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Abstract Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related deaths, char-

acterized by highly hypoxic tumor microenvironment. Hypoxia-inducible factor-1a (HIF-1a) is a major

regulator involved in cellular response to changes of oxygen levels, supporting the adaptation of tumor

cells to hypoxia. Bruceine D (BD) is an isolated natural quassinoid with multiple anti-cancer effects.

Here, we identified BD could significantly inhibit the HIF-1a expression and its subsequently mediated

HCC cell metabolism. Using biophysical proteomics approaches, we identified inhibitor of b-catenin and

T-cell factor (ICAT) as the functional target of BD. By targeting ICAT, BD disrupted the interaction of b-

catenin and ICAT, and promoted b-catenin degradation, which in turn induced the decrease of HIF-1a

expression. Furthermore, BD could inhibit HCC cells proliferation and tumor growth in vivo, and knock-

down of ICAT substantially increased resistance to BD treatment in vitro. Our data highlight the potential

of BD as a modulator of b-catenin/HIF-1a axis mediated HCC metabolism.
A, cellular thermal shift assay; Cyt c, cytochrome c; DARTS, drug affinity responsive target stability; HCC,

a-inducible factor-1a; HIF-1b, hypoxia-inducible factor-1b; ICAT, inhibitor of b-catenin and T-cell factor; MST,

oxygen species.
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1. Introduction

Hepatocellular carcinoma (HCC) is the leading cause of cancer
incidence death, with a five-year survival rate less than 18%1.
Although tremendous advances have been achieved in the devel-
opment of new diagnostic techniques, chemotherapeutic agents,
and therapeutic strategies, the successful treatment of HCC still
remains a critical challenge due to drug resistance, distant
metastasis, and limited survival rates2,3.

In HCC tumor microenvironment, cancer cells are frequently
exposed in a hypoxic state, and adapt to the relatively low oxygen
levels through the hypoxia-inducible factor-1a (HIF-1a) signaling
pathway4. HIF-1a exhibits a wide range of target genes5, which
functions to control a variety of signaling pathways, including
cellular metabolism, angiogenesis, metastasis, and other proper-
ties of the HCC tumors6. Clinical data demonstrate that hypoxia
and HIF-1a overexpression correlate closely with poor prognosis
in HCC patients, indicating that HIF-1a might be a promising
therapeutic target7.

Bruceine D (BD) is one of the active compounds isolated from
Brucea javanica, which has been widely used for the treatment of
oliferation and HIF-1a expression
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kit (scale bar Z 200 mm). (D) W
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-1b in HepG2 cells treated with B

dicated that the expression of HIF-1

f the HIF-1b contents. Data are sh
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dysentery, inflammation, and warts with long tradition . Mounting
evidence links B. javanica with anti-tumor effects, and the pe-
troleum ether extract of B. javanica has been approved to treat
gastrointestinal tumors, HCC, and lung cancer in China9e11. BD, a
quassinoid compound extracted from the seeds of B. javanica
(Fig. 1A), has been proved to inhibit multiple cancer cells pro-
liferation8,12,13. However, the mechanisms involved in BD-
induced inhibition of HIF-1a have not yet been demonstrated,
particularly its exact target.

Recently, several studies have focused on the interaction be-
tween WNT/b-catenin signaling and hypoxia in tumors. Coexis-
tence of b-catenin and HIF-1a has been found both in human
HCC cell lines and primary tumors, correlated with tumor
aggressiveness and poor prognosis, and their expression levels
were significantly positively related (P Z 0.034)14. In our previ-
ous report, BD could inhibit HCC growth by targeting b-catenin/
jagged1 pathways15. In present study, we demonstrated that BD
could significantly inhibit the expression of HIF-1a and HIF-1a
mediated HCC cell metabolism under hypoxic conditions. In
addition, BD could inhibit HCC cells proliferation and tumor
growth in vivo. Using biophysical proteomics approaches, we
under hypoxia in vitro. (A) Chemical structure of BD. (B) HCC cells

or 48 h. (C) HepG2 cells after treatment with BD were stained with
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identified inhibitor of b-catenin and T-cell factor (ICAT) as the
functional target of BD. By targeting ICAT, BD disrupted the
interaction of b-catenin and ICAT, and promoted b-catenin
degradation, which in turn induced the decrease of HIF-1a
expression. Similarly, several other studies have also demonstrated
that HIF-1a can be activated and enhanced by b-catenin. Our data
highlight the potential of BD as a modulator of b-catenin/HIF-1a
axis mediated HCC metabolism.

2. Materials and methods

2.1. Compounds and reagents

Bruceine D was isolated from the fruits of Brucea javanica (Linn.)
Merr in our laboratory16. For in vitro experiment, BD was dis-
solved in 100% DMSO (Sigma, 01934-1L) at a final stock con-
centration of 50 mmol/L and stored at �20 �C as single used
aliquot. The antibodies for GAPDH (5174s, 1:1000), b-actin
(3700s, 1:1000), HIF-1a (36169s, 1:1000), b-catenin (8480s,
1:1000), PKM2 (4053T, 1:1000), HK2 (2867T, 1:1000), LDHA
(3582T, 1:1000), Cyt c (11940T, 1:1000), HRP-conjugated anti-
rabbit IgG (1:5000), HRP-conjugated anti-mouse IgG (1:5000),
and Alexa Fluor 647 conjugated-anti-rat IgG (4418s, 1:1000) were
purchased from Cell signaling technology (CST, Danvers, MA,
USA). Primary antibodies for GLUT1 (ab115730, 1:1000),
GLUT3 (ab191071,1:1000), HIF-1b (ab239366, 1:1000), ICAT
(ab129011, 1:1000), HIF-1a (ab51608, 1:1000), and recombinant
ICAT (ab101468) were both obtained from Abcam (Cambridge,
UK). MCT4 (sc-376140, 1:1000) mouse IgG (sc-2025, 1:50) was
procured from Santa Cruz (OR, USA). Recombinant human ICAT
protein (ab101468) was obtained from Abcam (Cambridge, UK).
Cycloheximide (Sigma, 5087390001) and MG132 (Sigma,
SML1135) was obtained from Sigma (Shanghai, China).

2.2. Cell culture

HepG2 and Huh7 cells, originally obtained from Cell Bank of
Shanghai institute of Cell biology, Chinese Academy of Sciences
(SIBS, CAS), were cultured in DMEM (Gibco, 2120620) and
1640 (Gibco, 2192717) medium, respectively. HEK 293T,
originally obtained from ATCC, was maintained in DMEM
(Gibco, 2120620) medium. Both mediums were supplemented
with 10% fetal bovine serum (Gibco, 10091148) and 1%
penicillinestreptomycin (HyClone, SV30010). All cell lines used
in the study were cultured in a humidified incubator (Thermo
Fisher, USA) containing 5% CO2 at 37 �C. Hypoxic conditions
were performed with a hypoxia incubator chamber (Thermo
Fisher, USA) flushed with gas mixture containing 1% O2, 5% CO2

and 94% N2.

2.3. Cell viability assay

Cells were seeded in 96-well plates (5000 cells per well) and
grown overnight. After treating with different concentrations of
BD under hypoxic conditions for 48 h, the cells were incubated
with CCK-8 solution (Dojindo, Japan) 10 mL per well for another
2 h. Absorbance at the wavelength of 450 nm was detected for
further IC50 analysis. In addition, LIVE/DEAD cell viability/
cytotoxicity kit (Beyotime, C2015S) was used to evaluate cell
viabilities according to the manufacturer’s instructions. In brief,
after the treatment with BD under hypoxic conditions for 24 or
48 h, the cells were incubated with Calcein AM/PI mixture so-
lution. The fluorescent images were captured on Cytation 5
(Biotek, USA; Calcein-AM, Ex/Em Z 494/517 nm; PI, Ex/
Em Z 535/617 nm).

2.4. ROS measurement

HepG2 and Huh7 cells were cultured in 12-well plates at a density
of 2 � 104 cells per well overnight. After being incubated with BD
(10 mmol/L) for 24 h under hypoxic conditions, the cells were
gently washed with PBS and followed by the incubation with
20 mmol/L 20,70-dichlorodihydrofluorescein (DCFH; Beyotime,
S0033S) for 30 min. The images were captured with High Content
Analysis System (PerkinElmer, USA) and the fluorescence signals
were also detected by a flow cytometer.

2.5. Mitochondrial membrane potential (MMP) measurement

MMP of HCC cells were measured by using fluorescent probe JC-
1 (Beyotime, C2006) and tetramethylrosamine (TMRM, Men-
ChemExpress, HY-D0984A). The cell processing method was
consistent with the ROS detection mentioned above. After treat-
ment, the cells were gently stained with JC-1 and TMRM for
20 min at 37 �C, respectively. Also, the fluorescent intensity of JC-
1 monomers (Ex/Em Z 488/525 nm) and aggregates (Ex/
Em Z 525/590 nm) were observed on Cytation 5. The fluores-
cence signals of JC-1 (monomers and aggregates) and TMRM
(Ex/Em Z 530/592 nm) were detected by a flow cytometer.

2.6. Glucose uptake ability detection

Glucose uptake ability of HCC cells was measured by using the
Glucose Assay Kit (Cayman, 11046) as described by manufac-
turer. In brief, the cells seeded in 96-well plates (2 � 104 cells per
well) were cultured in DMEM medium (Gibco, 212059) without
glucose or carbon sources and allowed to adhere to plate over-
night. After being treated with BD under hypoxic conditions, the
cells were incubated with 100 mmol/L 2-NBDG at 37 �C for
30 min. The fluorescent intensity was detected by Cytation 5.

2.7. L-Lactate content measurement

Intracellular and extracellular lactate contents of HCC cells were
evaluated by using the L-Lactate Assay Kit (Cayman, 0521418).
The cells were cultured in DMEM basic medium supplement with
10% FBS for 24 h. After the treatment with BD under hypoxia, the
cell pellet and culture medium were harvested respectively for the
measurement of lactate content by fluorometric assay.

2.8. Cell metabolism assay

The Mito Stress Test Kit (Agilent, 103015-100), Glycolytic Rate
Assay Kit (Agilent, 103344-100), and ATP Rate Assay Kit
(Agilent, 103592-100) were used to evaluate the oxygen con-
sumption rate (OCR), glycolytic proton efflux rate (GlycoPER),
and ATP production rates through the Seahorse Bioscience XF96
extracellular flux analyzer (Agilent Technologies), respectively.
Cells were seeded into the Seahorse XF 96-well culture plates
(10,000 cells per well) and maintained in complete culture me-
dium overnight. Then the cells were incubated with BD under
hypoxia for 24 h, and the cell culture medium was replaced with
bicarbonate-free low-buffered assay medium (supplement with
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10 mmol/L glucose, 1 mmol/L pyruvate, 2 mmol/L glutamine, and
5 mmol/L HEPES) in a 37 �C CO2-free incubator for 1 h. After
base-line measurement, oligomycin, FCCP, and rotenone/anti-
mycin A were added for the detection of OCR value. Similarly,
rotenone/antimycin A and 2-DG (inhibitor of glycolysis) were
added at the time points specified according to the manufacturer’s
protocols for the measurement of GlycoPER value. Also, the ATP
production rate of mitochondrial oxidative phosphorylation and
glycolysis was measured in the presence of oligomycin and
rotenone/antimycin A.

2.9. Transient transfection

siRNA and NC oligonucleotide sequences were synthesized by
GenePharma (Shanghai, China). The sequence of siICAT and sib-
catenin were list in Supporting Information Table S1. The plas-
mids coding wild type and mutant peGFP-ICAT were synthesized
by GenScript Biotechnology Co., Ltd. (Nanjing, China). The se-
quences of the wide type and mutant peGFP-ICAT plasmid oli-
gonucleotides were listed in supporting information (Supporting
Information Table S2). Transfection was performed with Trans-
Mate (GenePharma) according to the manufacturer’s protocols.
Cells were harvested for assay 48 h after transfection.

2.10. Drug affinity responsive target stability (DARTS) assay

HepG2 and Huh7 cells were lysed in 500 mL NP-40 containing
freshly added protease (Roche, 4693116001) and phosphatase
inhibitors (Roche, 4906837001), respectively. The cell lysate was
equally divided into two tubes and then incubated with BD
(100 mmol/L) and an equal volume of DMSO for 1 h at room
temperature, respectively. After incubation, the mixture was
divided into 100 mL aliquot in tubes and digested with pronase
(Roche, 10165921001) in various doses at room temperature for
30 min. Then the digestion was stopped by adding protease in-
hibitors, and the samples were used for mass spectrometry (Q
Exactive HF-X, Thermo Fisher, USA) experiment and Western
blot analysis.

2.11. Microscale thermophoresis (MST)

The MST measurement for the binding of BD to ICAT was per-
formed using Monolith NT.115 (NanoTemper). In brief, the HEK
293T cell lysate was collected after 48 h transfection with the wide
type or mutant pEGFP-ICAT plasmid. The level of ICAT/EGFP
was verified by measuring the total fluorescence. For binding
studies, the lysate was diluted 100-fold using standard buffer
[50 mmol/L HEPES (pH 7.5), 50 mmol/L NaCl, 10 mmol/L
CaCl2, 5 mmol/L DTT, and 0.05% Tween-20] to provide the
optimal level of the fluorescent protein in the binding reaction17.
BD was titrated at a 1:1 diluted 16 times beginning at a concen-
tration of 1 mol/L. Subsequently, 5 mL cell lysate was mixed with
5 mL BD in different concentrations. After 15 min incubation at
room temperature, all the samples were loaded into MST NT.115
standard glass capillaries and measurement was carried out at 20%
MST power and 75% excitation power using the MO. Control
software.

2.12. Cellular thermal shift assay (CETSA)

This assay was performed as previously described18. Briefly, the
lysate of HepG2 and Huh7 cells was equally divided into two
tubes and then incubated with BD (100 mmol/L) and DMSO for
1 h at room temperature, respectively. After incubation, the
mixture was divided into 100 mL aliquot in tubes and heated for
4 min at the indicated temperature. After cooling for 4 min at
room temperature, the samples were boiled immediately after
adding SDS-PAGE loading buffer and analyzed by Western blot.
2.13. Western blot analysis

HCC cells were treated with various concentrations of BD as
mentioned previously, then, the cells were collected and lysed in
ice-cold NP-40 buffer containing protease inhibitors. The total
protein was quantified with BCA assay kit (Beyotime, P0010S).
Then the proteins were separated in SDS-PAGE and transferred
onto PVDF membranes (GE, 10600021). The PVDF membranes
were blocked in Tris-buffered saline containing 1% Tween-20
(TBST, pH 7.4) with 5% non-fat milk and incubated with primary
antibodies. After washing with TBST three times, the membranes
were incubated with secondary antibodies. Detection was
performed by gel Imaging System (Tanon, China), and the
bands were analyzed by densitometry using Image J software
(NIH, USA). GAPDH or b-actin was used as an internal control.
2.14. Quantitative real-time PCR analysis

Total RNA from the cells was extracted with Trizol (Invitrogen
Carlsbad, CA, USA) according to the manufacturer’s protocols.
The SYBR Green-based qRT-PCR (Thermo Fisher) was per-
formed to examine the relative HIF-1a mRNA level which was
normalized with GAPDH. The sense and antisense primers for
HIF-1a were 50-CTCAAAGTCCGACAGCCTCA-30 and 50-
CCCTGCAGTAGGTTTCTGCT-30; for GAPDH were 50-CACC-
CACTCCTCCACCTTTG-30 and 50-CCACCACCCTGTTGCTG-
TAG-30.
2.15. Immunofluorescence analysis

HepG2 cells were plated on 35 mm glass plates and treated with
10 mmol/L BD for 24 h under hypoxic conditions. Then the cells
were incubated with HIF-1a or HIF-1b (1:200) antibody after
washing with PBS, and followed by incubating with the
fluorescent-labeled secondary antibody. After DAPI staining, the
fluorescence images were captured by using GE DeltaVision
OMX SR (GE, USA). Cells without BD treatment were used as
control.
2.16. Co-immunoprecipitation (Co-IP)

HepG2 cells were seeded in 10 cm culture dishes overnight and
incubated with 10 mmol/L BD or equal amount of DMSO, and
exposed to hypoxia for 3 h. After incubation, the cells were
collected and lysed in 300 mL pre-cooled IP lysis buffer (Beyo-
time, P0013) containing freshly added protease and phosphatase
inhibitors. The equal amounts of protein samples were adjusted to
500 mL and incubated with indicated antibodies overnight, and
then incubated with a mixture of Protein A beads (Santa Cruz) for
4 h at 4 �C. The beads were collected and washed with pre-cooled
IP lysis buffer three times. Finally, the samples were eluted in
2 � SDS loading buffer (Epizyme, LT103) for Western blot
analysis.
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2.17. Animal experiment

Five-week-old male BALB/c nude mice were obtained from
Shanghai Slake Experimental Animal Co., Ltd. and housed under
specific pathogen-free conditions. All the animal experiments
were approved by Committee on the Ethic of Animal experiment
of the Shanghai University of Traditional Chinese Medicine
(SHUTCM), which complied with the national and international
guidelines. For in vivo studies, 5 � 106 Huh7 cells in 100 mL
serum-free culture medium were subcutaneously injected into the
right flanks of mice. When the tumor volume reached
70e100 mm3, the mice were randomly divided into 3 groups
(n Z 5 per group): control and BD (0.75, and 1.5 mg/kg). PBS or
BD was administered daily via tail vein injection for 14 days. The
tumor volume and body weight were monitored every two days.
Tumor volume was calculated using Eq. (1):

Volume (mm3) Z Length � (Width2)/2 (1)

After two weeks, the mice were sacrificed and tumors were
stained for hematoxylin and eosin (H&E), TUNEL, Ki-67, HIF-
1a, and b-catenin. Also, protein expression of HIF-1a, b-catenin,
GLUT1/3, and LDHA was detected using Western blot.

2.18. Statistical analysis

Statistical analysis was conducted by using GraphPad Prism 7.0
software (La Jolla, CA, USA). Data were presented as
means � standard deviation (SD) from at least three-independent
Figure 2 BD induced metabolic reprogramming in HCC cells under hyp

of HIF-1a, GLUT1/3, HK2, PKM2, LDHA and MCT4 in HepG2 (A) an

HepG2 (C) and Huh7 (D) cells. Treatment with BD for 24 h under hypoxia

manner (E). Using L-Lactate Kit assay, BD treatment for 24 h decreased int

are shown as mean � SD (n Z 3). * and #P < 0.05, ** and ##P < 0.01,
experiments. All experiment data were statistically evaluated by
using two-tail student’s t-test or one-way ANOVA with Tukey’s
multiple comparison tests. Values of P < 0.05 were considered
significant.

3. Results

3.1. BD exhibited anti-cancer activity and inhibited cell
proliferation in vitro

HCC constantly suffer from hypoxia because of faculty vascu-
larization and intense metabolic activity4. To assess the cytotoxic
effect of BD on HCC cells under hypoxic conditions, HepG2 and
Huh7 cells were treated for 48 h with different concentrations of
BD. CCK-8 assay exhibited that BD could dose-dependently
inhibit HepG2 and Huh7 cell viability under hypoxic conditions.
The IC50 values were 8.34 and 1.89 mmol/L, respectively
(Fig. 1B). The anti-cancer effects of BD (10 mmol/L) were further
confirmed by the Calcein-AM and PI dual staining assay. These
results reveal strong time-dependent inhibition of HepG2 and
Huh7 proliferation (Fig. 1C and Supporting Information Fig. S1).

Hypoxia in HCC cells trigger overexpression of HIF-1a, and
clinical research has confirmed that overexpression of HIF-1a is
associated with cancer progression and shorter survival in HCC
patients14. To investigate the effects of BD on HIF-1a expression
in HCC cells, we incubated HepG2 and Huh7 cells with BD and
exposed the cells to hypoxia (1% O2) for 12 h. As shown in
Fig. 1D and E, HIF-1a expression was strongly suppressed by BD
from 2.5 to 15 mmol/L in two cell lines, respectively. Similarly,
oxic conditions. BD treatment for 24 h reduced the protein expression

d Huh7 (B) cells. Statistical assay of the relative protein contents in

(1% O2) decreased glucose uptake of HCC cells in a dose-dependent

racellular and extracellular lactate levels of HCC cells (F and G). Data

*** and ###P < 0.001 versus the hypoxia alone group.
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immunofluorescence revealed that the expression of the HIF-1a
was significantly reduced in HepG2 cells with BD treatment at
10 mmol/L (Fig. 1F). In contrast to the significant decrease of HIF-
1a levels after treatment with BD from 2.5 to 15 mmol/L, the
expression of HIF-1b only declined at high concentration of BD
(15 mmol/L) in Huh7 cells (Fig. 1FeH).

3.2. BD inhibited glucose metabolism in HCC cells under
hypoxic conditions

Activation of HIF-1a pathway amplifies glycolysis by upregulat-
ing expression of many metabolism-related target genes such as
GLUT1/3, PKM2, HK2, LDHA, MCT, thereby potentiating en-
ergy production to support tumor growth19. Here, BD was proved
to suppress the expression of GLUT1/3, PKM2, HK2, LDHA,
MCT4 in HepG2 and Huh7 cells from 2.5 to 15 mmol/L
(Fig. 2AeD). To investigate whether BD regulated the aerobic
glycolysis of HCC cells, we first used fluorescence labelled
glucose 2-NBDG to measure glucose uptake in HCC cells. These
results indicate that BD significantly decreased the glucose uptake
in a dose-dependent manner (Fig. 2E). In addition, BD treatment
decreased intercellular and extracellular L-lactate concentrations
(Fig. 2F and G), indicating that BD could reduce L-lactate pro-
duction and efflux of HCC cells under hypoxia.

Previous results demonstrated that BD could inhibit glucose
uptake, L-lactate production, and L-lactate efflux in HCC cells.
Therefore, we further explored whether BD had an inhibition ef-
fect on oxygen consumption rate (OCR), an indicator of mito-
chondrial respiration, as well as glycol-PER, which reflected
glycolytic flux20. These results show that the OCR and glyco-PER
Figure 3 BD induced metabolic reprogramming in HCC cells under hy

hypoxia (1% O2) significantly decreased glycolytic capacity of HepG2

Treatment with BD for 24 h under hypoxia (1% O2) significantly inhibite

Treatment with BD at different concentrations could decrease ATP produ

formed by the Agilent’s Seahorse Bioscience XF96 Extracellular Flux Ana
##P < 0.01, *** and ###P < 0.001 versus the hypoxia alone group.
were significantly reduced after BD treatment for 24 h
(Fig. 3AeD, 3EeH), indicating that BD reduced the rate of
glycolysis and mitochondrial respiration of both HCC cells. It was
known that accumulation of ATP could be generated during aer-
obic glycolysis and mitochondrial respiration. Unsurprisingly, we
found that ATP production was significantly decreased after BD
treatment in a dose-dependent manner in HepG2 and Huh7 cells,
respectively (Fig. 3I and J).

3.3. BD treatment reduced ROS level and decreased MMP in
HCC cells

Mitochondria play a vital role in cellular metabolism21. The mito-
chondrial membrane potential (MMP) generated by proton pumps
is an essential component for healthy mitochondrial function22.
Dysfunctional mitochondria are characterized as MMP loss and
reduced ATP generation. JC-1 fluorescence was first detected by
microscopy and flow cytometry to determine the MMP in HCC
cells. The results demonstrated that BD (10 mmol/L) significantly
induced mitochondrial dysfunction as indicated by MMP loss
(Fig. 4A, C, E, and F). Moreover, the decline of MMP was double-
checked by application of TMRM dye, which obtained the similar
conclusions (Fig. 4G). Given the inhibition effect of BD on mito-
chondrial oxidative phosphorylation, we next investigated whether
BD affected mitochondrial ROS generation. Our results reveal that
BD treatment inhibited ROS expression in both HCC cell lines at
10 mmol/L (Fig. 4B, D, and H). Cytochrome c (Cyt c) is a multi-
functional protein, playing an important role in the mitochondrial
electron transport chain, mitochondrial oxidative phosphorylation,
and ROS balance23. As shown in Fig. 4I and J, BD decreased the
poxic conditions. (A, B, E, and F) Treatment with BD for 24 h under

(A and E) and Huh7 (B and F) cells in a dose-dependent manner.

d OCR in HepG2 (C and D) and Huh7 (G and H) cells, respectively.

ction in HepG2 (I) and Huh7 (J) cells. All the experiments were per-

lyzer. Data are shown as mean � SD (n Z 3). * and #P < 0.05, ** and



Figure 4 BD treatment induced MMP loss and decrease of ROS levels in HCC cells. Using JC-1 (A, C, E, and F) and TMRM (G) as detector,

BD (10 mmol/L) treatment decreased MMP in HepG2 and Huh7 cells under hypoxia (1% O2). (B, D, and H) DCFH-DA analysis showed that BD

(10 mmol/L) treatment significantly decreased ROS levels in HepG2 and Huh7 cells. (I) BD reduced the protein expression of Cyt c in HepG2 and

Huh7 cells. (J) Statistical assay of the relative protein contents in HepG2 and Huh7 cells. Data are shown as mean � SD (nZ 3). * and #P < 0.05,

** and ##P < 0.01, *** and ###P < 0.001 versus the hypoxia alone group.
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protein level of Cyt c in a dose-dependent manner, indicating the
injury of mitochondria.

3.4. ICAT was a direct target of BD

BDcould inhibit HIF-1a andHIF-1amediated glycolysis; however,
the molecular target of BD in HCC cells still remained unclear. To
investigate the molecular target of BD in HIF-1a regulation, we
performed DARTS assay to identify the potential molecular target
of BD with the principle that small-molecule binding proteins were
protected and enriched during proteolysis. Using DARTS-based
quantitative proteomics approach by mass spectrometry (MS), we
identified a list of putative direct binding proteins (Supporting In-
formationTable S3). In our previous study, BDwas proved to inhibit
b-catenin in HCC cells15. Considering the coexistence of b-catenin
and HIF-1a and their significant positively related expression levels
in HCC14, the proteins which also connected with b-catenin
signalingwere prioritized for follow-up. According to the literature,
ICAT was known as an inhibitor of b-catenin signaling24. Immu-
noblot analysis of DARTS sample further revealed the increased
stabilization of ICAT during the proteolysis process when treated
with BD at 100 mmol/L inHepG2 (Fig. 5B andD) andHuh7 (Fig. 5F
and H) cells. Then, we performed CETSA which allowed the
detection of physical binding of small molecules to target proteins,
Figure 5 BD directly bound to ICAT. (A) Computer simulation of BD b

Lys 28 on ICAT. Immunoblot analysis of DARTS sample further revealed

HepG2 (B and D) and Huh7 cells (F and H). BD significantly increased

HepG2 (C and E) and Huh7 cells (G and I). (J) MST analysis of BD bind

binding to the mutant ICAT (Kd Z 250 mmol/L). Data are shown as mean

control group.
which proved that BD (100 mmol/L) could increase the thermal
stability of ICAT in the intact living HepG2 (Fig. 5C and E) and
Huh7 (Fig. 5G and I) cells at 49 �C and 52 �C.

The potential covalent or non-covalent binding of BD with
ICAT was analyzed by mass spectrometry. The results show
that the molecular weight of recombinant ICAT (11 kDa) had
not changed after incubation with BD at various concentration
(20 and 100 mmol/L), indicating that no covalent binding was
formed between BD and ICAT (Supporting Information
Fig. S2). And there is no cysteine (C) in the amino acids
sequence of ICAT (Supporting Information Table S4), which
may decrease the possibility of covalent binding. To further
investigate the possible binding pattern between BD and ICAT
domain, we performed a molecular docking analysis. The
docking results prove that a hydrogen bond was generated
between BD and Lys 28 on ICAT (Fig. 5A), and three hydro-
phobic interactions between BD and ICAT at Leu24, Leu52,
and Met25 could also be found. To verify the DARTS, CETSA,
and docking data, we determined the direct binding between
BD and ICAT by MST assay. Expectedly, BD readily bound to
ICAT with a Kd estimated at 33 mmol/L (Fig. 5J). To verify the
important role of Lys28 in the complex interacting, we pre-
pared a mutant ICAT by site-directed mutagenesis, further MST
studies showed that the binding affinity of BD and mutant
inding to ICAT, and a hydrogen bond was generated between BD and

the increased stabilization of ICAT during the proteolysis process in

the thermal stability of ICAT in CETSA assay at 49 �C and 52 �C in

ing to wild type ICAT (Kd Z 33.2 mmol/L). (K) MST analysis of BD

� SD (n Z 3). *P < 0.05, **P < 0.01, and ***P < 0.001 versus the
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ICAT tended to significantly decrease with a Kd estimated at
250 mmol/L (Fig. 5K). This result further confirmed the
important role of Lys28 in BD binding with ICAT.
3.5. Effect of silencing ICAT on the glucose metabolism in HCC
cells under hypoxic conditions

To further validate the effects of BD on b-catenin and HIF-1a
signaling through ICAT, we first knocked down ICAT using a
ICAT siRNA (si-ICAT) on HepG2 and Huh7 cells (Supporting
Information Fig. S3). ICAT knockdown significantly reversed the
inhibition effect of BD on the HIF-1a and its downstream
glycolytic pathway, including LDHA, GLUT1/3, HK2, and PKM2
(Fig. 6AeD). In addition, ICAT knockdown alleviated the inhi-
bition effect of BD on glucose uptake and L-lactate production in
HCC cells (Fig. 6EeG). These results indicate an important role
of ICAT in BD induced b-catenin/HIF-1a inhibition and down-
stream glycolysis.
Figure 6 Knockdown of ICAT increased the resistance to BD treatmen

ICAT by siRNA significantly reversed the inhibition effect of BD on the HI

and Huh7 cells (B and D). Relative glucose uptake in si-ICAT HCC cells tre

cells with BD for 24 h (F and G). BD inhibited the expression of b-catenin

disturb the interaction between b-catenin and ICAT (J and K). Data are sho

and ###P < 0.001 versus the control group.
3.6. BD disrupted the interaction between ICAT and b-catenin

ICAT was firstly demonstrated as a b-catenin interacting protein
that blocked the interaction between b-catenin and TCF/LEF25.
Interestingly, a recent report indicated that ICAT also could sta-
bilize b-catenin through competing with adenomatous polyposis
coli (APC) for binding to b-catenin, diminishing the function of
b-catenin destruction complex26.

As shown in Fig. 6H and I, BD could inhibit the expression of
b-catenin under hypoxia in a dose-dependent manner, while
b-catenin was increased in co-existence of BD and MG-132
compared with that in the presence of BD alone (Supporting In-
formation Fig. S4). This difference suggested that BD-induced
inhibition of b-catenin occurs via the proteasome-dependent
pathway, which was consistent with our previous report15. These
findings raised the interesting possibility that BD could promote
b-catenin degradation through blocking the interaction between
ICAT and b-catenin. To verify this hypothesis, we performed a co-
immunoprecipitation (Co-IP) assay to investigate whether BD
t, BD disrupted the interaction of ICAT and b-catenin. Repression of

F-1a and its mediated glucose metabolic pathway in HepG2 (A and C)

ated with BD for 24 h (E). Relative lactate production in si-ICAT HCC

under hypoxia in HCC cells (H and I). Co-IP assay revealed that BD

wn as mean � SD (n Z 3). * and #P < 0.05, ** and ##P < 0.01, ***



Figure 7 BD suppressed tumor growth and the protein expression of HIF-1a and its metabolism-related target genes in the Huh7 xenograft

model. (A) Schematic plan for the administration of BD (0.75 and 1.5 mg/kg/day). The tumor weight (C), tumor volume (D), and the mice body

weight (E) were monitored every two days till Day 14, when mice were sacrificed and the resected tumors were photographed (B) and processed

for pathological and immunohistochemical assay for the necrosis area, TUNEL, Ki-67, HIF-1a, and b-catenin positive tumor cells (F, H, and J,

K). Western blotting assay shows that BD treatment inhibited HIF-1a and its metabolism-related target genes in vivo (G and I). Scale

bars Z 100 mm. Data are shown as mean � SD (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001 versus the control group.
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could inhibit the protein-protein interaction between b-catenin and
ICAT. This result revealed that BD attenuated the direct binding
between b-catenin and ICAT in ICAT-overexpressing HepG2
cells, while the expression of total ICAT did not change (Fig. 6J
and K). And the expression of HIF-1a was significantly decreased
after b-catenin knockdown (Supporting Information Fig. S5),
which was consistent with previous study14. Several studies
indicated that b-catenin might indirectly affect the expression of
HIF-1a though the WNT responsive gene c-MYC27e29.

Then the mechanism of BD inhibits the expression of HIF-1a
was further investigated. As shown in Supporting Information
Fig. S6A, HIF-1a rapidly accumulated in the presence of pro-
teasome inhibitor MG-132 under hypoxia. In contrast, BD
inhibited HIF-1a accumulation even co-treatment with MG-132,
indicating that BD impaired the protein synthesis of HIF-1a. By
co-treating with protein translation inhibitor cycloheximide
(CHX) reflected that BD did not modify the degradation rate of
HIF-1a (Figs. S6C and S6D). And the results of qRT-PCR show
that there was no reduction in the mRNA level of HIF-1a after
treating with BD under hypoxia (Fig. S6B), indicating that BD
suppressed the translation of HIF-1a to inhibit its synthesis.

These results suggest that BD directly targeted ICAT to disturb
the interaction between ICAT and b-catenin, and promoted the
degradation of b-catenin which was involved with HIF-1a
expression.

3.7. BD suppressed the growth of xenograft tumors

Finally, to evaluate the anti-tumor activity of BD in vivo, we
performed BD treatment assay on the Huh7 xenograft model, and
the experimental mice were treated with BD at dosage of 0.75 and
1.5 mg/kg/day via tail vain injection for consecutive two weeks
(Fig. 7A). The group treated with BD of 1.5 mg/kg/day signifi-
cantly inhibited Huh7 tumor growth compared with control ones
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without significant body weight loss or side effects in all the
treated mice (Fig. 7BeE).

Pathological and immunohistochemical analysis of tumor
sections shows that BD (1.5 mg/kg/day) led to significantly
increased necrosis area, TUNEL-positive cells and decreased Ki67
positive cells compared with control group (Fig. 7FeH). Consis-
tent with the findings in vitro, BD could decrease the protein levels
of HIF-1a, b-catenin, GLUT1/3, LDHA, ICAT and Cyt c in tu-
mors (Fig. 7G and 7IeK).

4. Discussion

According to data from World Health Organization (WHO), HCC
is currently the fourth most common cause of cancer-related
deaths30. While the incidence and mortality for other cancers is
declining, HCC still represents an increasingly significant public
health problem1. Despite encouraging advances in its treatment,
most patients die in one year after diagnosis largely because of the
easy recurrence and metastases31. And since the successful
approval of sorafenib (2008), several clinical trials have attempted
to evaluate different options for the treatment of HCC, however,
few to be effective3.

As the results of excessive metabolic activity and non-
functioning vascularization, hypoxia has become a prominent
feature of tumor, associating with poor prognosis and drug resis-
tance32. HIF-1a has been proved to mediate expression of genes
involved in every step of HCC metastasis including EMT, intra-
vasation and extravasation, and the secondary growth of metasta-
ses4. HIF-1a expression in HCC has been regarded as a poor
prognostic indicator in clinic and is associated with metastatic po-
tential14. In addition, the antiangiogenic effects of sustained sor-
afenib treatment promotes intratumoral hypoxia and HIF-1a-
mediated cellular responses that favor the selection of resistant
cancer cells32,33. Thus, the combination of current sorafenib treat-
ment with gene therapy or inhibitors against HIFs have been
documented as promising approaches to overcome resistance32,33.
In our previous study, we identified a natural product, BD, which
suppressed HCC growth by inducing b-catenin degradation15.
Notably, BD also potentiated sorafenib therapeutic effects in an
HCC orthotopic model15. Recently, several studies have focused on
the crosstalk between b-catenin and HIF-1a. b-Catenin, through
enhancing HIF-1 transcriptional activity, can promote HCC and
colon cancer-cell survival under hypoxic conditions14,34,35.

In this research, we identified BD could significantly inhibit
the expression of HIF-1a and subsequent mediated HCC cell
metabolism, including mitochondrial oxidative phosphorylation,
aerobic glycolysis, ROS accumulation, intercellular and extracel-
lular L-lactate concentrations, as well as ATP levels. Using bio-
physical proteomics approaches, we identified b-catenin-
interacting protein 1 (ICAT) as the functional target of BD. The
MST and docking results indicated that BD could bind to ICAT
through hydrogen bonds of Lys28, and hydrophobic interaction of
Leu24, Leu52, and Met25. It is important to note that the other
potential sites in the binding pocket, including Gln54, Gln51, and
Arg27, cannot be used to form hydrogen bond either by far spatial
distance (>4 Å) or no corresponding functional groups on BD.
This may explain the reason for only one hydrogen bond formed
in the reported docking assay. In addition, Ji et al.26 proved
that ICAT could block the APC-b-catenin interaction, inhibit the
b-catenin destruction complex, and stabilize b-catenin. Here, we
demonstrated that BD could disrupt the direct interaction between
ICAT and b-catenin, inducing b-catenin degradation, which in turn
induced the decrease of HIF-1a expression. Furthermore, BD
could inhibit HCC cells proliferation and tumor growth in vivo,
and knockdown of ICAT substantially increased resistance to BD
treatment in vitro. It is worth noting that, BD still exhibited in-
hibition effects at high concentration (10 and 15 mmol/L) after
silencing ICAT. According to these results and previous re-
ports8,12,36,37, we speculate that BD may also have other molecular
targets despite the key role of ICAT in hypoxic HCC cells.
Overall, our data highlight the potential of BD as a modulator of
b-catenin/HIF-1a axis mediated HCC metabolism.

5. Conclusions

An isolated natural product, BD, was identified as selectively
binding with ICAT which inhibited HIF-1a expression. BD sup-
pressed hepatocellular carcinoma cell growth both in vitro and in
xenograft models by inhibiting HIF-1a mediated cell metabolism.
Results from this study provide insights into the development of
novel HIF-1a inhibitor, with BD being a potential leading com-
pound for further development.
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