glucose-
controlling effect due to their function through enhance-
ment of glucose uptake into insulin sensitive tissues such
as liver and pancreas.3
In this study, we suggested a new therapeutic approach

that results in a long-lasting glucose-controlling effect by
restorative activation of the damaged metabolic tissues
by over-nutrition. The improvement of overall metabolic
dysfunction by controlling Cxxc5 function either by the
CXXC5-Dvl PPI inhibitor or by Cxxc5 knockout could be
achieved by the restorative inductions of multiple Wnt/β-
catenin pathway target genes involved in adult stem cell
activation, especially those related to pathophysiological
roles in metabolic diseases.7,26,27
The long-lasting glucose-controlling effect of KY19334

accompanying systemic metabolic improvement could be
achieved by remodelling of adipose tissues by recovery of
the suppressedWnt/β-catenin signalling and subsequently
inhibits of themetabolic target genes involved in adipogen-
esis, lipogenesis and inflammation in matured adipocytes.
The therapeutic effects of KY19334 were also attributed

to enhanced energy expenditure, which is consistent with
the substantial upregulation of genes enhancing thermo-
genesis and browning of WAT.28 Additionally, restora-
tion of functional pancreatic β-cells through Wnt/β-
catenin signalling activation29 by the long-term treatment
with KY19334 also resulted in sustained blood glucose
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F IGURE 4 KY19334 treatment improves hepatic glucose homeostasis. C57BL/6 mice fed NCD or HFD for 18 weeks were p.o.
administered KY19334 (25 mg/kg/d) or sitagliptin (50 mg/kg/d) for 5 days on weeks 8 and 12 (n = 10 per group). (A) Representative images
(n = 10 independent experiments) of the liver, H&E staining and Oil Red O staining. (B) TG concentration in the liver tissues. (C) Plasma
concentration of FFA. (D) Plasma concentration of ALT and AST. (E–G) Relative mRNA expression of lipogenesis (E), gluconeogenesis (F)
and Wnt/β-catenin signalling target genes (G) was normalized by vehicle-treated HFD mice group. All data are presented as the mean ± SD.
*p < 0.05, **p < 0.01, ***p < 0.001 determined by Student’s t-test
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F IGURE 5 KY19334 treatment increases energy expenditure. C57BL/6 mice fed NCD or HFD for 18 weeks were p.o. administered
KY19334 (25 mg/kg/d) or sitagliptin (50 mg/kg/d) for 5 days on weeks 8 and 12 (n = 10 per group). (A) Representative images (three total
images per group) of UCP1 immunohistochemistry in scWAT. (B, C) Relative mRNA expression levels of Wnt/β-catenin signalling target
genes (B), mitochondrial biogenesis and beige fat markers (C) were normalized by vehicle-treated HFD mice group. (D) Oxygen
consumption. (E) Carbon dioxide production. (F) Energy expenditure normalized for body mass (left panel). Correlation of energy
expenditure by body mass using covariance (middle and right panel). (G) Cumulative ambulatory counts. (H) Respiratory exchange ratios.
Scale bars = 100 μm. All data are presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 determined by Student’s t-test
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F IGURE 6 KY19334 treatment restores β-cell mass and functions in HFD-fed and STZ-induced diabetes mellitus (DM) mice. C57BL/6
mice fed NCD or HFD for 4 weeks followed by injection with STZ (50 mg/kg/d) for 1 week. Afterward, mice were p.o. administered KY19334
(25 mg/kg/d) or sitagliptin (50 mg/kg/d) for 4 weeks (n = 6 per group). (A) Non-fasting blood glucose levels. (B) Glucose tolerance and insulin
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tolerance test and AUC. (C–E) The concentration of plasma C-peptide (C), insulin (D) and serum active GLP-1 (E). (F–H) Isolated islets from
the pancreas of NCD or DMmice treated with DMSO or KY19334 for 72 h. The concentration of secreted insulin (F) and C-peptide (G) from
islets in response to different concentrations measured after incubation for 1 h with either low (2.8 mM) or high (16.7 mM) glucose in KRBH
buffer. (H) Representative images of immunofluorescent staining for insulin and Ki67 (upper panel). Quantitative analyses of insulin- and
Ki67-positive cells, respectively, in the islets (lower panel). (I) Representative images of IHC staining of the pancreas for insulin, β-catenin,
PCNA, Pdx-1 and Ki67. Arrows indicate proliferating β-cells (upper panel). Quantitative analyses of insulin-positive β-cell mass, PCNA, Pdx-1
and Ki67 positive cells in pancreatic tissues (lower panel). (J) Relative mRNA expression of Wnt/β-catenin signalling target genes. Expression
levels of mRNA were normalized by vehicle-treated HFD mice group. Scale bars = 100 μm. All data are presented as the mean ± SD.
*p < 0.05, **p < 0.01, ***p < 0.001 determined by Student’s t-test. DM: Diabetes mellitus; β-cat: β-catenin

control. Differently, the prolonged glucose-controlling
effect of KY19334 did not occur with sitagliptin which is
a peripheral tissue-targeting drug.
The pathological significance of the blockade of CXXC5-

Dvl PPI was indicated by the high overexpression of
CXXC5 in obese patients with diabetes and its inverse cor-
relation with the major metabolic genes directly subjected
to regulation by Wnt/β-catenin signalling, such as GLP1,
TCL7L2,WISP1, c-MYC, CCND1, and PPARδ .27,30,31 Block-
ade of the CXXC5-Dvl PPI as a strategy for the treatment
of metabolic diseases was further supported by the simi-
lar physiological improvement of metabolic abnormalities
in bothCxxc5−/−mice andKY19334-treatedCxxc5+/+mice
fed an HFD. Moreover, the significance of CXXC5 as a tar-
get for metabolic diseases was indicated by the absence
of phenotypes of metabolic abnormalities resulting from
Cxxc5 loss.
Although previous studies supporting the role of GSK3β

inhibitors in metabolic improvements through the Wnt/β-
catenin signalling activation,32 the GSK3β inhibitory
effects could be attenuated by induction of the negative
feedback regulator of CXXC5.33 Thus, inhibition of GSK3β
activity with CXXC5-Dvl PPI by KY1933416 could result in
optimal activation of Wnt/β-catenin signalling and pro-
vide subsequent therapeutic effects. The prolong activa-
tion of the Wnt/β-catenin signalling by release of the neg-
ative feedback mechanism by CXXC5 function, differently
with the direct activation by inhibition of the GSK3β alone,
could offer an effective approach for long-lasting glucose-
controlling effects, achieving remodelling of adipocytes
and regeneration of pancreatic β-cells.
Differently with the mice fed an HFD, the mice fed

a NCD did not show any significant apparent abnor-
malities in organs and tissues, including visceral WAT,
scWAT and the liver (Figure S10), suggesting safety pro-
files and the specificity of targeting CXXC5-Dvl PPI for
the development of drugs formetabolic diseases. Addition-
ally, we suggest CXXC5 as a new biomarker for metabolic
diseases, and its overexpression may be a major driver
in the pathogenesis of multiple obesity-related metabolic
diseases.

5 CONCLUSIONS

Our current reports that CXXC5, a negative regulator
of the Wnt/β-catenin pathway functioning via Dvl bind-
ing, is highly expressed in visceral adipose tissues of
obese-diabetes patients. Meanwhile, Cxxc5−/− mice fed a
high-fat diet resist to systemic metabolic dysregulation.
Administration of KY19334, a small molecule inhibiting
the CXXC5-Dvl interaction, results in long-lasting gly-
caemic controlling effect and it is correlated with adult
tissue remodelling in adaptive energy homeostasis. Over-
all, inhibition of CXXC5 function by small molecule-
mediated interference Dvl binding is a potential therapeu-
tic approach for the treatment of metabolic diseases.
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