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Abstract: The HEY2 (hairy and enhancer of split-related with YRPW motif 2) is reported to play potential roles in 
tumorigenesis. However, the underlying mechanism in tumorigenesis is remain elusive. The present study aims to 
investigate the molecular mechanism of biological function of HEY2 in hepatocellular carcinoma (HCC). Dysfunction 
of the transforming growth factor-beta (TGF-β) pathway plays a critical role in HCC pathogenesis. Here, we identified 
HEY2 as a suppressor for TGF-β biological response. We demonstrated that HEY2 protein in tumor cytoplasm was 
up-regulated in HCC. Further, HEY2 overexpression inhibited TGF-β-induced growth arrest of HCC cells and inhibited 
TGF-β-induced downregulation of c-Myc, both in mRNA and in protein levels. While knockdown of HEY2, by small 
interfering RNA, was shown to enhance the TGF-β-mediated biological response of HCC cells. Moreover, HEY2 could 
form complexes with Smad3 and Smad4 and repress Smad3/Smad4 transcriptional activity. In conclusion, our 
findings indicate a novel role of HEY2 in mediating the TGF-β/Smad signaling pathway in HCC tumorigenesis. 
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Introduction

Hepatocellular carcinoma (HCC), the most fre-
quently occurring primary liver cancer, ranks as 
the second leading cause of cancer-related 
death in men and the sixth in women [1]. The 
transforming growth factor-beta (TGF-β) signal-
ing pathway plays a critical and dual role in the 
progression of HCC and many other types of 
cancer [2-5]. In the early phase of HCC progres-
sion, TGF-β protects homeostasis by function-
ing as a tumor suppressor, such as arresting 
cell cycle, inhibiting cell proliferation and induc-
ing cell apoptosis [6-8]. Paradoxically, TGF-β 
also acts as a tumor promoter by stimulating 
cell migration and invasion through inducing 
epithelial-mesenchymal transition (EMT) in the 
late stages of tumor progression [9-12]. Dys- 
functions of the TGF-β pathway and the switch 
of TGF-β responses towards malignancy play an 
important role in HCC pathogenesis. 

TGF-β signals via activation of transmembrane 
hetero-oligomeric complexes of type I and type 
II serine/threonine kinase receptors, to intracel-
lular mediators Samd2 and Samd3, which were 
called receptor-activated Smad (R-Smad) pro-
teins. The cytoplasm phosphorylated R-Smads 
form complex with a common mediator Smad4 
and then translocate to the nucleus, where this 
Smads complex regulates gene expression ei- 
ther directly or in association with coactivators 
and corepressors [13-15]. 

The c-Myc proto-oncogene is a critical down-
stream target of TGF-β/Smad pathway and its 
downregulation is a key event in the TGF-β pro-
gram of growth inhibition [16, 17]. Amplification 
of c-Myc has been described in many human 
tumors [18]. Overexpression of c-Myc overco- 
mes TGF-β-induced cell growth inhibition, and 
the loss of TGF-β-induced suppression of c-Myc 
correlates well with TGF-β resistance in breast 
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cancer [16], thyroid cancer [19], and ovarian 
cancer [20].

Hairy and enhancer of split-related with a YRPW 
motif protein 2 (HEY2), also known as HRT2, 
HESR2, HERP1 and CHF1, belongs to the HEY 
family of basic helix-loop-helix (bHLH) transcrip-
tion factor [21, 22]. During embryogenesis, 
HEY2 is expressed in the ventricular myocardi-
um, cardiac outflow tract and aortic arch arter-
ies [23, 24]. HEY2 is the downstream target of 
Notch signaling and functions as transcription-
al repressor to regulate gene transcription [25, 
26]. The repressive influence of the HEY2 may 
result in part from an interaction with the other 
transcriptional factors to form corepressor 
complex [27, 28]. HEY2 exerts biological func-
tion on embryonic and cardiovascular develop-
ment. Mouse lacking HEY2 leads to cardiomy-
opathy, cardiac defects, and ventricular septal 
defects with high postnatal lethality, whereas 
deletion of HEY1 has no apparent phenotypic 
defect [29-32]. The combined loss of HEY1 and 
HEY2 results in embryonic lethality with a glob-
al lack of vascular remodeling and massive 
hemorrhage [29]. Increasing evidence sug-
gests that HEY2 is overexpressed and plays an 
important role in the development of various 
types of human cancers, including of osteosar-
coma [33], prostate cancer [34], hepatocellular 
carcinoma [35], pancreatic ductal adenocarci-
nomas [36] and hemangioma [36]. Moreover, 
high expression of HEY2 correlates with poor 
survival in prostate cancer [34] and hepatocel-
lular carcinoma [35]. Although the HEY2 is 
reported to play potential roles in tumorigene-
sis, the underlying mechanism remains poorly 
understood. 

The present study demonstrates that HEY2 
protein in tumor cytoplasm is up-regulated in 
HCC. HEY2 blocks TGF-β-induced growth inhibi-
tion of HCC cells through the inhibition of 
Smad3/Smad4 transcriptional activity. These 
results indicate that HEY2 may act as a poten-
tial modulator of TGF-β/smad signaling path-
way in HCC tumorigenesis.

Materials and methods

Cell lines, cell culture and transient transfec-
tion

The human HCC cell lines Hep3B and HepG2, 
human embryonic kidney cell line 293T and the 

human cervical adenocarcinoma cell line HeLa 
were obtained from the American Type Culture 
Collection (ATCC). All these cell lines were cul-
tured in DMEM medium containing 10% (vol/
vol) fetal bovine serum at 37°C in a humidified 
incubator with 5% CO2. Cells were transiently 
transfected using Lipo2000 (Invitrogen) accord-
ing to the manufacturer’s instructions.

Human tissue samples and tissue microarray

Primary HCC tissues and the corresponding 
non-tumorous liver tissues from surgical resec-
tion were obtained from HCC patients at Zh- 
ongshan Hospital (Shanghai, China). Ethical ap- 
proval was obtained from the Research Ethics 
Committee of Zhongshan Hospital and Medical 
Ethics Committee of Fudan University. Written 
informed consent was obtained from each 
patient or patients’ guardian. 

The tissue microarray (TMA) was constructed 
by Shanghai Xinchao Biotechnology Co. Ltd 
(Xinchao Biotechnology Co, Shanghai, China). 
TMA sections with a thickness of 4 μm were 
dewaxed and pretreated in a microwave oven. 
Endogenous peroxide was blocked with 3% 
H2O2 in methanol for 10 min, followed by avidin-
biotin blocking. Slides were incubated with 
human HEY2 antibody (NBP1-88629, Novus, 
1:300) overnight at 4°C and incubated with bio-
tinylated secondary antibodies, followed by 
treatment with peroxidase-labeled streptavidin 
for 10 min. The slides were washed thoroughly 
with PBS and the antibody reaction was visual-
ized using a substrate solution containing 
diaminobenzidine (DAB). The sections were 
counter-stained with hematoxylin, dehydrated 
and mounted. 

Quantification of HEY2 expression and statisti-
cal analysis

The immunostaining score of HEY2 in a tissue 
microarray was semiquantified by Quick-score 
(Q-score) based on intensity and heterogeneity 
of staining [37-39]. Briefly, the intensity of stain-
ing was scored as 0 (negative), 1 (weak), 2 
(moderate), and 3 (strong), respectively. For the 
heterogeneity of staining, the positive rate was 
scored as 0 (0%), 1 (1-25%), 2 (26-50%), 3 (51-
75%), and 4 points (76-100%), respectively. The 
Q-score was the sum of heterogeneity and 
intensity and ranged from 0 to 7. Each sample 
was scored blindly by two pathologists. Wil- 
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coxon matched paired test was used to deter-
mine the significance of HEY2 expression in 
HCC and adjacent non-cancerous tissues. We 
tested a cutoff value for the Q-score starting 
from a score of 3 to 5 and chose a score of 4 as 
the cutoff value to define high (Q-score >4) or 
low (Q-score ≤4) expression level of HEY2 in 
tumors. Chi-squared test was used to analyze 
the correlation between HEY2 expression an- 
clinicopathological parameters. P<0.05 was 
considered to be statistically significant.

Stable cell lines for overexpression of HEY2

HEY2 cDNAs were amplified from the Marathon 
fetal liver cDNA library (Clontech) and sub-
cloned into a mammalian expression vector 
pcDNA3.1Myc-His/B(-) (Invitrogen) containing 
neomycin resistance gene for establishment of 
stable cell lines, and into pCMV-Myc (Clontech). 
For stable transfection, at 24 hours after trans-
fection with pcDNA3.1Myc-His/B(-)-HEY2, Hep- 
3B cells were passaged at 1:6 into new dishes 
and were selected with 400 μg/mL G418 (In- 
vitrogen) for 14 days. Individual colonies ex- 
pressing HEY2 were isolated and confirmed by 
western blot and maintained on the same 
selection medium. Control colonies stably tr- 
ansfected with pcDNA3.1Myc-His/B(-) were al- 
so generated in parallel.

Small interference RNA (siRNA)

SiRNA oligo for HEY2 were purchased from 
Genepharma (Shanghai, China). The siRNA oli- 
go sequences for HEY2 is: 5’-CUCAGAUUAU- 
GGCAAGAAAdTdT-3’. The sequence of negati- 
ve control is: 5’-UUCUCCGAACGUGUCACGUdT- 
dT-3’. The knockdown efficiency was deter-
mined by western blot. 

Western blot

Protein samples from cells were separated by 
SDS-PAGE and then electro-transferred onto 
nitrocellulose membranes. After blocking with 
TBST buffer containing 5% skimmed milk, the 
membranes were incubated at 4°C overnight 
with primary antibodies against different pro-
teins, followed by incubation with peroxidase-
conjugated secondary antibody. Immunoreac- 
tivity was visualized by enhanced chemi-lumi-
nescence (Santa Cruz). The related antibodies 
include Myc (Sigma), HA (Sigma), Actin (Sigma), 
HEY2 (GTX87082, Genetex) for western bolt, 

HEY2 (NBP1-88629, Novus) for immunohisto-
chemistry and western bolt, and c-Myc (Cell 
Signal).

Quantitative real-time PCR

Real-time PCR was performed using SYBR Gr- 
een PCR master mix (TOYOBO) with the iCycler 
detection system (Bio-Rad). Blank controls with 
no cDNA templates were done to rule out con-
tamination. Gene expression levels were nor-
malized to the housekeeping gene β2-micro- 
globulin (β2-MG). Primers of c-Myc, β2-MG, p15 
and p21 are shown in Table S1.

MTS assay

Transfected cells were plated onto 96-well 
plates (Falcon) at a density of 1,000 cells per 
well and grown with or without 2 ng/ml TGF-β. 
During the culture period, cells were subjected 
to 3-(4,5-dimethyl-thiazol-2yl)-5-(3-carboxyme- 
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 
(MTS) assay (Promega) every two days. The 
Spectrophotometric absorbance of each well 
was measured at 490 nm after 3 hours incuba-
tion using a microtiter reader (Bio-Rad).

Colony formation assay

Colony formation assays were done with a high 
cell density as indicated in related figure leg-
end, because long-term stimulation by TGF-β 
can cause cell cycle arrest and apoptosis. Cells 
were plated onto 12-well plates (Falcon) and 
after 12 hours were subjected to different con-
centrations of recombinant human TGF-β cyto-
kine (PeproTech) which was replaced every 3 
days. After approximately 10 days, the cells 
were stained with crystal violet dye. The statis-
tical quantification was analyzed by gray densi-
ty values using Image J software.

GST pull-down assay

The coding sequence of different Smads were 
cloned into a pEGX-4T-2 vector to form GST 
fusion proteins. GST fusion proteins were im- 
mobilized on glutathione-S-Sepharose beads 
(Amersham Biosciecces). After washing with a 
pull-down buffer (20 mm Tris-HCl, pH 7.5, 150 
mm NaCl, 0.1% Nonidet P-40, 1 mm dithiothrei-
tol, 10% glycerol, 1 mm EDTA, 2.5 mm MgCl2, 
and 1 μg/ml leupeptin), the beads were incu-
bated with cell lysates from 293T cells express-
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ing Myc-tagged HEY2 for 4 hours at 4°C. The 
sepharose beads were then washed 5 times 
with binding buffer and resuspended in sample 
buffer. The bound proteins were analyzed by 
western blot.

Immunoprecipitation

293T cells were transfected with the indicated 
plasmids and lysed at 24 hours post-transfec-
tion with cold lysis buffer [5 mM EDTA, 0.5% 
NP-40, 0.1 mM phenylmethane sulphonyl-
flouride (PMSF), 10 µM pepstatin A, 10 µM leu-
peptin and 25 µg/ml aprotinin]. The lysate was 
centrifuged and the suspenatant was pre-
cleared by protein G Plus/protein A agarose 
beads (Amersham Biosciecces) for 1 hour. 
Then, pre-cleared cell lysates were incubated 
with 1 µg anti-myc mono-clonal antibody (mAb) 
and G Plus/protein A agarose beads for 6 
hours. All the processes were performed at 4°C 
with rotation. The final agarose beads were 
washed 5 times with lysis buffer and resus-
pended in sample buffer and analyzed by west-
ern blotting.

Luciferase reporter assay

The luciferase reporters, including of DR5-Luc, 
NFAT-Luc, E2F-Luc, Rb-Luc, p53-Luc, AP1-Luc, 
CRE-Luc, SRE-Luc, GRE-Luc and HSE-Luc, were 
purchased from Clontech Inc. The luciferase 
reporter of SBE-Luc was kindly provided by Dr. 
Robert P. Coppes (University of Groningen). 
c-Myc promoter luciferase reporter (c-Myc pro-
moter-Luc) was constructed by our lab. A region 
of the c-Myc promoter (nucleotides -2206 to 
+196) harboring the TGF-β inhibitory element 
(TIE) was generated by PCR and subcloned into 
the pGL3-Basic vector (Promega) to form c-Myc 
promoter-Luc.

Hep3B cells were co-transfected with the indi-
cated firefly luciferase reporter construct, pRL-
SV40 (internal control reporter vector) and 
observed gene expression constructs (Smad3, 
Smad4 and HEY2) and/or with an empty vector. 
Luciferase activities were determined using the 
Dual Luciferase reporter system (Promega) on 
a Lumat LB 9507 luminometer (Berthold). 
Values were normalized with the renilla lucifer-
ase activity of pRL-SV40. Each assay was per-
formed in triplicate.

Immunofluorescence microscopy

Cells cultured and transiently transfected on 
coverslips were fixed with 4% paraformalde-
hyde for 10 minutes and permeabilized with 
0.2% Triton X-100 for 5 minutes at room tem-
perature. Cells were washed 3 times with TBS 
(50 mM Tris-HCl pH 7.4, 150 mM NaCl) and 
blocked with 10% normal horse serum plus 1% 
BSA (Amersham Biosciences, USA) for 1 hour. 
Cells then were incubated with a combination 
of mouse anti-Myc antibody (1:200 dilution) 
and rabbit anti-HA antibody (1:200 dilution) at 
4°C overnight. After being washed 3 times in 
TBS containing 0.1% Tween-20, the cells were 
incubated with Alexa Fluor 555 goat anti-mouse 
IgG antibody (1:500 dilution) and Alexa Fluor 
488 goat anti-rabbit IgG antibody (1:500 dilu-
tion) for 1 hour and stained with DAPI for 15 
minutes. Confocal microscopy analysis was 
performed using a LSM700 laser scanning 
microscope (Carl Zeiss).

Results

HEY2 in neoplastic cytoplasm was up-regulat-
ed in HCC

HEY2 protein expression in HCCs was analyzed 
by western blot and immunohistochemistry 
(IHC) assays. Western blot analysis revealed 
that HEY2 protein was detected readily in the 
majority of HCC cell lines examined (Hep3B, 
HepG2, Huh7, SMMC-7721 and SK-Hep1) (Fig- 
ure 1A). Next, proteins extracted from 11 pa- 
ired HCC tissues were subjected to western 
blot. HEY2 protein was up-regulated in 9 out of 
11 HCC tissues compared to the adjacent non-
cancerous tissues (Figure 1B). To further deter-
mine the expression pattern of HEY2 in HCC 
tissues, immunohistochemical analyses of tis-
sue microarray with 90 paired HCCs (180 sam-
ples) were performed (Figure S1). The antibody 
used in this IHC assay was human HEY2 anti-
body (NBP1-88629, Novus, 1:300), which can 
recognize endogenous and overexpressed 
HEY2 in a single band as demonstrated by 
western blot analysis in many types of cancer 
cell (293T, Hela, U87, A549 and 786O) (Figure 
S2). The staining pattern showed that HEY2 
was expressed both in the cytoplasm and 
nucleus (mainly in nucleus), and HEY2 was 
expressed mainly in neoplastic cells, and it also 
was expressed in stromal cells and inflamma-
tory cells of tumor and surrounding non-cancer-
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ous tissues (Figure 1C). Particularly, HEY2 was 
detected more in the neoplastic cytoplasm 
than in non-cancerous cytoplasm (Figure 1C 
lower panel). To determine the significance of 
HEY2 expression in HCC and adjacent non-can-
cerous tissues. HEY2 expression status of each 

sample was quantified in the cytoplasm and 
nucleus by the Quick score (Q-score) method. 
The numbers of patients with respect to the 
intensity and distribution of HEY2 staining were 
shown in Table S2. When comparing the IHC 
score of HEY2 expression between HCC and 

Figure 1. Cytoplasmic HEY2 protein is up-regulated in HCC. A. Expression of HEY2 protein in five HCC cell lines was 
examined by western blot. B. HEY2 protein expression levels were analyzed in 11 paired HCCs and their correspond-
ing non-cancerous tissues by western blot. Fold change of HEY2 protein with respect to non-cancerous specimens 
were normalized to β-actin. The quantification of immunoblots was shown in the right panel. N, non-cancerous tis-
sue; C, primary HCC tissue. C. Representative HEY2 staining in HCC tissue (C) and adjacent non-cancerous tissue 
(N). a. Tumor tissue showing strong positive staining (plasma Q-score = 6, nucleus Q-score = 7); b. Tumor tissue 
showing moderate staining (plasma Q-score = 0, nucleus Q-score = 5); c. Non-cancerous tissue showing moderate 
staining (plasma Q-score = 0, nucleus Q-score = 4); d. Non-cancerous tissue showing negative staining (Plasma 
Q-score = 0, Nucleus Q-score = 0). The representative HEY2 staining in 4 paired HCC tissues (C) and adjacent non-
cancerous tissues (N) as shown in lower panel. Scale bar = 20 µm. D. The IHC score (Q-score) of HEY2 in cytoplasm 
(up panel) or in nucleus (lower panel) of 88 HCC patients was indicated by the box plot (Whiskers, 25-75 percentiles) 
and the wilcoxon matched paired test was used to calculate the P value.
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HEY2 had a slight inhibitory effect on cell 
growth (Figure 2D).

Cytokines in the tumor microenvironment play 
an important role in tumor occurrence and 
progress. We hypothesize that HEY2 may exert 
function in certain conditions. The dual-lucifer-
ase reporter assay was used to investigate the 
potential signaling pathways in which HEY2 
involved. As shown in Figure 3A, ectopic expres-
sion of HEY2 significantly decreased SBE-luc 
luciferase activity, with an inhibitory rate of 
53% (P = 0.021). HEY2 also had significantly, 
but minimal effect on GRE-luc luciferase activi-
ty with an inhibitory rate of 24% (P = 0.024). 
HEY2 expression had no effect on other Luc-
reporters (DR5-luc, NFAT-luc, E2F-luc, Rb-luc, 
P53-luc, AP1-luc, CRE-luc, SRE-luc and HSE-
luc). SBE (Smad binding element) was a specific 
downstream responsive element for the TGF-β/
Smads signaling pathway and TGF-β is a critical 
pleiotrophin in the tumor microenvironment. 
Therefore, we next investigated the biological 
significance of HEY2 in TGF-β-induced cell-
growth arrest by using MTS and colony forma-
tion assays. Compared with cell growth in nor-

adjacent non-cancerous tissues, 2 patients 
were excluded since the non-cancerous tissues 
were missing. Result of immunohistochemistry 
staining in 88 patients with HCC showed a sig-
nificant increase of cytoplasmic HEY2 expres-
sion in tumor tissues (P = 0.021) (Figure 1D up 
panel), but no difference of nuclear HEY2 
expression was found between tumor tissues 
and adjacent non-cancerous tissues (P = 
0.590) (Figure 1D lower panel). Data taken 
from western blot and immunohistochemical 
analyses indicate that increased HEY2 expres-
sion in neoplastic cytoplasm, is prevalent in 
patients with HCC. 

To evaluated the relevance of HEY2 expression 
with clinicopathological characteristics of the 
HCC patients, a score of 4 was used as the cut-
off value to define the expressional abundance 
of HEY2 (high level with a Q-score >4 and low 
level with a Q-score ≤4). As shown in Table 1, 
the expression status of HEY2 in neoplastic 
cytoplasm was significantly associated with 
pathological differentiation (P = 0.044), but not 
in the neoplastic nucleus (P = 0.769) (Table 
S3). No correlation was observed between 

Table 1. Correlation of the clinicopathological characteristics 
with tumor HEY2 expression in cytoplasm

Variable
HEY2 Expression in cytoplasm

Total, n 
(%)

Q-score 
≤4, n (%)

Q-score 
>4, n (%) P value

Q-score 90 (100) 56 (62) 34 (38)
Sex†

    Female 81 (90) 51 (63) 30 (37) 0.725
    Male 9 (10) 5 (56) 4 (44)
Age-yr
    <55 47 (31) 29 (62) 18 (38) 0.984
    ≥55 42 (69) 26 (62) 16 (38)
Missing 1
Tumor size
    <5 cm 35 (39) 21 (60) 14 (40) 0.646
    ≥5 cm 54 (61) 35 (65) 19 (35)
Missing 1
Pathological differentiation 0.044*
    I-II 57 (63) 31 (54) 26 (46)
    III-IV 33 (37) 25 (76) 8 (24) 
TNM clinical stage
    I-II 40 (49) 22 (55) 18 (45) 0.526
    III-IV 42 (51) 26 (62) 16 (38)
Missing 8
*P<0.05, †Fisher’s exact test was used.

HEY2 expression and tumor size, 
clinical stages, gender and age of 
patients, both in the neoplastic cy- 
toplasm and the neoplastic nucle- 
us. 

HEY2 inhibits TGF-β-induced HCC 
growth inhibition

To determine the biological signifi-
cance of HEY2, we established 
HEY2-overexpressing stable clones 
(E5 and E9) and control clones (P1 
and P2) of Hep3B cells, confirmed 
by western blot analysis (Figure 
2A). MTS assay showed that over-
expression of HEY2 had negligible 
effects on growth of Hep3B cells 
and only a significant difference of 
growth rate between HEY2-over- 
expressing and control cells was 
observed at day 7 (Figure 2B). Lo- 
ss-of-function approach was also 
used to assess the role of HEY2 in 
HCC cell growth. The HEY2-tar- 
geting siRNAs were designed and 
confirmed with western blot (Figure 
2C). In agreement with the data 
shown in Figure 2B, knockdown of 
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treatment with TGF-β (Figure 3E). Taken togeth-
er, these results indicate the potential role of 
HEY2 in TGF-β-induced growth arrest of HCC 
cells. 

HEY2 inhibits the TGF-β-induced downregula-
tion of c-Myc

Downregulation of c-Myc is a critical event in 
TGF-β-induced growth arrest. TGF-β reduces 
c-Myc transcription, resulting in the stimulation 
of the expression of p21 and p15 and then cell 
cycle arrest [40, 41]. Therefore, we next investi-
gated the role of HEY2 in regulating the tran-
scription of TGF-β/Smad downstream target 
genes. As shown in Figure 4A and 4B, TGF-β-
induced decrease of c-Myc mRNA in Hep3B 
cells (A) or HepG2 cells (B) was slower in HEY2 
transient over-expressed cells compared with 
control cells. Consistently, TGF-β-induced in- 
crease of p21 and p15 mRNA was also attenu-
ated by HEY2 expression in Hep3B cells (Figure 
4C and 4D), which confirmed the HEY2 effect 
on c-Myc transcription. Further, we examined 

mal conditions, treatment with TGF-β extremely 
decreased Hep3B cell growth, as detected by 
MTS assay. In agreement with the data shown 
in Figure 2B, the effect of HEY2 on Hep3B cell 
growth was negligible, with a significant differ-
ence only seen at day 7 under normal growth 
conditions (Figure 3B, left, P1 and P2 vs. E5 
and E9). However, when treated with TGF-β, 
HEY2-overexpressing stable clones (E5 and E9) 
obviously and significantly blocked TGF-β-
induced cell growth arrest and growth faster 
than control clones (P1 and P2) (Figure 3B, 
right). In colony formation assay, considering 
that long-term stimulation of TGF-β would 
cause cell cycle arrest and apoptosis, high cell 
density was used in colony formation assays 
and overall colony gray density value was 
employed to reflect cell growth capability. As 
shown in Figure 3C, HEY2 overexpression had 
negligible effect on cell colony formation with-
out TGF-β treatment, whereas resulted in the 
formation of significantly more and larger colo-
nies compared to control clones when treated 

Figure 2. HEY2 inhibited HCC growth as a weak effect. A. Two HEY2-overex-
pressing stable clones (E5, E9) of Hep3B cells and two control clones (P1 and 
P2) were identified by western blot. B. Effect of HEY2 overexpression on the pro-
liferation of Hep3B cells, as measured every 2 days by MTS assay. Data are pre-
sented with the means ± standard deviation (n = 5); **P<0.01. C. Hep3B cells 
were transfected with HEY2 specific siRNA (Si-HEY2) or non-specific siRNA (NS) 
and analyzed by western blot. D. Effect of HEY2 knockdown on proliferation of 
Hep3B cells, as measured every 2 days by MTS assay. Data are presented with 
the means ± standard deviation (n = 5); *P<0.05.

with 2 ng/ml of TGF-β (Fi- 
gure 3C, E5 and E9 vs. P1 
and P2).

In agreement with the data 
shown in Figure 2D, knock-
down of HEY2 had a slight 
inhibitory effect on cell 
growth without TGF-β treat-
ment (Figure 3D, left). Wh- 
en treated with TGF-β (2 
ng/ml), knockdown of HEY2 
apparently and significantly 
promoted the suppressive 
effect of TGF-β on cells gr- 
owth (Figure 3D, right) and 
this effect was in a time-
dependent manner. HEY2-
induced suppression was 
0.279 at day 5 and 0.313 
at day 7, compared to 
0.357 at day 5 and 0.583 
at day 7 in the control cells. 
The cell colony formation 
assay further showed th- 
at knockdown of HEY2 in 
Hep3B cells resulted in fe- 
wer and smaller colonies 
compared with the control 
cells both in normal condi-
tion and in condition of 
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Figure 3. HEY2 blocked TGF-β-induced HCC growth inhibition. A. Hep3B cells were transfected with the indicated 
luciferase pathway reporter, pRL-SV40 (internal control), and Myc-HEY2 or with the empty vector. After 24 hours, the 
luciferase activities were measured by a luminometer. Error bars, ± standard deviation from triplicates. *P<0.05. B. 
Effect of stable overexpression of HEY2 on the proliferation of Hep3B cells without TGF-β (left panel) or with 2 ng/
ml TGF-β (right panel) incubation for 7 days, as measured every 2 days by MTS assay. Data are presented with the 
means ± standard deviation (n = 5); **P<0.01. C. Stable cell lines were plated into 12-well plates at a density of 
4K cells/well and incubated with or without 2 ng/ml TGF-β for 10 days. Representative photographs of cell colonies 
were shown. The statistical quantification was analyzed by gray density values using Image J software (right panel). 



HEY2 interferes with the TGF-β/Smad pathway in HCC

4375	 Am J Transl Res 2019;11(7):4367-4381

Error bars, ± standard deviation from three random areas; *P<0.05, **P<0.01. D. Effect of HEY2 knockdown on 
proliferation of Hep3B cells incubated with or without 2 ng/ml TGF-β for 7 days, as measured every 2 days by MTS 
assays. Data are presented with the means ± standard deviation (n = 5); **P<0.01. E. Hep3B cells were transfected 
with siRNA against HEY2 or control. After 24 hours, siRNA transfected cells were plated into 12-well plates at a 
density of 2K cells/well and incubated with or without 2 ng/ml TGF-β for 10 days. Representative photographs of 
cell colonies were shown. The statistical quantification was analyzed by gray density values using Image J software 
(right panel). Error bars, ± standard deviation from three random areas; **P<0.01.

Figure 4. HEY2 inhibited the TGF-β-induced downregulation of c-Myc. (A, B) Effect of HEY2 overexpression on TGF-
β-induced downregulation of c-Myc mRNA level in Hep3B cells (A) and HepG2 cells (B). Cells transfected with HEY2 
or control plasmids were starved in 1% serum for 6 hours and then treated with TGF-β (10 ng/ml) for the indicated 
length of time. Equal amounts of cell lysates at each time point were subjected to real-time PCR. Error bars, ± stan-
dard deviation from triplicates. (C, D) Effect of HEY2 overexpression on TGF-β-induced upregulation of p21 mRNA 
expression (C) and p15 mRNA expression (D) in Hep3B cells, analyzed by the same method mentioned above. (E, F) 
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the effect of HEY2 on c-Myc protein expression. 
As shown in Figure 4E and 4F, transient trans-
fection of HEY2 could promote the c-Myc pro-
tein expression in Hep3B cells (E) and HepG2 
cells (F). Treatment with TGF-β extremely re- 
duced c-Myc protein level, whereas ectopic 
expression of HEY2 obviously inhibited TGF-β-
induced downregulation of c-Myc. This effect 
was also confirmed in HEY2-overexpressing 
stable clones of Hep3B cells (Figure 4G). 
Moreover, knockdown of endogenous HEY2 via 
HEY2-specific siRNA decreased the expression 
of c-Myc and promoted TGF-β-induced down-
regulation of c-Myc compared with that in the 
control cells (Figure 4H). 

HEY2 represses Smad3 and Smad4 transcrip-
tional activity through association with Smad3 
and Smad4

As discussed above, HEY2 significantly decre- 
ased activity of SBE (Smad binding element) 
luciferase reporter. One of the possibilities is 
that HEY2 may interact with Smads and inter-
fere with their transcriptional activity. Therefore, 
we sought to identify whether HEY2 could inter-
act with different Smads using the Pull-down 
assay. Recombinant GST-Smad1, GST-Smad2, 
GST-Smad3, GST-Smad4 and GST-Smad5 pro-
teins were expressed and purified from bacte-
ria. Myc-HEY2 was transfected in 293T cells 
and a protein sample was harvested. As shown 
in Figure 5A, GST-Smad3 and GST-Smad4 
strongly bound to Myc-HEY2 in a Pull-down 
assay. GST-Smad5 combined weakly with HEY2 
while other GST-Smads examined did not com-
bine with HEY2. To determine whether HEY2 
interacts with Smad3 and Smad4 in human 
cells, we co-expressed Myc-HEY2 and HA- 
Smad3, or Myc-HEY2 and HA-Smad4 in 293T 
cells and immuno-precipitated HEY2 using 
anti-Myc antibodies. Results showed that both 
HA-Smad3 and HA-Smad4 co-immunoprecipi-
tated with HEY2 (Figure 5B). To further confirm 
the interaction between Smad3 and HEY2, or 
Smad4 and HEY2 in vivo, we determined wheth-

er these two proteins are co-localized to the 
same subcellular compartments. As shown in 
Figure 5C, when HA-Smad3 and Myc-HEY2 
were co-expressed in Hela cells, two proteins 
were co-localized in the nucleus. Smad4 and 
HEY2 were also shown to co-localized in the 
nucleus using the same assay.

Based on the findings above, we next examined 
the effects of HEY2 on Smad3 and Smad4 
(Smad3/4) transcriptional activity. We employed 
the SBE-Luc as Smad3/4-activating luciferase 
reporter and c-Myc promoter-Luc harboring the 
TGF-β inhibitory element (TIE) as Smad3/4-
repressing luciferase reporter, to investigate 
the effects of HEY2 on Smad3/4 transcription-
al activity. As shown in Figure 5D and 5E, the 
increase of SBE-luc reporter activity induced by 
Smad3/4 and the decrease of c-Myc promoter-
Luc reporter activity induced by Smad3/4 were 
both repressed by the HEY2 expression in a 
dose-dependent manner.

Taken together, these results suggest that HE- 
Y2 may play a crucial role in mediating TGF-β/
Smad pathway in HCC tumorigenesis.

Discussion

Findings from our present study unravel a novel 
function of HEY2 in the TGF-β/Smad pathway 
(Figure 5F). The model suggests the potential 
molecular mechanism underling the oncogenic 
role of HEY2 in HCC tumorigenesis. Our results 
demonstrated that HEY2, a bHLH dmain-con-
taining transcription factor, acted as a co-
repressor with Smad3/4 to inhibit TGF-β-in- 
duced downregulation of c-Myc and then inhibit 
TGF-β-induced growth arrest of HCC cell. Loss 
of TGF-β growth inhibitory effect is one of the 
key issues in tumorigenesis [4]. Smads are cen-
tral mediators of signals from the receptors for 
TGF-β superfamily members to the nucleus [15, 
42]. Several transcriptional co-repressors have 
been shown to shift Smads-mediated signaling 
from tumor suppression to oncogenesis. Ski 

Effect of HEY2 overexpression on c-Myc protein expression in Hep3B cells (E) and HepG2 cells (F). Cells transfected 
with HEY2 or control plasmids were treated with or without 10 ng/ml TGF-β for 24 hours. The endogenous c-Myc 
protein levels were detected by western blot. (G) HEY2-overexpressing stable clones (E5, E9) and control clones (P1 
and P2) of Hep3B cells were incubated with or without 10 ng/ml TGF-β for 24 hours and cell lysates was analyzed 
by western blot with indicated antibodies. (H) Effect of HEY2 knockdown on c-Myc protein expression in Hep3B cells. 
Cells were transfected with HEY2 specific siRNA (Si-HEY2) or non-specific siRNA (NS). At 24 hours post-transfection, 
cells were incubated with or without 10 ng/ml TGF-β for 24 hours and cell lysates was subjected to western blot with 
indicated antibodies.
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Figure 5. HEY2 repressed Smad3/4 transcriptional activity through its association with Smad3/4. A. Bacterially 
expressed GST and various GST-Smad fusion proteins were bound to glutathione-Sepharose beads, and then were 
incubated to Myc-HEY2 protein. Bound Myc-HEY2 proteins were detected by western blot using anti-Myc antibody. 
B. Myc-HEY2 was co-transfected with the same amount of Smad3 (left panel) or Smad4 (right panel) into 293T 
cells. After 24 hours, cell lysates were prepared and subjected to immunoprecipitation with anti-Myc antibodies. 
The immunoprecipitates (IP) were analyzed by western blot with either anti-HA or anti-Myc antibodies. C. Myc-HEY2 
was co-transfected with HA-Smad3 or Smad4 into Hela cells. Fluorescent micrographs showed the localization of 
Smad3 (green) and HYE2 (red) (up panel), and also Smad4 (green) and HYE2 (red) (lower panel). D. Effect of HEY2 
on Smad3/4-activating luciferase reporter (SBE-Luc). Hep3B cells were transfected with the SBE-luc, pRL-SV40, 
Smad3 and Smad4 vectors, and increasing amount Myc-HEY2 (0, 10, 20 or 50 ng) or with the empty vector. After 24 
hours, the luciferase activities were measured by a luminometer. Error bars, ± standard deviation from triplicates. E. 
Effect of HEY2 on Smad3/4-repressing luciferase reporter (c-Myc promoter-Luc). Hep3B cells were transfected with 
the c-Myc promoter-Luc, pRL-SV40, Smad3 and Smad4 vectors, and increasing amount Myc-HEY2 (0, 10, 20 or 50 
ng) or with the empty vector as indicated. After 24 hours, the luciferase activities were measured by a luminometer. 
Error bars, ± standard deviation from triplicates. F. A model depicting the HEY2-mediated TGF-β response by interfer-
ing with Smad3/4 transcriptional activity. 
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and SnoN are Smad-interacting proteins that 
negatively regulate the TGF-β signaling pathway 
by disrupting the formation of R-Smad/Smad4 
complexes, as well as by inhibiting Smad asso-
ciation with the p300/CBP coactivators [43-
45]. Besides, Battaglia et al. [46] indicate that 
the HCV core protein may switch TGF-β growth 
inhibitory effects to tumor promoting respons-
es by decreasing Smad3 activation. In this 
study, we showed that HEY2 blocked TGF-β 
growth inhibitory activity by associating with 
Smad3 and Smad4 and repressing their tran-
scriptional activity. HEY2 may act as another 
possible transcriptional repressor to make HCC 
cell unresponsive to TGF-β growth inhibitory 
effect.

HEY2 gene are previously found to be target of 
Notch signaling [21, 25], and have pro-onco-
genic role in human cancers. Downregulation of 
HEY2 mediated by knockdown of Notch2 inhib-
its cell proliferation, invasion, and migration in 
salivary adenoid cystic carcinoma [47]; Upre- 
gulation of HEY2 induced by Notch activation is 
associated with chemoresistance to trastu-
zumab in gastric cancer cells [48]. HEY2 is also 
found to promote cell proliferation and migra-
tion in hepatocellular carcinoma [35]. In agree-
ment with these findings, we showed that cyto-
plasmic HEY2 protein was up-regulated in HCC, 
and HEY2 could block TGF-β-induced growth 
inhibitory effect on HCC cells. TGF-β is a critical 
pleiotrophin in the tumor microenvironment. 
Therefore, our results confirm the oncogenic 
role of HEY2 in HCC and furtherly reveal the sig-
nificance of HEY2 in regulating tumor cells to 
cope with microenvironmental stress during 
HCC tumorigenesis.

One interesting phenomenon is that HEY2 pro-
tein in tumor cytoplasm was up-regulated in 
HCC (Figure 1D). One possible explanation is 
that increased cytoplasmic HEY2 might com-
petitively disrupt the association of Smad3/4 
with other co-transcriptional factors in cyto-
plasm, resulting in dysfunction of TGFβ signal-
ing pathway and HCC cell growth. Previously 
study indicates that HEY2 was up-regulated in 
HCC [35]. However, our result from tissue 
microarray with 90 paired HCCs showed that 
HEY2 in neoplastic cytoplasm was up-regulat-
ed in HCC while not the nuclear HEY2 expres-
sion. Different sample sizes and different histo-
chemical scoring methods might contribute to 

these different findings. Although cytoplasmic 
expression status of HEY2 shows significant 
association with pathological differentiation, it 
is regretful that we failed to collect adequate 
information for clinical and pathologic charac-
teristics. Future studies are necessary to inves-
tigate the relevance of HEY2 with more com-
plete and comprehensive clinicopathological 
characteristics. 

The HEY family consists of three members 
including HEY1, HEY2, and HEY-Like (HEYL). 
HEY proteins share homology in their bHLH 
regions, which mediate DNA binding and dimer-
ization, as well as in an Orange domain and a 
conserved but different C-terminal YXXW- 
TE(I/V)GAF domain, in which the KPYRPWG 
motif in HEY1 is modified to KPYQPWG in HEY2 
and is absent in HEYL [23, 49]. We also exam-
ined the interaction between all three HEY fam-
ily members (HEY1, HEY2, HEYL) and Smad3, 
and found that HEY2 and HEYL associated with 
Smad3 while HEY1 did not (Figure S3). This 
result suggests that each member of the HEY 
family might exert its function by distinct 
mechanisms.

In conclusion, our findings suggest a novel role 
of HEY2 in resisting TGF-β growth inhibitory 
effects in HCC. Shift of TGF-β/Smad signaling 
from tumor suppression to oncogenesis is one 
of the key issues in tumorigenesis. Our results 
provide a possible reference for the mecha-
nism of this shift process, which may contrib-
ute to the improvement of diagnosis and molec-
ular targeted therapy for HCC. 
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Table S1. Primers information
c-Myc Forward: 5’-GAAAAGGCCCCCAAGGTAGTTA-3’

Reverse: 5’-TTCTCGTCGTTTCCGCAACAAGTC-3’
β2-MG Forward: 5’-ATGAGTATGCCTGCCGTGTGAAC-3’

Reverse: 5’-TGTGGAGCAACCTGCTCAGATAC-3’
p21 Forward: 5’-GGATGAGTTGGGAGGAGGCAG-3’

Reverse: 5’-CGTTTGGAGTGGTAGAAATCTGTCATG-3’
p15 Forward: 5’-GGGAAAGGATATGTTTATTGACAC-3’

Reverse: 5’-TGTGCATCCATGGAATGAATATCT-3’

Figure S1. Analysis of HEY2 protein expression in tissues microarray comprising 90 paired HCC tumor tissues (T) 
and non-cancerous tissues (N).

Figure S2. Endogenous HEY2 proteins in HCC cell lines and other tumor type cell lines were examined by western 
blot using the human HEY2 antibody (NBP1-88629, Novus, 1:300).
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Table S2. Number of patients analyzed in tumor HEY2 staining of IHC accord-
ing to staining intensity and distribution

Distribution
Intensity

0 (negative) 1 (weak) 2 (moderate) 3 (strong)
Nucleus
    0 (0%) 9 0 0 0
    1 (1-25%) 0 12 7 6
    2 (26-50%) 0 4 8 10
    3 (51-75%) 0 4 5 18
    4 (76-100%) 0 0 0 7
Plasma
    0 (0%) 37 0 0 0
    1 (1-25%) 0 6 0 0
    2 (26-50%) 0 6 0 0
    3 (51-75%) 0 7 1 0
    4 (76-100%) 0 17 16 0

Table S3. Correlation of the clinicopathological characteristics with tumor 
HEY2 expression in nucleus

Variable
 HEY2 Expression in nucleus

Total, n (%) Q-score ≤4, n (%) Q-score >4, n (%) P value
Q-score 90 (100) 50 (56) 40 (44)
Sex†

    Female 81 (90) 45 (56) 36 (44) 1.000
    Male 9 (10) 5 (56) 4 (44)
Age-yr
    <55 47 (53) 24 (51) 23 (49) 0.423
    ≥55 42 (47) 25 (60) 17 (40)
Missing 1
Tumor size
    <5 cm 35 (39) 20 (57) 15 (43) 0.883
    ≥5 cm 54 (61) 30 (56) 24 (44)
Missing 1
Pathological differentiation 
    I-II 57 (63) 31 (54) 26 (46) 0.769
    III-IV 33 (37) 19 (58) 14 (42) 
TNM clinical stage
    I-II 40 (49) 20 (50) 20 (50) 0.517
    III-IV 42 (51) 24 (57) 18 (43)
Missing 8
†Fisher’s exact test was used.
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Figure S3. Interaction analysis between HEY family members and Smad3. Bacterially expressed GST and GST-
Smad3 fusion proteins were bound to glutathione-Sepharose beads respectively, and then were incubated with 
Myc-HEY1, Myc-HEY2 and Myc-HEYL proteins. Bound HEY family proteins were detected by western blot with anti-
Myc antibody.


