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Abstract

Deguelin, a natural component derived from leguminous plants, has been
used as pesticide in some regions. Accumulating evidence show that deguelin
has promising chemopreventive and therapeutic activities against cancer cells.
This study shows that low concentrations of deguelin can lead to significant
delay in zebrafish embryonic development through growth inhibition and
induction of apoptosis. Furthermore, we identified fibroblast growth factor
receptor 4 (FGFR4) as the putative target of deguelin. The candidate was ini-
tially identified by a microarray approach and then validated through in vitro
experiments using hormone-responsive (MCF-7) and nonresponsive (MDA-
MB-231) human breast cancer cell lines. The results show that deguelin sup-
pressed cell proliferation and induced apoptosis in both cancer cell lines, but
not in Hs 578Bst cells, by blocking PI3K/AKT and mitogen-activated protein
kinases (MAPK) signaling. The FGFR4 mRNA and protein level also dimin-
ished in a dose-dependent manner. Interestingly, we found that forced FGFR4
overexpression attenuated deguelin-induced proliferative suppression and
apoptotic cell death in both zebrafish and MCF-7 cell lines, p-AKT and p-
ERK levels were restored upon FGFR4 overexpression. Taken together, our
results strongly suggest that deguelin inhibition of PI3K/AKT and MAPK sig-
naling in zebrafish and breast cancer cell lines is partially mediated through
down-regulation of FGFR4 activity.

Abbreviations

AKT, protein kinase B; ANOVA, analysis of variance; ATCC, American Type Cul-
ture Collection; DMSO, dimethyl sulfoxide; ERK, extracellular regulated protein
kinases; FBS, fetal bovine serum; FGFR4, fibroblast growth factor receptor 4; hpf,
hours post fertilization; MAPK, mitogen-activated protein kinases; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PH3, phosphorylated his-
tone H3; PI3K, phosphoinositide 3-kinase; RT-qPCR, reverse transcription, real-
time quantitative polymerase chain reaction; SDS, sodium dodecyl sulfate; TUNEL,
terminal deoxynucleotidyl transferase dUTP nick end labeling.
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A Pro-Apoptotic Activity of Deguelin Through FGFR4

Introduction

Deguelin, a naturally occurring rotenoid found in legumi-
nous plants, has ever been used as a commercial insecti-
cide and pesticide (Fang and Casida 1999). Both in vitro
and in vivo models have shown that deguelin has antitu-
mor effects. Deguelin induces apoptosis of cancer cells
(Murillo et al. 2002; Chun et al. 2003; Peng et al. 2007),
and inhibits cyclooxygenase-2 expression (Lee et al. 2004)
in premalignant and malignant human bronchial epithe-
lial cells. Furthermore, it inhibits the growth of pul-
monary adenoma in A/] mice (Yan et al. 2005) and the
formation of carcinogen-induced aberrant crypt foci in
mouse colon (Murillo et al. 2003). In addition, deguelin
has been proven to enhance the chemosensitivity of leu-
kemia cells (Bortul et al. 2005). More recently, deguelin
has been shown to suppress pancreatic tumor growth
(Boreddy and Srivastava 2013) and triple-negative breast
cancer cells proliferation (Mehta et al. 2013a,b; Suh et al.
2013).

Mechanistically, deguelin induces apoptosis, causes cell
cycle arrest, restrains cell proliferation, and inhibits
angiogenesis in cancers. These effects are mediated by
the suppression of various molecular pathways, such as
the phosphoinositide 3-kinase (PI3K)/protein kinase B
(AKT) (Chun et al. 2003; Lee 2004; Bortul et al. 2005)
and nuclear factor kappa-light-chain-enhancer of acti-
vated B-cells pathways (Nair et al. 2006; Dell’Eva et al.
2007; Geeraerts et al. 2007); Blocking individual proteins
including nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, Alpha (Nair et al. 2006),
the apoptosis inhibitors survivin and X-linked inhibitor
of apoptosis protein (Jin et al. 2007; Peng et al. 2007;
Ito et al. 2010), heat shock protein 90 (Oh et al. 2007;
Kim et al. 2009; Chang et al. 2012), and AMP-activated
protein kinase (Jin et al. 2007; Wang et al. 2013; Yang
et al. 2013) also mediated the same suppressive effects.
Among all the target pathways suggested for deguelin,
the PI3K/AKT and mitogen-activated protein kinases
(MAPK) pathways have the strongest support (Chun
et al. 2003; Peng et al. 2007; Hu et al. 2010). More
recently, studies show that deguelin inhibits the growth
of triple-negative breast cancer cells by mediating
through EGF-p-AKT/c-Met p-ERK (Mehta et al. 2013a)
and suppressing metastasis of 4T1 cells with decreased p-
AKT and phospho-extracellular regulated protein kinases
(p-ERK) levels (Mehta et al. 2013b). However, the
detailed mechanisms of deguelin function and exactly
how deguelin regulates multiple downstream signaling
pathways remains unclear.

The zebrafish (Danio rerio) belong to freshwater fish
and native to Himalayan region (Patton and Zon 2001).
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Zebrafish is an attractive model to use in biomedical
research due to its transparency and rapid regenerative
ability (Major and Poss 2007; White et al. 2008; Mione
and Trede 2010). Recently, we found that low-concentra-
tion deguelin treatment led to significant growth retarda-
tion of zebrafish embryos. So, microarray approach was
undertaken with zebrafish embryos to identify the dysreg-
ulated RNA expression after deguelin treatment. We iden-
tified fibroblast growth factor receptor 4 (FGFR4) as the
special target, since FGFR4 is substantially down-regulated
in the microarray data and large amounts of literatures
indicate that FGFRs activate a wide range of signaling
pathways including PI3K/AKT and MAPK/ERK pathways
(Fernandez et al. 2002; Agazie et al. 2003; Koziczak et al.
2004; Katoh and Katoh 2006; Thomson et al. 2008).

Fibroblast growth factors and their receptors control
many biological activities, including proliferation, anti-
apoptosis, and drug resistance (Becker et al. 1992; Segev
et al. 2000; Ho et al. 2009; Katoh and Nakagama 2014;
Turkington et al. 2014). FGFR4 plays a vital role in myo-
genic 3 differentiation and muscle regeneration after
injury, but not in differentiated skeletal muscle (Zhao and
Hoffman 2004; Zhao et al. 2006; Lagha et al. 2008).
Moreover, aberrant FGFR signaling were found in patho-
genesis of diverse cancers (Haugsten et al. 2010; Turner
and Grose 2010; Katoh and Nakagama 2014), including
breast (Jaakkola et al. 1993), prostate (Wang et al. 2008;
Xu et al. 2011),pancreatic (Leung et al. 1994), colorectal
cancer (Liu et al. 2013), and ovarian cancer (Zaid et al.
2013). Glycine (Gly388) or Arginine (Argass) at codon 388
in the transmembrane domain of FGFR4 has been proved
to have important role in cancer progression. The Arg’™®
allele contributes to breast cancer cell motility and drug
resistance (Thussbas et al. 2006), and also to poor prog-
nosis in colon cancer (Bange et al. 2002). Besides, the
FGFR4 Gly*® polymorphism lead to prostate cancer pro-
gression (Xu et al. 2011). As the role of FGFR4 was estab-
lished in multiple cancers, we investigated whether the
mechanism in zebrafish is also equally applicable to breast
cancer cells, which has the same rapid proliferative ability
and similar FGFR4 level as zebrafish.

Taken together, our data suggest that down-regulation
of FGFR4 contributes to deguelin-induced apoptosis in
zebrafish and breast cancer cells, which results in
decreased p-AKT and p-ERK levels.

Materials and Methods

Cell culture, reagents, and antibodies

Human breast cancer cell lines MCF-7, MDA-MB-231
and normal mammary epithelial cell line Hs 578Bst were
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purchased from American Type Culture Collection
(ATCC) and cultured as suggested. RPMI 1640, F-15
medium, fetal bovine serum (FBS), and Penicillin Strepto-
mycin were purchased from Gibco (Guangzhou, China).
Hybri-Care Medium was from ATCC. Deguelin (Sigma,
Shanghai, China) was dissolved in dimethyl sulfoxide
(DMSO) at a 1 mmol/L stock concentration and stored
at —80°C. FGFR inhibitor SU5402 (Sigma) was dissolved
to 1 mol/L as a stock solution. Antibody against FGFR4,
Phospho-AKT (S473), Phospho-p44/p42 MAPK, p44/p42
MAPK, Phospho-Histone H3, f-actin, and HRP-conju-
gated secondary antibody were all obtain from Cell
Signaling Technology (Guangzhou, China).

Morphology observation

Zebrafish embryos were treated with deguelin (0—
500 nmol/L) from shield period (6 hpf [hours post
fertilization]). The morphology of each group was
observed at 36 hpf under a stereo microscope (ZEISS
Stemi 2000-c; Zeiss, Guangzhou, China).

Cell proliferation in zebrafish

A phosphorylation of histone H3 (PH3) assay was con-
ducted to analyze cell proliferation in zebrafish. Zebrafish
larvae were exposed to deguelin at 24 hpf for 6 h, and
then fixed in 4% paraformaldehyde overnight. The larvae
were treated with 3% H,O, in carbinol, followed by incu-
bation with 10 ug/mL Proteinase K to enhance their per-
meability. Afterwards, larvae were blocked in block
solution (1%(V/V) Tween 20 in 1x Phosphate-buffered
saline(PBST), 2 mg/mL BSA, 10% Bovine Serum Albumin
(FBS), 1% DMSO) for 1 h and incubated with Phospho-
Histone H3 antibody (1:200) overnight. Samples were
incubated in secondary antibody (1:200) (Invitrogen,
Guangzhou, China) at room temperature for 1 h before
using for immediate microscopy (Zeiss Axiolmager Al
fluorescent microscope; CarlZeiss, Guangzhou, China).

TUNEL

Cells apoptosis was examined using In Situ Cell Death
Detection Kit, TMR red (Roche, Shanghai, China), which
labels DNA fragments resulting from apoptotic signaling
cascades. Briefly, cells/zebrafish, treated as indicated, were
fixed with 4% paraformaldehyde and permeabilized with
0.1% Triton X-100/Proteinase K (10 ug/mL). After incu-
bating in terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) reaction mixture for 1 h in
the dark, slices of cells were treated with 4’,6-diamidino-
2-phenylindole for 10 min and observed under a Zeiss
Axiolmager Al fluorescent microscope.

© 2016 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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GeneChip zebrafish genome array

Zebrafish embryos at 2-cell stage were selected and treated
with 0.6 umol/L  deguelin, whereas control groups
received 0.1% DMSO. Total RNAs was extracted from
zebrafish at sphere stage and handed to Shanghai Biotech-
nology Corporation (Shanghai, China) for affymetrix
zebrafish microarray analysis.

Real-time RT-PCR

Total RNAs from cells and zebrafish embryos was
extracted with RNeasy mini Kit (Qiagen, Guangzhou,
China) and reverse translated with PrimeScript™ RT
reagent Kit (TaKaRa, Dalian, China). Real-time poly-
merase chain reaction (PCR) was conducted using the
SYBR Premix Ex Taq™ Kit (TaKaRa) and an ABI
PRISM 7300 Sequence Detection System (Applied Biosys-
tems, Guangzhou, China). Human cell FGFR4-specific
primers: forward, 5-TCCGCTGGCTTAAGGATGG-3';
reverse, 5'-CACGAGACTCCAGTGCTGATG-3'. Zebrafish
FGFR4 primers: forward, 5'-AGGGTGCTGGTGTCAAT
TTC-3'; reverse, 5-TTAGGTCCATCCGAGAATGC-3'.
The validity of the analysis was evaluated by melting
curve analysis.

Western Blot analysis

Cells and zebrafish embryos were cultured in the presence
or absence of deguelin, and then lysed in RIPA Lysis Buf-
fer (50 mmol/L Tris-HCl pH7.4, 1% NP-40, 150 mmol/L
NaCl, 1 mmol/L Ethylenediaminetetraacetic acid (EDTA),
1% Triton X-100, 0.1% sodium dodecyl sulfate (SDS),
1% Sodium deoxycholate, 1 mmol/L phenylmethylsulfo-
nyl fluoride (PMSF)) for 30 min at 4°C. After centrifuga-
tion, the supernatants were incubated at 100°C for
10 min with 6x SDS loading buffer to denature proteins.
Then, samples were loaded in a 10% SDS-polyacrylamide
gel and transferred onto a polyvinylidene difluoride mem-
brane. The membranes were blocked in 5% milk or BSA
for 1 h and incubated with primary antibody (1:1000) at
4°C with gentle shaking overnight, followed by the incu-
bation with HRP-conjugated secondary antibody
(1:3000). Lastly, the blots were visualized using an
enhanced chemiluminescence (ECL) kit (keyGEN Biotech,
Nanjing, China).

Cell viability assay

To determine the inhibitory action of deguelin on cell
growth, the MCF-7 (5 x 10°/well), MDA-MB-231
(8 x 10°/well) and Hs 578Bst (8 x 10°/well) cell lines
were plated in 96-well plates. The following day, cells
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were treated with various concentrations of deguelin and
further incubated for 24, 48, and 72 h. Control groups
received 0.1% DMSO. The proportion of viable cells was
determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay: MTT (Sigma) (5 mg/
mL in phosphate-buffered saline) was added to each well
before culturing for 4 h at 37°C, then MTT was removed
and replaced by 150 uL. DMSO. Absorbance was exam-
ined by an iMark Microplate Absorbance Reader (Bio-
Rad, 168-1130EDU, Hercules, California, USA).

Clonogenic assays

The colony formation assay was used to estimate cellu-
lar sensitivity. After culturing with or without deguelin
for 48 h, cells were reseeded at a density of 1000 cells/

Deguelin (nmol/L)
(B)
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well in six-well plates and grow for 14 days. Cell clones
were fixed with methanol and stained with 0.05% crys-
tal violet (Santa Cruz Biotechnology, Guangzhou,
China). Finally, colonies >0.2 mm in diameter were
counted.

Hoechst staining

Apoptosis was further determined by nucleus morphology
using Hoechst 33258 cell apoptosis staining kit (Beyotime,
Jiangsu, China). MCF-7, MDA-MB-231, and Hs 578Bst
were cultured in six-well plates to 70% confluence, and

then treated with various concentrations of deguelin for
48 h. After being fixed and stained with Hoechst 33258,
the cells were examined under a Zeiss Axiolmager Al flu-
orescent microscope (Carl Zeiss).

Deguelin (nM) 0
(©)

Deguelin (nM) 0

200

200

Figure 1. Growth repression and apoptosis induction caused by deguelin. (A) Morphological change in zebrafish with or without deguelin
treatment. Significant growth retardation can be found in 200 and 500 nmol/L deguelin-treated group. (B) Whole-mount embryos labeled with
anti-pH3 antibody to examine proliferating cells in zebrafish larvae. The numbers of pH3-positive cells decreased dramatically and rarely expressed
with 200 nmol/L deguelin treatment (magnification 50x). (C) Phenotypic assessed by terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining. There was a dose-dependent increase of apoptotic cells in TUNEL assay. (magnification 50x).
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Transfection

MCEF-7 cells were transfected with empty mammalian
expression vector pEGFP-C3 (EV) or the same plasmid
containing the FGFR4 gene using Lipofectamine 2000

A Pro-Apoptotic Activity of Deguelin Through FGFR4

transfection efficiency was detected using the Enhanced
Green Fluorescent Protein (EGFP) in the vector, and
then, the cells were treated with deguelin for 2 days
after transfection, followed by various assays which
measured proliferating and apoptotic cells as well as the

(Invitrogen, Guangzhou, China). Next day, the  protein levels of related genes.
RNA P-value Fold change FDR
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Figure 2. Microarray analysis. Fibroblast growth factor receptor 4 (FGFR4) is substantially down-regulated after deguelin treatment.
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Figure 3. Reduced levels of FGFR4 and related downstream genes induced by deguelin. (A) Real-time reverse transcription-PCR for FGFR4 was
conducted to examine FGFR4 mRNA expression. Deguelin dose-dependently suppressed FGFR4 release, which was validated by positive control
group. Three individual experiments were conducted. Each bar indicates the mean + SD. *P < 0.05; **P < 0.01;***P < 0.001 (t-test). Each drug-
treated group was compared to respective control group with DMSO treatment to decide its significance. FGFR inhibitor SU5402 was used as a
positive control. (B) Immunoblot was performed with specialized antibodies for FGFR4, p-AKT, p-ERK, and ERK to detect the protein levels. The
results showed that deguelin inhibited FGFR4 expression and constitutive phosphorylation of AKT and ERK in zebrafish. FGFR inhibitor SU5402
was used as a positive control. Bar graph, Density analysis results from each concentration in western Blot. a.u. represent arbitrary units.
*P < 0.05; **P < 0.01;***P < 0.001 (t-test). Each drug-treated group was compared to control group with DMSO treatment to decide its
significance. FGFR4, fibroblast growth factor receptor 4; PCR, polymerase chain reaction; p-AKT, phospho-protein kinase B; p-ERK, phospho-
extracellular regulated protein kinases; DMSO, dimethyl sulfoxide.
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Figure 4. Growth inhibition of MCF-7 and MDA-MB-231 induced by deguelin. (A) MTT assay. MCF-7, MDA-MB-231 and Hs 578Bst were
exposed to deguelin at indicated concentrations (0-500 nmol/L) for 24, 48, 72 h. Cell viability was measured by a spectrophotometer. Each spot
indicates the mean + SD of 6 samples. *P < 0.05; **P < 0.01;***P < 0.001 (t-test). Each drug-treated group was compared to respective control
group with DMSO treatment to decide its significance. (B) colony formation assay. The breast cancer cells were treated in the presence or
absence of deguelin for 14 days, cell colonies were labeled by crystal violet and counted in Image J. Each bar indicates the mean & SD of 3
samples. *P < 0.05; **P < 0.01;***P < 0.001 (t-test). Each drug-treated group was compared to respective control group with DMSO treatment
to decide its significance. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; DMSO, dimethyl sulfoxide.

period zebrafish embryos. The embryos were treated with

Injection in zebrafish deguelin from 24 hpf for 6 h and fixed in 4%

Mammalian expression plasmid pEGFP-C3 containing paraformaldehyde for the following experiments: PH3 pro-
human or zebrafish FGFR4 gene were injected into one-cell liferation assay, TUNEL assay, and western blot analysis.
2016 | Vol. 4 | Iss. 2 | e00212 © 2016 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Table 1. Significant difference among 24, 48, and 72 h after treat-
ment (repeated-measures ANOVA).

Type Il
Concentration  sum of Mean
Cell lines  (nmol/L) squares df square Fvalue P value
MCF-7 10 0.026 2  0.013 4.755 0.035
100 0.279 2 0.140 29.314 0.000
200 0.338 2 0169 56.770 0.000
500 0.546 2 0273 76.405 0.000
MDA- 10 0.033 2 0.016 2.401 0.141
MB-231 100 0.078 2 0.039 4566 0.039
200 0.244 2 0122 15.192 0.001
500 0.629 2 0314 31.033 0.000
Hs 10 0.046 2 0.023 0.993 0.404
578Bst 100 0.113 2 0.056 2.728 0.113
200 0.070 2 0.035 2.488 0.133
500 0.037 2 0.019 0.947 0.420

Based on MTT analysis, MCF-7, MDA-MB-231 and Hs 578Bst were
exposed to deguelin at indicated concentrations (0-500 nmol/L) for
24, 48, 72 h. Cell viability was measured by a spectrophotometer. A
repeated-measures ANOVA was used to see if the time points are sig-
nificantly different to each other in three cell lines. As the P values in
Mauchly’s Test of Sphericity are all more than 0.05, sphericity has not
been violated. The results in “sphericity assumed” in SPSS were
presented in the table. ANOVA, analysis of variance; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

*P < 0.05; **P < 0.01; ***P < 0.001.

Statistical analysis

Three independent experiments of each assay were per-
formed to validate the results. Data from each experiment
were analyzed using Student’s t-test and displayed as the
mean + standard deviation. A repeated-measures analysis
of variance (ANOVA) model was used for identifying the
significant difference among different time points (24, 438,
72 h) after deguelin treatment in cell viability test. SPSS
23 (IBM, Chicago, Illinois, USA) was used to perform the
analysis. P values <0.05 were regarded as statistically
significant.

Results

Deguelin treatment leads to growth
retardation and induces apoptosis in
zebrafish

We first examined the effects of deguelin treatment
in vivo using zebrafish embryos. We found that deguelin
blocked the growth of zebrafish embryos. Growth stalled
at 21-somite stage after 200 nmol/L deguelin treatment
and stopped at the six-somite stage with 500 nmol/L
deguelin treatment (Fig. 1A). We further examined these
embryos for cell proliferation and apoptosis. Phospho-his-

© 2016 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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tone H3 antibody labeling was performed to detect prolif-
erating cells. PH3 labeling indicated that cell proliferation
is significantly decreased after a 6-h exposure upon
100 nmol/L deguelin and completely suppressed with
200 nmol/L  deguelin treatment (Fig. 1B). In TUNEL
assay, the global rate of apoptosis increased in a dose-
dependent manner. Specifically, the TUNEL-positive cells
increased slightly at low deguelin concentration and rose
dramatically at 200 nmol/L (Fig. 1C).

Microarray expression profile in deguelin-
treated zebrafish embryos

To identify the molecular basis of deguelin in zebrafish
embryos. We explored dysregulated gene expression after
deguelin treatment by microarray analysis. We noticed
the substantial down-regulation of FGFR4 in microarray
data (Fig. 2). As the down-regulated effects of deguelin
on p-AKT and p-ERK levels are well established and
FGFRs are showed widely in activating the PI3K/AKT/
MAPK pathway, we supposed FGFR4 as the potential
upstream target of deguelin.

Deguelin treatment significantly inhibits
the expression of FGFR4 and the PI3K/AKT/
MAPK pathway in zebrafish embryos

To validate and further quantify the expression of FGFR4,
FGFR4 levels were profiled by real-time RT-PCR analysis
and immunoblot (Fig. 3). We confirmed that deguelin
treatment caused a dose-dependent reduction of FGFR4
at mRNA level. Moreover, FGFR4 protein was decreased
in both 200 and 500 nmol/L deguelin-treated groups. As
a positive control, an obvious reduction of FGFR4 protein
was showed after SU5402 treatment. We also checked the
expression levels of downstream signaling components
and found that the protein levels of p-AKT and p-ERK
were also reduced in a dose-dependent manner. However,
there is no obvious effect on the total content of ERK.

Based on these results, we suggest that the deguelin-
induced apoptosis in zebrafish is mediated by the down-
regulation of FGFR4, which leads to the reduction in p-
AKT and p-ERK levels.

The antiproliferative effects of deguelin on
breast cancer cells but not on Hs 578Bst
cells

To investigate whether the mechanism of deguelin is gen-
erally conserved in zebrafish, we first performed MTT to
examine cell viability of hormone-responsive (MCF-7)
and -unresponsive (MDA-MB-231) human breast cancer
cell lines after deguelin treatment. The proliferation of

2016 | Vol. 4 | Iss. 2 | e00212
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) MCF-7

TUNEL
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MDA-MB-231
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(B) Hs 578Bst
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Figure 5. Induction of apoptosis by deguelin in MCF-7 and MDA-MB-231. (A) Deguelin induced a dose-dependent apoptosis in breast cancer
cells determined by in situ cell death detection and Hoechst 33258 staining. In upper pictures of each group, terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL)-positive cells increased with rising concentrations of deguelin treatment (magnification 100x). Pictures
in the bottom right-hand corner of each TUNEL image were amplified to show the morphology more clearly (magnification 400x). Likewise, all
kinds of cells with the same treatment of deguelin were labeled with Hoechst 33258, condensed chromatin and apoptotic nucleus
fragmentations were observed in breast cancer cells. (B) Deguelin exerted marginal toxic influence on normal cells Hs 578Bst. TUNEL and Hoechst
33258 assays were applied to Hs 578Bst as indicated, the morphology of Hs 578Bst cells were as normal as the control group after deguelin
treatment. Three independent experiments were made to validate the result.

both cell lines showed a significant decrease, which in a values are 278.4 and 633.9 nmol/L for MCF-7 and MDA-
dose-and time-dependent manner. Particularly, after 72 h MB-231 after 72 h treatment. To see if the time points

of deguelin treatment, we observed ~10-30% growth inhi- (24, 48, 72 h) have statistical significance from each
bition at 100 nmol/L and ~50-70% growth inhibition at other, a separate repeated-measures ANOVA was per-
500 nmol/L deguelin-treated groups (Fig. 4A). The ICsq formed among different time periods in three cell lines.
2016 | Vol. 4 | Iss. 2 | e00212 © 2016 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Figure 6. The reduced expression of FGFR4 in breast cancer cells after the treatment of deguelin. (A) Real-time reverse transcription—-PCR for
FGFR4 expression in two breast cancer cells. After deguelin treatment for 48 h, the RNA was extracted and detected by real-time RT-PCR. FGFR4
expression gradually decreased in a dose-dependent manner. Three individual experiments were conducted. Each bar indicates the mean + SD.
*P < 0.05; **P < 0.01;***P < 0.001 (t-test). Each drug-treated group was compared to respective control group with DMSO treatment to decide
its significance. (B) Western blot analysis on FGFR4 and related gene protein expression in MCF-7 and MDA-MB-231. The cells cultured with 0-
500 nmol/L deguelin for indicated time witnessed a declined expression of FGFR4, p-AKT, and p-ERK without effects on total ERK expression,
which was validated by the positive-control group (SU5402). Bar graph, Density analysis results from each concentration in western Blot. a.u.
represent arbitrary units. *P < 0.05; **P < 0.01;***P < 0.001 (t-test). Each drug-treated group was compared to control group with DMSO
treatment to decide its significance. FGFR4, fibroblast growth factor receptor 4; PCR, polymerase chain reaction; DMSO, dimethyl sulfoxide.

The study revealed that MCF-7 cells have significant Hs 578Bst cells, which are derived from normal human

interaction in three levels (three time points) even in
10 nmol/L deguelin-treated group. MDA-MB-231 cells
also show significance, but began with 100 nmol/L degue-
lin treatment. However, there is no significant difference
showed in Hs 578Bst cells among each time points
(Table 1). Besides, we observed that 500 nmol/L deguelin
treatment led to decreased colony formation of MCEF-7
and MDA-MB-231 cells (Fig. 4B).

© 2016 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

mammary epithelial, were used to test the toxic effect of
deguelin. Strikingly, treatment within 500 nmol/L degue-
lin had only marginal effects on cells survival (Fig. 4A).
Likewise, colony formation ability of Hs 578Bst cells was
not affected by deguelin treatment (Fig. 4B). These data
demonstrate that deguelin selectively inhibits the viability
of breast cancer cells, but not normal cells within
500 nmol/L.

2016 | Vol. 4 | Iss. 2 | e00212
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Deguelin induces apoptosis in MCF-7 and
MDA-MB-231 but not Hs 578Bst cells

To address whether the growth inhibitory effects of
deguelin are accompanied by the induction of apoptosis,
in situ cell death detection and Hoechst 33258 staining
were used to detect apoptosis. Both methods confirmed
that deguelin induces apoptosis in MCF-7 and MDA-MB-
231 cell lines (Fig. 5A). In TUNEL assays, A dose-depen-
dent increase in apoptotic cells were observed in deguelin-
treated group, especially with 500 nmol/L deguelin treat-
ment. In Hoechst 33258 assay, the control group showed
cobblestone monolayer appearances and homogeneous
color, whereas clear apoptotic morphology was observed
in deguelin-treated groups in both breast cancer cells.
Specifically, MCF-7 had hypercondensed chromatin while
MDA-MB-231 showed apoptotic bodies and abnormal
nuclear morphology after 500 nmol/L deguelin treatment.

We next explored whether Hs 578Bst cells underwent
apoptosis as well (Fig. 5B). In contrast to cancer cell lines,
Hs 578Bst cells only showed a baseline level of apoptosis
in all groups (Fig. 5B). Taken together, our results suggest
that deguelin dramatically induces apoptosis in breast
cancer cell lines without toxic effects on Hs 578Bst nor-
mal cells.

Deguelin treatment significantly inhibits
the expression of FGFR4 and the PI3K/AKT/
MAPK pathway in breast cancer cells

To determine if the mechanisms of deguelin in zebrafish
are the same in breast cancer cell lines, we performed
real-time RT-PCR and immunoblot to check mRNAs and
protein level of FGFRA4.

We found that deguelin treatment down-regulates
FGFR4 mRNA expression in a dose-dependent manner in
MCF-7 and MDA-MB-231 cells (Fig. 6A). Even though
no obvious effects on FGFR4 protein expression was
observed in any cell lines with 100 nmol/L deguelin treat-
ment (Fig. 6B), 500 nmol/L  deguelin significantly
decreased FGFR4 protein in MCF-7. MDA-MB-231 cells
express low levels of FGFR4, but a detectable change can
also be observed after deguelin treatment. As the role of
PI3K/AKT/MAPK pathway in deguelin treatment is cru-
cial, we verified some protein levels in these two pathways
as well. As expected, a dose-dependent reduction in p-
AKT and p-ERK levels were observed, but marginal effect
on the content of ERK in both cell lines. Taken together,
these data suggest that deguelin has a similar mechanism
in breast-cancer cell lines as it does in zebrafish.
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Figure 7. The counteractant effect of overexpressing FGFR4 in
zebrafish after deguelin treatment. (A) Zebrafish embryos were
labeled with anti-pH3 antibody after injection of pEGFP-C3
containing FGFR4 (Z-FGFR4 and H-FGFR4 stand for zebrafish and
human FGFR4, respectively) to detect proliferating cells. DyLight 594
secondary antibody was used to avoid green fluorescence emitted
by pEGFP-C3 vector. Up-regulation of FGFR4 has partly restored
proliferating cells compared with the control group. PH3-positive
cells are counted in Image J. **P < 0.01 (t-test) (B). TUNEL assay
was conducted to analyze the apoptosis after the injection of
FGFR4. Apoptotic cells were reduced in the trunk areas in injected
groups. FGFR4, fibroblast growth factor receptor 4; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick end labeling.

© 2016 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.



W. Wu et al.

FGFR4 is one of the pivotal elements
responsible for deguelin-induced
antiproliferative and proapoptotic effect in
breast cancer cells through PI3K/AKT/MAPK
pathway

If FGFR4 truly is the central signaling molecule for
deguelin to induce apoptosis, one would predict that arti-
ficially increasing FGFR4 expression would counteract the
effects of deguelin treatment. To test this hypothesis, we
evaluated the effects of deguelin on FGFR4-overexpressed
zebrafish embryos and MCEF-7 cancer cells. The injection
of human and zebrafish FGFR4 into zebrafish embryos
partially rescued effect of deguelin on proliferation and
apoptotic cell death (Fig. 7). Similarly, MTT assay
demonstrated that transfection of human FGFR4 into
MCE-7 cells attenuated the antiproliferative effect of
deguelin (Fig. 8A). We also confirmed that overexpression
of FGFR4 blocked deguelin-induced apoptosis in MCF-7
cells by TUNEL and Hoechst 33258 staining assays
(Fig. 8B). Moreover, protein immunoblot of both zebra-
fish embryos and MCF-7 cells revealed that up-regulation
of FGFR4 restored p-AKT and p-ERK levels (Fig. 9).
Overall, these results illustrate that deguelin exerts
antiproliferative and proapoptotic effects in zebrafish and
breast cancer cells, at least in part, by down-regulating
FGFR4 signaling.

Discussion

We observed obvious effects of deguelin on the morphol-
ogy, proliferation, and apoptosis of zebrafish embryos.
Our finding showed that this is partly due to the inhibi-
tion of FGFR4 expression, which leads to the decreases in
p-AKT and p-ERK levels.
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A Pro-Apoptotic Activity of Deguelin Through FGFR4

FGFR4 is known to be elevated in multiple forms of
cancer. The FGFR4 gene was shown to be amplified in 30
primary breast tumor samples and several other gyneco-
logical cancers (Jaakkola et al. 1993). More recently,
increased levels of FGFR4 signaling have been found in
many human prostate cancers (Wang et al. 2008; Xu
et al. 2011). Due to the long-lasting recognition of a cor-
relation between breast cancer cells and FGFR4, we
decided to verify whether the mechanism of deguelin in
zebrafish is applicable to breast cancer cells. As we
expected, deguelin has shown to suppress breast cancer
cells growth and induce apoptosis through inhibiting
FGFR4 expression, resulting in reduced activity of the
PI3K/AKT and MAPK/ERK pathways. Furthermore, west-
ern blot showed an up-regulation of p-AKT and p-ERK
with artificially increasing FGFR4 expression in both zeb-
rafish and breast cancer cells.

Consistent with our observations, TKI258, an FGFR
tyrosine kinase inhibitor, induced mammary tumor cell
apoptosis by reducing the levels of p-AKT, p-ERK, and
phospholipase Cy (Dey et al. 2010). Furthermore, BGJ-
398, another FGFR inhibitor, decreased the levels of p-
ERK and p-AKT and blocked liposarcoma cell prolifera-
tion (Zhang et al. 2013). Likewise, the same mechanism is
observed in rhabdomyosarcomas cells, where decreases
levels of p-AKT and p-ERK were observed after the muta-
tion of FGFR4 gene (Leung et al. 1994; Taylor et al.
2009). Additionally, FGFR4 knockout mice do not seem
to form liver tumors (French et al. 2012).

While the link between reduction in FGFR4 expression
and decreases in p-AKT and p-ERK levels is well estab-
lished, the correlation between the inhibition of FGFR4
expression, decreased proliferation and induction of
apoptosis seems more controversial. Actually, inhibiting
FGFR activity exquisitely suppressed HuH7 (high FGFR4

500

MCF-7

EV

H-FGFR4

Deguelin 0
(nmol/L)

Figure 8. The counteractant effect of overexpressing FGFR4 in MCF-7 cells after deguelin treatment. (A) MTT assay. MCF-7 cancer cells
transfected of pEGFP-C3 with or without FGFR4 were treated with deguelin for 2 days. Transfected group showed better cell viability. Each bar
indicates the mean + SD of 6 samples. *P < 0.05, t-test. (B) In situ cell death detection and Hoechst 33258 staining were performed to detect
apoptotic cells. The apoptosis were dramatically decreased in the transfected group. FGFR4, fibroblast growth factor receptor 4; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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A Pro-Apoptotic Activity of Deguelin Through FGFR4

Figure 9. The effect of FGFR4 overexpression on PI3K/AKT/MAPK pathway. The injection in zebrafish embryos or transfected in MCF-7 cells with
human FGFR4 could regain the expression levels of p-AKT and p-ERK. Bar graph, Density analysis results from each concentration in western Blot.
a.u. represent arbitrary units. ***P < 0.001 (t-test). Each drug-treated group was compared to control group with DMSO treatment to decide its
significance. FGFR4, fibroblast growth factor receptor 4; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; MAPK, mitogen-activated protein

kinases; DMSO, dimethyl sulfoxide.

expression) proliferation (Ho et al. 2009). FGF19
increased hepatocyte proliferation and induced hepatocel-
lular carcinoma formation by activating FGFR4 in trans-
genic mice (Wu et al. 2010). Recently, FGFR4 silencing
lead to a great reduction of proliferation and an enhance-
ment of apoptosis in ovarian cancer cells (Zaid et al.
2013). By injecting zebrafish and human FGFR4 into zeb-
rafish, we verified that overexpression of FGFR4 partially
rescued the delayed growth and increased apoptosis in
zebrafish embryos after deguelin treatment. Likewise,
transfection of FGFR4 into breast cancer cells was able to
enhance proliferation as well as resistance to apoptosis.
Overall, these data indicate that deguelin suppresses cell
proliferation and induces apoptosis by down-regulating
FGFR4 levels, resulting in a down-regulation of p-AKT
and p-ERK levels.

Breast cancer is considered as a heterogeneous disease,
since diverse types of tumors exist at the molecular level.
The majority of breast cancers, which express estrogen
receptor, progesterone receptor (Bange et al.), and/or
human epidermal growth factor receptor 2, are generally
hormone treatment sensitive. Approximately, 15-20%
breast carcinomas lack these receptors and are thus
referred as triple-negative breast cancer. The latter has
poor prognostics due to the absence of effective treatment
targets (Brouckaert et al. 2012; Griffiths and Olin 2012).
In our study, we confirmed that deguelin is capable of
suppressing the proliferation of both MCF-7 and MDA-
MB-231 cell lines (triple-positive and triple-negative
mammary cancer cell lines, respectively). Furthermore, we
have verified, to the best of our knowledge for the first
time, FGFR4 as potential target for both types of breast
cancer treatment.

Deregulated FGFR4 activity is generally considered
oncogenic, as excessive FGFR4 signaling is found in doz-
ens of carcinomas (Haugsten et al. 2010). Because of the
significant effect of deguelin on zebrafish, we found
FGFR4 as the potential cancer therapeutic target for
breast cancer. Even though small-molecule FGFR4 inhibi-
tors have been developed to attenuate FGFR4 signaling
(Dey et al. 2010; Zhang et al. 2013), the effect of selective
inhibitor of FGFR4 is limited toward clinical treatment.
To date, only one research reporting BLU9931, a small-
molecule inhibitor of FGFR4, have successfully inhibit
FGFR4 activity in vitro and suppress tumor growth in
hepatocellular carcinomas xenograft mice model (Hagel
et al. 2015). In this study, we demonstrated that deguelin,

© 2016 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

a naturally occurring rotenoid, is capable of suppressing
growth and inducing apoptosis in rapidly proliferating
zebrafish embryos as well as breast cancer cells, but not in
Hs 578Bst cells, by down-regulating FGFR4 levels, which
suggest that aberrant FGFR4 signaling molecules may be a
central component in mastocarcinoma pathogenesis,

affecting patient prognosis.

Conclusion

FGFR4 is a highly conserved tyrosine kinase receptor,
which is able to regulate proliferation, differentiation, and
survival. FGFR4 overexpression enhances the proliferation
and survival in both breast cancer cells and zebrafish, sug-
gesting that FGFR4 could be a new therapeutic target in
breast cancer. The role of FGFR4 signaling is worth fur-
ther investigating in cancer development.
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