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Abstract

Background: The gene Hedgehog interacting protein (HHIP) is a pivotal morphogen for
multiple developmental processes. However, the expression and clinical correlation of HHIP in
gastric cancer (GC) has not been fully investigated. Here, we aimed to explore the expression
of HHIP in gastric cancer (GC) and evaluate its clinicopathological and functional correlations.

Methods: The expression of HHIP mRNA was first determined in the Human Protein Atlas
(HPA) and The Cancer Genome Atlas (TCGA) GC database and then validated by RT-qPCR (n
= 41) and immunohistochemistry (IHC, n = 95) in a cohort of in-house GC patients and in 29
cases of gastric intraepithelial neoplasia (GIN). The clinicopathological and functional
relationship of HHIP with GC were also analyzed.

Results: We found that HHIP mRNA were significantly downregulated in GC in the TCGA and
HPA databases, as well as in our in-house cohort (P < 0.05). HHIP mRNA is mainly located in
the cell nucleus, while HHIP protein is mainly located in the cell cytoplasm. Moreover, the HHIP
protein level in the GIN tissues was significantly higher than that in the GC tissues (P < 0.001)
and significantly lower than that in adjacent normal controls (P < 0.001). In addition, low HHIP
expression was correlated with lymphatic metastasis (P = 0.041), pTNM stage (P = 0.007) and
nervous system invasion (P = 0.001). Furthermore, we observed strong positive correlations
between HHIP protein expression and overall survival (P < 0.001) and disease-free survival (P
= 0.027) in GC patients. HHIP protein expression was an independent prognostic factor for
overall survival (P < 0.001). Functional experimental results showed that overexpression of
HHIP attenuated the migration and invasion ability of GC cells (P < 0.01).

Conclusion: HHIP may be a promising tumor metastatic-suppressor and prognostic
biomarker for gastric cancer.
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Introduction

Although the incidence of gastric cancer (GC) is ~ dominant types of cancer in the age group 60 to 74
decreasing worldwide, it is still relatively high in  years, GC is the leading cause of death and a major
eastern Asia, especially in China [1]. In China, as the  digestive system public health problem, with 0.50
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million deaths and 0.68 million new cases in 2015 [2].
Although prevention efforts are critical to reduce the
long-term burden of cancer, any effects of these efforts
will not be seen in the near future. For this purpose,
improving the access and availability of optimal
prognostic and therapeutic biomarkers may hold the
greatest potential to provide effective molecules for
clinical management of GC patients and to facilitate
early intervention and individualized/precise
treatment.

The Hedgehog interacting protein (HHIP) gene
is located on chromosome 4q31.21, and it encodes a
member of the hedgehog-interacting protein (HHIP)
family. As evolutionarily conserved proteins, the
hedgehog (HH) proteins are key mediators of many
fundamental processes in embryonic development.
HH signals can be transduced and/or regulated by
multiple cell-surface receptors [3]. Abnormal
activation of the hedgehog signaling pathway is one
pivotal cause of the oncogenesis and development of
human malignancies. By binding to all three
hedgehog proteins, Sonic Hedgehog (SHH), Indian
hedgehog (IHH) and Desert hedgehog (DHH) HHIP
proteins function as negative regulators in the
hedgehog pathway and exhibit significant roles in
human malignancies [4-7]. Cumulative evidence has
illustrated the role of HHIP in cancer. For example,
downregulation of HHIP in stromal cells increased
the proliferation of leukemic cells [4]; HHIP-
overexpression attenuated the activation of HGF/
MET and HH pathways and made lung adenocarci-
noma cells more susceptible to stress conditions [5]. It
has been shown that HHIP-overexpression inhibited
GC cell proliferation, migration and invasion [7].
However, the relationship between HHIP expression
and GC has never been illuminated.

In the present study, we first evaluated the
dysregulation of HHIP mRNA in the HPA and TCGA
GC databases. Then, we validated the results in our
cohort and analyzed the correlation of HHIP protein
with clinicopathological characteristics and prognosis
of GC patients. Additionally, we assessed the role of
HHIP on GC cell migration and invasion in vitro.

Materials and Methods

Patients

The HPA database (http://www.proteinatlas.
org/), which includes 354 GC and 193 unpaired
normal gastric mucosa samples, and the TCGA gene
expression database (http://cancergenome.nih.gov
/), which includes 360 GC and 37 unpaired normal
gastric mucosa samples, were used for primary study.
The Reads per kilobase of exon per million reads
mapped (RPKM) of HHIP were extracted for analysis.

A total of 165 cases were collected in our Fudan
University Shanghai Cancer Center (FUSCC) cohort.
Forty-one paired, frozen, fresh GC and normal gastric
tissue samples, 95 cases of formalin fixed paraffin
embedded (FFPE) GC and normal gastric tissue
samples from patients who underwent resection of
primary GC at FUSCC and 29 cases of FFPE tissue
samples from gastric intraepithelial neoplasia (GIN)
patients who underwent endoscopic biopsy at FUSCC
were studied. All samples were obtained from the
tissue bank of FUSCC. This study was approved by
The Research Ethics Committee of FUSCC, and all
patients had signed informed consent. The GC
diagnosis was histopathologically confirmed by two
pathologists. None of the patients underwent preope-
rative treatment. The data collected from all subjects
included gender, age, and GC features (e.g., histologic
stage, tumor size, tumor depth, status of lymphatic
metastasis, vascular invasion, nervous invasion, and
peritoneal metastasis). The GC clinical stage was
evaluated using the tumor-node-metastasis (TNM)
classification system [20]. The follow-up of GC
patients who donated FFPE samples (n = 95) were
performed every three months during the first post-
operative year and one year thereafter until March 30,
2018. Overall survival (OS) was calculated from the
date of surgery to the date of death. Disease-free
survival (DFS) was defined as the length of time
between the surgery and tumor progression or death
from the cancer. During the follow-up, 24 patients
died of GC.

Cell lines and culture conditions

The human GC cell lines AGS, MGC-803, MKN-
45, SGC-7901 and HGC-27, and the human normal
gastric mucosa cell line GES-1 were cultured in 90%
RMPI-1640 (Gibco) and 90% DMEM (Gibco) supple-
mented with 10% fetal bovine serum (FBS, Gibco), 50
U/ml penicillin and 50 pg/ml streptomycin (Gibco) in
a humidified atmosphere at 37°C and 5% CO,, as
appropriate.

Transient transfection

The full-length HHIP sequence was amplified by
PCR from the ¢cDNA and then subcloned into a
PENTER vector (Transheep, Shanghai, China). SGC-
7901 and MGC-803 cells were transfected with
plasmid vectors using NamipoTM (Transheep, Shan-
ghai, China) according to the manufacturer’s protocol.

Cell migration and invasion assays

Cell motility and invasion were detected using a
wound-healing assay and Transwell assay. The
experiments were carried out and assessed as
described previously [21].

http://lwww.jcancer.org



Journal of Cancer 2018, Vol. 9

4644

RNA extraction, reverse transcription, and
gRT-PCR analysis

Total RNA was isolated from 41 gastric cancer
samples using TRIzol® reagent (Invitrogen). Real-
time RT-PCR was performed as previously described
[21]. B-actin was used as an internal control. The
primers for RT-PCR analysis were synthesized by
Transheep (Shanghai, China). Primers were as
follows: HHIP-F, 5- TCTCAAAGCCTGTTCCACTCA
-3’, HHIP-R, 5-GCCTCGGCAAGTGTAAAAGAA-3;
U6-F, 5- TGCTCGCTTCGGCAGCACAT-3, Ue6-R,
5-CTTGCGCAGGGGCCATGCTA-3’; MT RNRI1-F,
5’- CCTCCCCAATAAAGCTAAAA -3, MT RNRI1-R,
5- GCTATTGTGTGTTCAGATAT-3’; p-actin-F, 5'-
AGTCATTCCAAATATGAGATGCGTT-3, B-actin-R,
5- TGCTATCACCTCCCCTGTGT-3'.

Western blotting

Antibodies against HHIP (OAGA00579) were
purchased from Aviva Systems Biology (San Diego,
CA, USA). GAPDH (#2118) was purchased from Cell
Signaling Technology (Cambridge, MA, USA). Cells
were lysed in RIPA buffer (Sigma-Aldrich)
supplemented with a protease inhibitor (Roche, Basel,
Switzerland) and a phosphatase inhibitor (Roche).
Protein concentrations were measured using a BCA
protein assay kit (Thermo Scientificc MA, USA) as
described previously [19]. Protein expression levels
were normalized to that of GAPDH.

Immunohistochemistry (IHC) staining

FFPE samples were selected from the archives of
the Pathology Department of FUSCC. The 10x12
tissue microarrays (TMA) were made by FUSCC
Tissue Bank. IHC was performed on 5-pm-thick TMA
sections using the HHIP antibody (HPA012616,
Sigma, 1:200 dilution). Each case had one repeat core
to preclude loss of samples. IHC staining was
performed as described previously [21]. Sections were
evaluated and scored by two pathologists independ-
ently. The Immunoreactive Score (IRS) was the
multiplicity of the staining intensity and positive
cancer percentage and was calculated by the mean
value of two cores. Finally, the assessment of HHIP
protein expression was defined as low (<1.5+) and
high (>1.5+ to <3+).

Localization

Nuclear and cytoplasmic RNA were separately
extracted from the AGS and MGC-803 cell lines using
the Protein and RNA Isolation System (PARIS) Kit
(Life Technologies, USA), and nuclear and cyto-
plasmic RNA were converted to cDNA and analyzed
by gRT-PCR as described previously [22]. Of the
control genes, the mitochondrial gene MT RNR1 was

expressed in the cytoplasm, whereas the nuclear
transcript U6 was expressed in the nucleus. B-actin
was used for normalization.

Statistical Analysis

The data were calculated using SPSS 22.0 or
GraphPad Prism and reported as the mean + SD. All
experiments were performed at least in triplicate.
Comparisons between groups were determined by a
paired t test, Mann-Whitney test, two-tailed x?2 test or
one-way ANOVA followed by Tukey’s multiple
comparison tests, as appropriate. The survival curves
were estimated by Kaplan-Meier curves with a log
rank test. Univariate and multivariate Cox proport-
ional backwards hazards regressions were applied to
estimate the hazard ratio (HR) for the survival, and
the hazard ratio (HR) and 95% confidence interval
(CI) were measured. All P values were two-sided, and
P < 0.05 was considered statistically significant.

Results

HHIP expression in GC tissues

We first searched the TCGA and HPA database
to analyze the mRNA expression of HHIP. The data of
HHIP mRNA expression from the TCGA gastric
datasets showed that the levels of HHIP mRNA
expression were significantly lower in the GC tissue
samples (0.657 £0.673) compared with the normal
gastric tissues (1.030£0.865) (Figure 1A). Consist-
ently, the data of HHIP mRNA expression from the
HPA database indicated that HHIP mRNA was also
decreased in the GC tissue samples (1.500=1.873)
compared with the normal tissue samples (2.913 =%
2.281, P < 0.001; Figure 1B).

HHIP transcripts were then detected in 41 pairs
of the primary GC tissues and the adjacent gastric
mucosa. In comparison with these matched normal
(1.546 = 2.229) samples, HHIP mRNA levels were
significantly decreased in the cancer tissues (0.604%
0.725, Figure 1C). To detected the HHIP protein
expression in GC, a tissue microarray with 95 pairs of
GC and normal mucosa samples and 29 cases of GIN
were selected for HHIP IHC staining. Statistically
significant score differences were observed between
the GC (1.149%£0.702) and normal gastric mucosa
(2.432%£0.554, P<0.001). In addition, HHIP immuno-
staining in the GIN (2.121£0.636) tissues was reduced
compared with the normal tissue samples (2.432%
0.554, P = 0.014) and increased compared with the GC
tissue samples (1.149%0.702, P < 0.001; Figure 1D).

HHIP subcellular localization and
immunostaining

To determine the subcellular localization of
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HHIP mRNA in GC, we used a nucleoplasm
separation method to detect the subcellular location of
HHIP in AGS and MGC-803 cells; MT RNR1 was used
as a cytoplasmic reference and U6 was used as a
nucleus reference, and the results showed that HHIP
was mainly located in GC cell nuclei (Figure 2A). By
IHC, positive signals of HHIP immunostaining were
observed in the cytoplasm and cell membrane of
benign and malignant gastric mucosa cells (Figures
2B). A low expression (score 0-1.5) was observed in 41
GC cases, 5 IN cases and 8 normal cases; a high exp-
ression (score 2-3) was observed in 54 GC cases, 24 IN
cases and 87 normal cases (Figure 2C). An interesting
finding was that no normal gastric mucosa and GIN
samples were scored as 0-0.5, whereas 35% of the gas-
tric cancer samples were scored as 0-0.5 (Figure 2C).

Association of HHIP protein expression with
GC patient clinicopathological features and
prognosis

By dividing patients into the high HHIP mRNA
level group and low HHIP mRNA level group using
the mean value of HHIP mRNA expression in 41 cases
of GC tissue samples, we analyzed the relationship
between the HHIP mRNA expression levels and
clinicopathological features of GC patients. However,
no positive correlation was found (all P > 0.05; Table
1). We also analyzed the relationship between the
HHIP protein expression levels and clinicopatholo-
gical features of 95 cases of GC patients who were
enrolled for IHC analysis. Chi-squared analysis
demonstrated that HHIP protein expression was
correlated with lymphatic metastasis (P = 0.041),
nervous invasion (P=0.001) and pTNM stage (P =
0.007), while there was no significant correlation
between HHIP protein expression and any other
clinicopathological feature (all P > 0.05; Table 1).

OS and DFS curves were plotted according to
HHIP protein expression levels wusing the
Kaplan-Meier method. As presented in Figure 3, the
patients with high HHIP protein expression exhibited
a significantly better OS (P < 0.001) and DFS (P =
0.027) than those with low HHIP expression.
Univariate analysis of OS revealed that the HHIP
expression level (P < 0.001), tumor size (P = 0.020),
tumor depth (P = 0.008), nervous invasion (P = 0.021),
lymphatic metastasis (P = 0.017), peritoneal metastasis
(P < 0.001) and tumor stage (P < 0.001) were
prognostic indicators for GC (Table 2). Further
multivariate analysis revealed that HHIP expression
(P < 0.001) and peritoneal metastasis (P < 0.001) were
independent prognostic predictors for OS in GC
patients (Table 2), while HHIP protein expression was
not an independent prognostic indicator for DFS in
GC patients (data not shown).

HHIP suppresses GC cell migration and
invasion

To investigate the biological effects of HHIP in
GC progression, we examined the HHIP baseline
expression levels in 5 gastric cancer cell lines (AGS,
HGC-27, MGC-803, SGC-7901, MKN-45) and one
normal gastric epithelial cell line (GES-1). The level of
HHIP in gastric cancer cells was found to be
significantly lower than that in GES-1 cells (Figure
4A). Then, SGC-7901 and MGC-803 cells were selected
for overexpression experiments, and the efficiency of
overexpression was validated by gqRT-PCR and
Western blotting (Figure 4B).

Because high HHIP expression levels were
tightly correlated with lymph node metastasis and
nervous invasion, we speculated that HHIP can
suppress the metastatic ability of GC cells. With
further in vitro experimental assays, we found that
upregulation of HHIP resulted in attenuated
wound-healing rates (P < 0.05; Figure 4C) and a
remarkably decreased number of invaded cells (P <
0.05; Figure 4D) in both SGC-7901 and MGC-803 cells.
These findings suggest that HHIP may be a
metastatic-related suppressor in GC.
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Figure 1. HHIP had lower expression in gastric cancer than normal tissues. A.
Analysis of the TCGA GC dataset indicated that HHIP expression was
decreased in the gastric cancers (n = 360) compared with normal gastric tissues
(n = 37). (mean£SD, with Mann-Whitney test). B. Analysis of HPA GC dataset
indicated there was decreased HHIP mRNA expression in the 354 GC samples
compared to the normal tissue (n = 193). (meanSD, with Mann-Whitney test).
C. Analysis of the FUSCC cohort by RT-qPCR indicated that HHIP mRNA
expression was significantly downregulated in the gastric cancer samples
compared to the normal controls (n = 41, mean+SD, with paired t-test). D.
Analysis of the FUSCC cohort by Western blotting indicated HHIP protein
expression in 95 pairs of GC and normal tissues, as well as in 29 GIN samples.
(meanzSD, with one-way ANOVA).
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Figure 2. HHIP subcellular localization and immunostaining. A. HHIP mRNA subcellular localization in GC AGS and MGC-803 cell lines. B. Representative images of
HHIP expression in gastric cancer, GIN and normal tissues, as visualized at 40x and 200% magnifications. C. Distribution of Immunoreactive Score (IRS) in TMA of

gastric tissues and in TMA of indicated tissues.

Discussion

In human normal tissues, HHIP mRNA is
mainly expressed in the adult lung, brain and
stomach; however, it is weakly expressed in the
esophagus, heart, skin, placenta and pancreas [8]. As a
structural decoy receptor for vertebrate Hedgehog,
HHIP acts as an antagonist of hedgehog signaling [9].
Low expression of HHIP has been reported in human
malignancies such as hepatic [10-12], pancreatic [13],

gastrointestinal [14], or medulloblastoma cancers [15].
In gastrointestinal cancer, including esophageal
cancer, gastric cancer and pancreatic cancer, Hedge-
hog signaling is frequently activated due to epigenetic
silencing of the HHIP1/HHIP gene, and HHIP is
considered a Hedgehog inhibitor [5], whereas L Yang
et al. reported that HHIP was highly expressed in
esophageal squamous cell carcinomas (ESCC) tissue
samples, suggest that silencing of HHIP is not a major
mechanism for HH signaling activation in ESCC [16].
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Table 1. Clinical characteristics of gastric cancer patients

Clinicopathologic feature HHIP mRNA Pa HHIP protein Pa
expression expression
(RT-qPCR group) (IHC group)
Low High Low High
Age (years) 0.623 0.838
<60 16 4 21 29
=60 17 4 20 25
Gender 0.310 0.803
male 26 8 31 43
female 7 0 10 11
Tumor mass size 0.697 0.830
<5cm 16 5 25 35
25cm 17 3 16 19
Histologic grade 0.573 0.815
Good or moderate 26 6 30 38
Poor or undifferentiated 7 2 10 15
Tumor depth 0.522 0.141
T1+T2 4 0 3 10
T3+T4 29 8 38 44
Lymphatic metastasis 0.722 0.041
Absent 6 1 3 13
Present 27 7 38 41
Peritoneal metastasis 0.412 0.488
Absent 23 7 28 41
Present 10 1 13 13
Vascular invasion 0.627 0.828
Absent 12 3 13 19
Present 21 5 28 35
Nervous invasion 0.692 0.001
Absent 10 3 7 27
Present 23 5 34 27
pTNM stage 0.569 0.007
I+11 10 2 4 19
MI+IV 23 6 37 35
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Figure 3. Influence of HHIP protein expression patterns on overall survival and
disease-free survival by Kaplan-Meier analyses in the FUSCC cohort. A. The
Kaplan—Meier survival curve with log-rank analysis of OS showed statistical
significance between the curves of patients with HHIP high-expression and
low-expression (log-rank test). B. The Kaplan—Meier survival curve with
log-rank analysis of DFS showed statistical significance between curves of
patients with HHIP high-expression and low-expression (log-rank test).

a All statistical tests were 2-sided. Significance level: p < 0.05.

Table 2. Univariate and multivariate analyses of
clinicopathological factors for overall survival in gastric cancer
patients (IHC cohort)

Variable Univariate analysis Multivariate analysis
HR (95 % CI) p2 HR (95 % CI) p2

Age 0.882 0.624

(2 60/<60) (0.534-1.456)

Gender 1.089 0.774

(Male/Female) (0.608-1.950)

Tumor size 1.823 0.020

(25/<5) (1.101-3.018)

Histologic grade 0.894 0.703

(Poor, other/Good, mod)  (0.504-1.587)

Depth of tumor 4.898 0.008

(T3, T4/T1, T2) (1.527-15.709)

Vascular invasion 1.746 0.057

(Present/ Absent) (0.984-3.099)

Nervous invasion 1.943 0.021

(Present/ Absent) (1.105-3.419)

Lymphatic metastasis 2.806 0.017

(Present/ Absent) (1.205-6.553)

Peritoneal metastasis 3.062 <0.001 2792 <0.001

(Present/ Absent) (1.803-5.200) (1.617-4.821)

TNM stage 4313 <0.001

(II+IV/I+1I) (1.945-9.564)

HHIP protein 0.294 <0.001 0327 <0.001

expression (0.175-0.495) (0.192-0.555)

(High/Low)

HR: Hazard ratio; CI: confidence interval;
a All statistical tests were 2-sided. Significance level: p < 0.05.

In the present study, we first studied the
expression of HHIP in the TCGA and HPA databases
and found HHIP mRNA were downregulated in GC.
These results were confirmed in the validation cohort,
and HHIP mRNA expression levels in tumor tissues
from 41 GC cases were significantly lower than the
adjacent normal gastric tissue samples. HHIP
immunostaining, both in the cytoplasm and cell
membrane, also showed lower expression in the GC
tissues compared with the normal gastric tissue
samples. No previous studies had focused on HHIP
expression in GIN, the precancerous lesion of GC. By
IHC, our results revealed that HHIP immunostaining
in the GIN tissues was reduced compared with the
normal gastric tissue samples and increased in
comparison to the GC tissue samples. Moreover, the
negative and weak positive expressions were more
common in the gastric cancer tissues samples. These
results suggested that HHIP may act as a tumor
suppressor. In addition, HHIP protein expression is
an independent factor for predicting GC overall
survival. All these data suggest that HHIP is a
potential biomarker for GC diagnosis and prognosis.

HHIP downexpression is associated with a high
tumor burden in human cancer [14, 17]. A previous
study showed that HHIP downexpression is
correlated with lymph node metastasis in colorectal
cancer tissues and TNM stage in gastric cancers with
strong Shh expression [14]. Consistently, our study
discovered a significant association of lymphatic
metastasis, nervous invasion and advanced pTNM
stage with HHIP protein expression in GC. However,
there was no correlation between HHIP mRNA and
lymph node metastasis in our PCR cohort. In
addition, two previous studies by Song Y et al
showed inconsistent results. They found no
significant relationship between HHIP mRNA or
protein expression with clinical features in GC [18,
19]. These discrepancies may be due to the differences
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in sample size, the detection methods, the use of
different antibody clones and scoring methods. Since
phenotypes prompt the underlying function, we
further conducted in vitro experiment investigations
and confirmed that HHIP may be a metastatic-related
suppressor in GC.

In conclusion, by analyzing the TCGA and HPA
databases and confirming the results in a cohort of
in-house patients, we showed that both mRNA and

protein levels of HHIP were significantly downexpr-
essed in GC. Decreased HHIP expression during GC
tumorigenesis and development and its prognostic
correlation suggested that HHIP might have a
potential role in GC prognostication. Combined with
the functional experimental results that overexpress-
ion of HHIP decreased the metastatic ability of GC
cells, our study provides evidence supporting HHIP
as a promising suppressive target.
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