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Abstract Dysregulation of hedgehog signaling has been in-
volved in esophageal squamous cell carcinoma (ESCC) by the
mechanisms that are not fully understood. The receptor for
activated protein kinase C (RACK1) is involved in the pro-
gression of multiple cancers. However, its expression and
function in ESCC have not been investigated. Here, we found
that the expression of RACK1 was upregulated in ESCC
clinical samples. Moreover, over-expression of RACKI1 in
ESCC cells promoted cell proliferation and migration, while
downregulation of RACK1 impaired the proliferation and
migration of ESCC cells in vitro and in vivo. Mechanistically,
RACKI1 promoted the proliferation and migration of ESCC
cells by activating hedgehog signaling. Taken together, our
study suggested RACK1 might be an important therapeutic
target in ESCC.
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Introduction

Esophageal carcinoma is one of the most frequent causes of
cancer-related death in the world [1]. In Asian countries, esoph-
ageal squamous cell carcinoma (ESCC) accounts for 90 % of
the esophageal carcinomas. Although advance has been
achieved in surgical techniques and perioperative management,
the prognosis remains poor. Therefore, it is very urgent to find
molecular therapeutic targets for ESCC treatment.

The hedgehog (Hh) signaling is involved in embryonic
development, cell proliferation and carcinogenesis [2]. The
binding of hedgehog protein to its receptor human patched 1
homologue (PTCH1) induces the activation of smoothened
(Smo), which activates the transcriptional activity of Glil [3].
Activation of hedgehog signaling has been reported in various
cancers [4]. The components and the target genes of hedgehog
pathway were found in gastrointestinal cancer, prostate cancer
and pancreatic cancer [5, 6]. Previous reports have showed the
expression of sonic hedgehog (Shh) and its target genes was
elevated in several esophageal cancer cell lines and clinical
samples and activation of hedgehog signaling was associated
with poor prognosis [7]. However, the molecular mechanism
for the activation of hedgehog signaling in ESCC remains
largely unknown.

Receptor for activated protein kinase C (RACKI1) is an
adaptor protein with seven WD40 repeats [8]. Through bind-
ing a large number of signaling proteins [9—11], RACK1 has
been involved in multiple intracellular signal pathways. With
regard to its role in carcinogenesis, RACK1 coordinated cell
growth and movement [12, 13]. However, some contradictory
results existed in its oncogenic property [8—12]. The function
of RACK1 in ESCC has not been explored.
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In this study, we found that the expression of RACK1 was
upregulated in the ESCC clinical samples. Overexpression of
RACKI1 in the ESCC cells significantly promoted cell growth
and migration, while knockdown the expression of RACK1
inhibited the growth and migration of ESCC cells in vitro and
in vivo. Mechanically, it showed that RACK1 activated hedge-
hog signaling in ESCC cells. Taken together, our study re-
vealed the oncogenic role of RACKI1 in ESCC and RACK1
might be an important therapeutic target in ESCC.

Materials and methods
Primary ESCC samples

Primary tissues were collected from patients who received
surgery for ESCC at Xinhua Hospital, Shanghai Jiao Tong
University. All patients had given informed consent. Dissected
samples were frozen immediately after surgery and stored at
—80 °C until needed.

Immunohistochemistry

The 5-pum-thick consecutive sections of ESCC tissues and
paired normal tissues were cut and mounted on glass slides.
After deparaffinizing, rehydrating, antigen retrieval and
blocking endogenous peroxidases, the sections were washed
thrice in 0.01 mol/l PBS (8 mmol/l Na,HPO,4, 2 mmol/l
NaH,PO, and 150 mmol/l NaCl) for 5 min each, blocked for
1 h in 0.01 mol/l PBS supplemented with 0.3 % Triton X-100
and 5 % normal goat serum, followed by addition of anti-
RACKI1 (1:300) antibody at 4 °C overnight. After brief washes
in 0.01 mol/l PBS, sections were exposed for 2 h to 0.01 mol/l
PBS containing horseradish peroxidase-conjugated mouse
anti-mouse IgG (1:1000), followed by development with
0.003 % H,0, and 0.03 % 3,30-diaminobenzidine in 0.05 mol/l
Tris—-HCI (pH 7.6). Immunohistochemistry for each sample
was performed at least three times, and all sections were
counterstained with hematoxylin.

Cell culture

Immortalized esophageal epithelial cell line SHEE and ESCC
cell lines KYSE180, Ecal09 and Caesl7 were obtained from
ATCC (American Typical Culture Center) and cultured in
DMEM medium (Invitrogen) with 10 % fetal bovine serum,
10 units/ml penicillin-G, and 10 mg/ml streptomycin. Cells
were incubated at 37 °C in 5 % CO, humidified air.

Western blot analysis

Western blot analysis was performed as previously described
[12]. Primary antibodies to RACK 1 and Patch were purchased
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from Santa Cruz Biotechnology, and antibodies to GAPDH
and Glil were purchased from Sigma. Rabbit anti-mouse IgG
(Sigma) and goat anti-rabbit IgG (Cell Signaling Technology)
were used at a dilution of 1:1500. Primary antibodies were
diluted in TBST containing 1 % BSA and NaN5. The immu-
noreactive protein bands were visualized by ECL kit (Pierce).

RNAi-mediated knockdown of RACK1

Target sequence for RACK1 small interfering RNA was as
listed: 5’-CTACTACCCCGCAGTTCC-3’. The control nu-
cleotide sequence of small interfering RNA was 5’-CTACAT
AGCCCCGTCCCT-3’, which was the random sequence that
was not related to RACKI mRNA. In our experiments,
PSIREN-RetroQ vector, was used to produce small, double-
stranded RNA (siRNA) to inhibit target gene expression in
ESCC cells. To construct the hairpin siRNA expression cas-
sette, complementary DNA oligonucleotides for siRNA of
RACKI1 (si RACK1) or mutated sequence of RACK1 siRNA
as control (si con) were synthesized, annealed and inserted
into pSIREN-RetroQ according to the manufacturer’s proto-
col. pSIREN-RetroQ vector with si RACKI1 or si con was
transfected into HEK293T cells, and the virus was harvested
from culture medium. The harvested virus was purified and
appropriate amounts of virus were used to infect ESCC cells.
After 3 days of infection, cells were selected with puromycine.
The puromycine resistant cells were pooled and examined the
expression of RACKI.

Cell migration assay

Boyden chamber (8 um pore size polycarbonate membrane)
was obtained from Neuroprobe Corporation, Bethesda, MD,
USA. Cells (2% 10°) in 0.05 ml medium containing 1 % FBS
were placed in the upper chamber, and the lower chamber
was loaded with 0.152 ml medium containing 10 % FBS.
After the incubation for 12 h, cells migrated to the lower
surface of filters were detected with traditional H&E stain-
ing, and five fields of each well were counted. Three wells
were examined for each cell type, and the experiments were
repeated for at least three times.

Crystal violet assay

For cell growth assay, equal number of control cells and exper-
imental cells were seeded in 6-well plates and cultured in
medium supplemented with 10 % FBS for 7 days. Medium
was changed every other day. Cell growth was stopped after
7 days in culture by removing the medium and adding 0.5 %
crystal violet solution in 20 % methanol. After staining for
5 min, the fixed cells were washed with phosphate-buffered
saline (PBS), photographed and dissolved with 1 % SDS. The
absorbance at 600 nm was evaluated using a micro-plate reader.
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MTT assay

For cell growth analysis, equal numbers of cells were seeded in
48-well plates and cultured for various durations. Cell numbers
were measured by MTT assay according to the manufacturer’s
protocol (Roche Applied Science).

In vivo metastasis assay

The Ecal09-Luc stable cell line (overexpressing luciferase) was
established with G418 selection. Luciferase expression was
determined using luciferin (Xenogen) and an in vivo imaging
system (Xenogen). The luciferase-expressing Ecal09/sicon
cells and Iuciferase-expressing Ecal09/siRACK1 cells (1x10°
cells in 100 ul PBS) were injected into the left ventricle of the
nude mice. The metastasis lesions were monitored every week.
Before mice were anesthetized with Forane (Abbott), the
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aqueous solution of luciferin (200 mg/kg intraperitoneally)
was injected 5 min before imaging. The animals were placed
into a light-tight chamber of the CCD camera system
(Xenogen), and the photons emitted from the luciferase ex-
pressing cells within the animal were quantified for 1 min, using
the software program Living Image (Xenogen) as an overlay on
Igor (Wavemetrics).

Results

The expression of RACK1 was upregulated in ESCC

In the screening for the differentially expressed genes between
the ESCC samples and paired normal tissues, RACKI1 was

found to be up-regulated in ESCC tissues compared with the
normal tissues (data not shown). In order to investigate the
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Fig. 1 Upregulation of RACKI in ESCC samples. a Relative expression
of RACK1 mRNA in human ESCC samples and paired normal esopha-
geal tissues. Semi-quantitative RT-PCR was performed on 53 paired
ESCC RNA samples. The RACKI expression was normalized to that
of beta-actin. Data was calculated from triplicates. Each bar was the log,
value of the ratio of RACKI1 expression levels between ESCC (T) and
matched normal tissues (N) from the same patient. Because log,2=1, bar
value>1 represents>2-fold increase (C>N), whereas bar value<—1

represents>2-fold decrease (C<N). (b) The expression of RACK1 was
shown as box plots, with the horizontal lines representing the median; the
bottom and top of the boxes representing the 25th and 75th percentiles,
respectively; and the vertical bars representing the range of data. We
compared the expression of RACK1 in cancer tissues and normal tissues
using the ¢ test. n=53. *P<0.05. ¢ Immunohistochemical analysis of
RACKI1 expression in ESCC and matched normal tissues. d The protein
level of RACK1 in ESCC samples and paired normal tissues
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Fig. 2 RACKI1 promoted the
growth and migration of the
immortalized esophageal
epithelial cells and ESCC cells. a
Overexpression of RACK1 in
SHEE cells and KYSE180 cells.
The expression vector of
RACKI was transfected into
SHEE cells and KYSE180 cells
and the cells were selected with
G418. The G418-resistant cells
were pooled and examined for
the expression of RACKI. b
RACKI1 promoted the growth of
KYSE180 cells by MTT assay. ¢
RACKI promoted the migration
of SHEE cells and KYSE180
cells by Boyden Chamber assay.
The images showed
representative density of cells
that migrated. d Quantification
of migrated cells in ¢. The results
represented the mean+SD.
*P<0.05

Fig. 3 Knock down of RACK1
inhibited the growth and
migration of ESCC cells. a
Knock down the expression of
RACKI in Ecal09 cells and
Caes17 cells. b Knock down of
RACKI1 inhibited the growth of
Ecal09 cells by MTT assay.
*P<0.05. ¢ Knock down of
RACKI1 inhibited the migration
of Ecal09 cells and Caes17 cells
by Boyden Chamber assay. The
images showed representative
density of cells that migrated. d
Quantification of migrated cells
in ¢. The results represented the
mean+SD. **P<0.01
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4 Fig. 4 RACK]1 promoted the growth and migration of ESCC cells

through activating hedgehog signaling. a RACKI1 enhanced the tran-
scriptional activity of Glil by luciferase assay. *P<0.05. b, ¢ RACK1
regulated the expression of Glil and Patch, two target genes of hedgehog
signaling, both at the protein and mRNA level. (d-¢) Knock down of Glil
abolished the effects of RACK1 on the migration and growth of ESCC
cells, and the suppressive effects induced by silencing the expression of
RACKI could be rescued by Glil. *P<0.05; **P<0.01

expression pattern of RACK1 in ESCC samples, the mRNA
level of RACK1 was examined by Real-time PCR analysis in
53 ESCC samples and paired normal tissues. Upregulation of
RACKI mRNA level was observed in ESCC samples com-
pared with the paired normal tissues (Fig. 1a, b). In addition,
the results of immunohistochemistry showed the increased
protein level of RACKI1 in human ESCC tissues (Fig. 1c).
Moreover, up-regulation of RACK1 was observed in seven
randomly chosen ESCC samples and paired normal tissues
(Fig. 1d). Theses results indicated that RACK 1 might play an
oncogenic role in the progression of ESCC.

Forced expression of RACK1 promoted the growth
and migration of ESCC cells

To study the roles of RACKI in the growth of immortalized
esophageal epithelia cells and ESCC cells, SHEE cells and
KYSE180 cells were stably transfected with either a
pcDNA3.1/RACK1 vector containing full length of RACK1
or an empty vector pcDNA3.1 as control. G418-resistant cells
were pooled and confirmed the expression of exogenous
RACKI by Western blot analysis (Fig. 2a). The effect of
RACKI on cell growth was evaluated by MTT assay. It was
found RACKI1 promoted the growth of KYSE180 cells sig-
nificantly (Fig. 2b). At the same time, we used Boyden Cham-
ber assay to investigate the role of RACK1 in cell migration.
We found that RACK1 facilitated the migration of SHEE and
KYSE180 cells (Fig. 2¢-d). These results indicated the onco-
genic role of RACK1 in the progression of ESCC.

Knockdown of RACKI inhibited the growth and migration
of ESCC cells

In order to examine the role of endogenous RACKI in cell
growth and migration, we first knocked down the expression
of RACK1 in Ecal09 cells and Caesl7 cells (Fig. 3a).
Knockdown of RACKI inhibited the growth of Ecal09 cells
as shown by MTT assay (Fig. 3b), which was consistent with
the results shown in Fig. 2b. It has been reported that
RACKI1 played an important role in the migration of gastric
cancer cells [14]. In this study, we investigated the function
of RACKI1 in the migration of ESCC cells using Boyden
Chamber assay. It was found that knock down the expression
of RACKI1 dramatically inhibited cell migration of Ecal09
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Fig. 5 Knock down of RACK1
inhibited the metastasis of
Ecal09 cells in vivo. a
Monitoring metastasis of
bioluminescent Ecal09/sicon,
Ecal09/RACKI cells. Images
were obtained 5 min and 8 weeks
after injection. ¢ Mean photon
counts of each group of mice
were quantified and were
displayed over time. Each point
represented the mean+SD.
*P<0.05; **P<0.01

and Caesl7 cells (Fig. 3c—d). These observations indicated
the potential function of RACKI1 in cancer metastasis.

RACKI1 promoted the growth and migration of ESCC cells
by activating hedgehog signaling

In order to find out the underlying mechanism responsible for
the oncogenic role of RACK1 in ESCC, luciferase assay was
used to identify the signal pathways regulated by RACKI1 in
immortalized esophageal epithelial cells and ESCC cells. We
transiently overexpressed RACK1 in SHEE and KYSE180
cells and found that forced expression of RACKI strongly
activated a multimerized Glil-binding motif (GLIBS)-lucifer-
ase reporter, suggesting RACK1 activated the hedgehog sig-
naling in immortalized esophageal epithelial cells and ESCC
cells (Fig. 4a). In the next study, we examined whether
RACKI1 modulated the expression of the target genes regulated
by the hedgehog signaling. It was found that RACKI
upregulated the expression of Glil and Patch both at the
protein level and mRNA level (Fig. 4b), while knockdown
the expression of RACK1 greatly decreased the expression of
Glil and Patch (Fig. 4c). We next explored whether the onco-
genic effects of RACK1 were mediated by the hedgehog-Glil
signaling pathway. It showed that knockdown the expression
of Glil in KYSE180 cells profoundly reversed the effects of
RACKI on the growth and migration (Fig. 4d-e), and the
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suppressive effects on cell growth and migration induced by
silencing the expression of RACK1 could be rescued by Glil,
suggesting the oncogenic effects of RACK1 were dependent,
at least in part, on the hedgehog-Glil signaling pathway.

Silencing the expression of RACK1 inhibited the metastasis
of ESCC cells in vivo

Our in vitro results suggested that knockdown of RACKI1
suppressed the growth and migration of ESCC cells. Therefore,
we evaluated whether modulating endogenous RACK1 expres-
sion could influence ESCC metastasis in vivo by utilizing a
tumor metastasis mouse model. Consistent with our in vitro
results, bioluminescent signals appeared in Ecal09/sicon cells
injected mice in 4 weeks and developed progressively stronger
in the following weeks. In contrast, much weaker biolumines-
cent signals and fewer metastatic lesions were detected in mice
who received Ecal(09/siRACK cells (Fig. 5a-b). Therefore,
knockdown of RACK1 suppressed tumor metastasis in vivo.

Discussion
It is known that the development of ESCC includes multiple

steps through the progression of precancerous dysplastic
lesions to invasive ESCC [15]. Diagnosis of cancer at later
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stages is a major factor for the mortality of esophageal
cancer. Most of ESCC patients are diagnosed in the ad-
vanced stages. Thus, identifying gene alterations that drive
the carcinogenesis process of esophageal cancer may help
design novel strategies to diagnose and treat the disease.

RACKI1 has been reported to be dysregulated in several
cancer types, including oral squamous carcinoma, colon cancer
and breast cancers. The expression of RACK1 was reported to
be associated with the pathological stage and other clinical
features of the cancer [16—18]. However, the expression pattern
and the function of RACK1 in ESCC remained unknown. In
this study, we observed that the expression of RACKI1 was
upregulated in ESCC and promoted the growth and migration
of the ESCC cells. With regard to the molecular mechanism, it
was found RACKI1 promoted the growth and migration of
ESCC cells partially through activation of hedgehog signaling.

Activation of hedgehog signaling is very common in the
clinical samples of ESCC. Upregulation of hedgehog ligand,
mutation of smoothened (Smo) and ligand-independent mech-
anism contributed to the activation of hedgehog signaling in
ESCC [19, 20]. In lung cancer, RACK1 activated hedgehog
signaling through activation of Smo[21], suggesting RACK1
activated hedgehog signaling in ESCC in a Smo-dependent
manner. It has been reported that inhibition of hedgehog sig-
naling effectively suppressed cell invasion as well as growth of
ESCC cells, suggesting hedgehog signaling should be a ther-
apeutic target in ESCC.

In this study, it has been found that RACK1 promoted the
growth and migration of ESCC cells through activating
hedgehog signaling. Based on the previous studies, tissue-
specifically knocked down the expression of RACKI1 in
ESCC or applied peptide to block the interaction between
RACKI1 and Smo would inhibit the activation of hedgehog
signaling mediated by RACK 1. Therefore, RACK1 might be
a therapeutic target for ESCC.
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