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Glucose-regulated protein 94 mediates metastasis
by CCT8 and the JNK pathway in hepatocellular carcinoma
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Abstract Hepatocellular carcinoma (HCC) is one of the lead-
ing causes of cancer death worldwide. Cancer metastasis is a
major obstacle in clinical cancer therapy. The mechanisms
underlying the metastasis of HCC remain unclear. Glucose-
regulated protein 94 (GRP94) is a key protein involved in
mediating cancer progression, and it is highly expressed in
HCC specimens. However, the role of GRP94 in cancer me-
tastasis is unclear. A specific short hairpin RNA (shRNA) was
employed to knock down GRP94 gene expression in HCC
cell lines. Wound-healing migration, transwell migration,
and invasion assays were performed to determine the
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migration and invasive ability of HCC cells. We demonstrated
that silencing GRP94 inhibited HCC cell wound healing, mi-
gration, and invasion. Furthermore, our findings indicated that
GRP94 knockdown might attenuate HCC cell metastasis by
inhibiting CCT8/c-Jun/EMT signaling. Our study indicated
that silencing GRP94 significantly reduced the migration
and invasion abilities of HCC cells. Moreover, depleting
GRP94 inhibited cell migration and invasion by downregulat-
ing CCT8/c-Jun signaling. Thus, our data suggest that the
GRP94/CCT8/c-Jun/EMT signaling cascade might be a new
therapeutic target for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is a leading cause of cancer-
related death in the world [1]. Persistent infection with hepa-
titis B virus (HBV) or hepatitis C virus (HCV) is a major risk
factor for the development of HCC [2]. Despite recent prog-
ress in therapy, the prognosis of HCC patients is still not op-
timistic. HCC is often diagnosed at late stages; thus, most
patients have a limited number of therapeutic options.
Clearly, there is an urgent need to identify useful biomarkers
for the diagnosis and treatment of this aggressive cancer.
Glucose-regulated protein 94 (GRP94), an endoplasmic
reticulum chaperone, plays a pivotal role in the regulation of
cellular homeostasis [3]. GRP94 maintains calcium homeosta-
sis and protects cancer cells from apoptosis [4]. Additionally,
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GRP94 was demonstrated to be involved in the Wnt-survivin
pathway, which is critical in carcinogenesis [5].
Overexpression of GRP94 has been frequently found in sev-
eral types of cancers, including breast, liver, lung, colorectal,
gastric, pancreatic, and head and neck cancers [6—8]. The in-
duction of GRP94 has been suggested to play critical roles in
cell proliferation, metastasis, poor prognosis, drug resistance,
and decreased survival [9-12]. GRP94 induction is associated
with lymph node metastasis and carcinoma recurrence, and
silencing of GRP94 reduced the migration and proliferation
of breast cancer cells [13]. High GRP94 expression was asso-
ciated with the pathogenesis, aggressive behavior, and prog-
nosis of several cancer types [12]. However, the relationship
between GRP94 and HCC progression and the exact function
of GRP94 in the migration and invasion of HCC cells require
further elucidation.

Chaperonin-containing TCP1 complex (CCT) proteins 1-8
are highly conserved molecular chaperones involved in pro-
moting the correct folding of newly synthesized proteins or
the refolding of misfolded proteins [14]. Moreover, CCT pro-
teins play important roles in maintaining cellular proteostasis.
They are implicated in the regulation of folding of cyclin E,
cyclin B, and p21™, indicating that they might be involved in
the regulation of cell proliferation and cancer progression
[15]. Depletion of CCT inhibited cell growth, altered cell mor-
phology, and affected cell motility [16, 17]. Furthermore, CCT
proteins have been suggested to be involved in the progression
of several cancer types, including breast cancer, colorectal
cancer, uterine sarcoma, and lung cancer [15, 18-21].
Recently, CCT8 overexpression was discovered in colon can-
cer, breast cancer, glioma, and HCC [22-25]. Although CCT8
overexpression was identified in HCC, the connection be-
tween CCT8 induction and the progression of HCC remains
unclear.

We conducted the present study to investigate the role of
GRP94 in the migration and invasion of HCC cells. We found
that silencing of GRP94 caused decreases in cell migration
and invasive ability. Exploring potential mechanisms, we
found that CCT8 may be a key molecule in the GRP94-
mediated migration and invasion of HCC cells. Taken togeth-
er, our results demonstrate that targeting GRP94/CCT8 may
offer a new therapeutic strategy for the treatment of HCC.

Materials and methods
Chemicals, reagents, and cell cultures

Triton X-100, Tris-HCI, puromycin, Trypan blue EDTA, ribo-
nuclease-A, and dimethyl sulfoxide (DMSO) were obtained
from Sigma Chemical Co. (St. Louis, MO). The anti-GRP94
(MABT196) antibody was purchased from Millipore. The
anti-CCT8 (GTX105725) antibody was purchased from
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GeneTex. Antibodies against JNK (9258), E-cadherin
(3195), and N-cadherin (13116) were purchased from Cell
Signaling Technology. The anti-p-JNK (ab4821) antibody
was purchased from Abcam. Antibodies against vimentin
(sc6260), fibronectin (sc9068), c-Jun (sc1694), c-Fos (sc-
52), and GAPDH (sc32233) were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). HepJ5 and
Mahlavu cell were gifted from Dr. C.S Yang, National
Taiwan University, and Dr. C. P. Hu, Veterans General
Hospital, Taiwan [26-28]. The HCC cell lines were grown
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco
BRL, Grand Island, NY, USA), which was adjusted to contain
2 mM L-glutamine, 1.5 g/l sodium bicarbonate, 10 % fetal
bovine serum (Gibco BRL), and 2 % penicillin-streptomycin
(10,000 U/ml penicillin and 10 mg/ml streptomycin). Cells
were maintained in a 5 % CO, humidified incubator at
37 °C as previously described [29, 30].

Generation of GRP94 knockdown in HCC cells

GRP94 knockdown (GRP94-KD) cells were generated as pre-
viously described [29-32]. HCC cells were transfected with
GRP94-specific short hairpin RNA (shRNA) (National RNAi
Core Facility, Academia Sinica, Taiwan) and the parental vec-
tor (pLKO.1 <—puro) and then selected with puromycin. The
target sequence for the human GRP94 mRNA (NM_003299)
gene was 5'-GCGAGACTCTTCAGCAACATA-3". The
MISSION non-target shRNA control vector (SHC002) was
used as a scrambled control (Sigma Chemical Co.) [29-32].
The transfection protocol was performed as previously de-
scribed [31-33]. Briefly, 1.5x 10° cells were washed twice
with phosphate-buffered saline (PBS) and mixed with
0.5 pg of plasmid. We applied one pulse for a duration of
20 ms under a fixed voltage of 1.4 kV on a Neon pipette-
type microporator (Invitrogen Life Technologies, Grand
Island, NY), and the stably transfected cell lines were selected
using puromycin (1 mg/ml) as previously described [31-33].

Protein extraction and Western blot analysis

Protein abundance was determined using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot as previously described [29, 30]. The cells were
washed with cold PBS and lysed using a cell lysis buffer
containing protease inhibitors (Complete Protease Inhibitor
Tablets, Boehringer Mannheim, Indianapolis, IN). Equal
amounts of proteins were separated by 10 % SDS-PAGE un-
der reducing conditions and electrotransferred onto PVDF
membranes (Bio-Rad Laboratories), which were subsequently
blotted using anti-target antibodies and horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (1:5000). The
blots were then visualized with enhanced chemiluminescence
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reagent (Amersham, Piscataway, NJ) and detected with
VersaDoc 5000 (Bio-Rad Laboratories) [29, 30].

Wound-healing assay

The wound-healing assay was performed using the ibidi
culture-inserts system. Briefly, 5x 10> scrambled control or
GRP94-KD HCC cells in 70 pl of DMEM containing 10 %
fetal calf serum were seeded into ibidi cell culture inserts (ibidi
GmbH, Inc., Munchen, Germany) in 35-mm dishes and incu-
bated at 37 °C in 5 % CO,. After 24 h, the culture inserts were
removed and added to the media. The cell-free gap was mon-
itored under a time-lapse microscope (Lumascope Model
%500 video microscopy). The gap was analyzed with ImageJ
software.

Migration assay

In vitro cell migration was assayed in a BD Falcon cell culture
insert (BD Biosciences). Aliquots of 5x 10* cells suspended
in 500 pl of serum-free DMEM were seeded into the upper
part of each chamber, and the lower compartments were filled
with 1 ml of DMEM containing 10 % FCS. After incubation
for 24 h at 37 °C in 5 % CO,, the non-migrating cells were
mechanically removed from the upper surface of the mem-
brane. The cells on the reverse side were stained with 0.1 %
crystal violet and counted under a microscope at 100-fold
magnification.

In vitro invasion assays

Cell motility was assessed using a 24-well BD BioCoat™
Matrigel Invasion Chamber (BD Biosciences). Scrambled
control or GRP94-KD cells (1 x 10°) suspended in 500 pl of
serum-free DMEM were seeded into the upper compartments
of'each chamber, and the lower compartments were filled with
1 ml of DMEM containing 10 % fetal calf serum. After incu-
bation for 24 h at 37 °C in 5 % CO,, the non-migrating cells
were removed from the upper surface of the membrane by
scrubbing. The cells on the reverse side were stained with
0.1 % crystal violet, and invading cells were counted under
a microscope at X100 magnification [29, 30].

Evaluation of migratory ability with the xCELLigence
biosensor system

Experiments were performed using an RTCA DP instrument
(ACEA Biosciences Inc. San Diego, CA, USA) that was placed
in a5 % CO, humidified incubator maintained at 37 °C. Cell
migration was assessed using specifically designed 16-well
plates (CIM-plate 16, ACEA Biosciences Inc.) with 8-pm pores.
These plates are similar to conventional transwell plates with
microelectrodes located on the underside of the membrane of

the upper chamber. After 10 % FCS medium was added to the
lower chamber, cells were seeded into the upper chamber at 20,
000 cells/well in serum-free medium. The CIM-plate 16 was
monitored every 10 s for 40 min and once every hour thereafter.
The data were analyzed using RTCA software 1.2 (supplied with
the instrument).

Statistical analysis

All the collected data were expressed as the means + standard
deviation (SD) of at least three separate experiments. The data
presented in some figures are from representative experiments
and were quantitatively similar to the data from the replicate
experiments. Statistical significance was determined with
Student’s ¢ tests (two-tailed) comparing two groups of data
sets. The asterisks shown in the figures indicate significant
differences between the experimental group and the corre-
sponding control condition (P<0.05; see figure legends).

Results

Silencing of GRP94 expression inhibited migration ability
in wound-healing migration assays

Migration and invasion are key processes in cancer metastasis.
To determine whether targeting GRP94 affects the migratory
ability of HCC, we first performed the wound-healing assay
using scrambled control and GRP94-KD HCC cells. A live
imaging system was used to perform the wound-healing assay.
As shown in Fig. 1, the gap area remained 31 % (scrambled
control) vs. 47 % (GRP94-KD) in HeplJ5 cells and 45 %
(scrambled control) vs. 57 % (GRP94-KD) in Mahlavu cells
after 12 h of observation. After 20 h, the wound was complete-
ly healed in the scrambled control cells, but a 25 % gap
remained in the GRP94-KD HepJ5 cells and a 34 % gap
remained in the GRP94-KD Mabhlavu cells. These results in-
dicate that silencing of GRP94 caused a decrease in wound-
healing activity in HCC cells.

Silencing of GRP94 expression inhibited cell migration
and invasive ability in HCC cells

The transwell migration assay and biosensor system were
used to determine the migration ability of HCC cells after
silencing of GRP94. As shown in Fig. 2, migratory ability
was reduced significantly in GRP94-KD HeplJ5 cells com-
pared to scrambled control cells (Fig. 2a). In Mahlavu cells,
we also found the same tendency (Fig. 2a). The quantitative
results of the transwell migration assays indicated that the
number of migrated cells was reduced by approximately
53 % in GRP94-KD HepJ5 cells and 60 % in GRP94-KD
Mahlavu cells compared to the scrambled control (Fig. 2b).
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Fig. 1 Silencing of GRP%4
decreases wound-healing
migratory ability in HCC cells. a
GRP94-KD cells were generated,
the expression levels of GRP94 in
scrambled control and GRP94-
KD cells were determined by
Western blot, and b the quantified
results were plotted. b, ¢ The
wound-healing migratory ability
of scrambled control and GRP94-
KD cells was analyzed as
described in the “Materials and
methods” section. Gaps were
generated using the ibidi wound-
healing migratory template. The
wound-healing ability of
scrambled control and GRP94-
KD in b HepJ5 cells or ¢ Mahlavu
cells was monitored using time-
lapse microscopy (Lumascope
system). All experiments were
repeated independently at least
three times

Fig. 2 Suppression of GRP94
reduced the migratory and
invasive ability of HCC cells. a, b
The migratory ability of GRP94-
KD and scrambled control HepJ5
cells was monitored using the
transwell migration system,
which showed a decrease in
migration ability after knockdown
of GRP94 expression in HepJ5
cells. ¢, d The real-time biosensor
system demonstrated that
GRP94-KD cells had less
migratory ability than scrambled
control cells. Quantitative results
of the transwell migration assays
are shown. The y-axis represents
the number of migrated cells. All
of the experiments were
independently repeated at least
three times. **P<0.01
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These results indicated that silencing of GRP94 may cause a
reduction in the migratory ability of HCC cells. To further
examine the invasive ability of scrambled control and
GRP94-KD cells, the invasion assay was performed. As
shown in Fig. 3, the number of invasive cells in GRP94-KD
cells was significantly lower than that in scrambled control
cells (P<0.01) for both HepJ5 and Mahlavu cells, indicating
that GRP94 plays an important role in the invasive ability of
HCC cells.

Knockdown of GRP94 altered the expression patterns
of EMT biomarkers

The epithelial-mesenchymal transition (EMT) is a crucial pro-
cess in the carcinogenesis of different types of cancers. Thus,
to dissect the mechanism by which knockdown of GRP9%4
suppresses metastasis of HCC, the expression levels of the
EMT markers E-cadherin, N-cadherin, fibronectin, and
vimentin were examined by Western blotting. As shown in
Fig. 3, silencing of GRP94 dramatically decreased the expres-
sion levels of N-cadherin, fibronectin, and vimentin, and E-
cadherin expression was stimulated after silencing GRP94.
These results suggested that GRP94 may mediate cancer me-
tastasis through the EMT pathway.

Silencing of GRP94 influences the MAPK pathway

Previous studies have indicated that the p38 and JNK path-
ways are involved in cancer metastasis [34, 35]. Therefore,
INK, c-Jun, c-Fos, and p38 were examined by Western blot-
ting. As shown in Fig. 4, p-JNK expression levels were atten-
uated by 57 % in GRP94-KD cells. In addition, the levels of c-
Jun were decreased by 53 % in GRP94-KD Hepl5 cells and
42 % in GRP94-KD Mabhlavu cells (Fig. 4b). Interestingly,
there was no change in JNK, c-Fos, or p38 levels after silenc-
ing GRP94 in HepJ5 and Mahlavu cells (Fig. 4a, b). These
results indicate that the reduced migratory ability in GRP94-
silenced cells may be due to the influence of AP-1 and the
INK pathway.

CCTS8 may act downstream of GRP94 to mediate
the migratory ability of HCC cells

CCT8 is a molecular chaperone, and its overexpression has
been reported in different cancers, including HCC [22-25].
Our results showed that depletion of GRP94 decreased
CCT8 expression by 45 % in HepJ5 and 43 % in Mahlavu
cells (Fig. 5a). To assess the potential functional relevance of
CCTS8 and GRP94, we transiently overexpressed CCTS in
GRP94-KD HepJ5 cells to determine whether the inhibition
of migration could be reversed. As shown in Fig. 5b, CCT8
expression increased 48 h after transfection. In wound-healing
and transwell migration assays, we found an increase in the
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Fig. 3 Depletion of GRP94 influenced the expression levels of EMT
biomarkers. a The expression levels of EMT biomarkers (fibronectin,
N-cadherin, E-cadherin, and vimentin) in scrambled control and
GRP94-KD HeplJ5 or Mahlavu cells were determined by Western
blotting. b The band intensities were determined with ImageJ software.
The y-axis represents relative protein levels (fold change compared with
scrambled control). All of the experiments were independently repeated
at least three times. **P<0.01

migratory ability of CCT8-overexpressing GRP94-KD cells
(Fig. 5c). These results indicate that GRP94 may modulate
migratory ability via CCTS. In a further examination of the
levels of the p-JNK, JNK, c-Jun, and EMT biomarkers, we
found increased levels of p-JNK, JNK, c-Jun, fibronectin, and
N-cadherin after overexpression of CCT8 in GRP94-KD cells
(Fig. 6). In contrast, the levels of E-cadherin were reduced in
CCTS8-overexpressing GRP94-KD cells. These results are
consistent with the increase in migratory ability after CCTS8
overexpression in GRP94-KD cells (Fig. 6). Interestingly, the
vimentin levels were similar in vector control and CCTS-
overexpressing GRP94-KD cells.

Discussion

HCC is one of the most common malignancies and is also the
leading cause of cancer-related death in the world [36]. The
diagnosis and treatment of HCC remain challenging [36].
Thus, the identification of novel signaling pathways involved
in HCC progression would help provide potential opportuni-
ties for treatment of this deadly disease. In our previous study,
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Fig. 4 Depletion of GRP94 influenced the expression levels of EMT
biomarkers. The expression levels of a p38, b p-JNK, JNK, c-JUN, and
c-Fos in scrambled control and GRP94-KD HeplJ5 or Mahlavu cells were
determined by Western blotting. The intensities of the images were
quantified with ImageJ. ¢ The y-axis represents relative protein levels
(fold change compared with scrambled control). All of the experiments
were independently repeated at least three times. **P <0.01

we demonstrated that GRP94 was overexpressed in HCC cell
lines (e.g., HepJ5 and Mahlavu cells) compared to a normal
liver cell line (THLE2) [37]. Depletion of GRP94 significantly
inhibited wound healing, migration, and invasion in both
HepJ5 and Mahlavu cells. Furthermore, GRP94 silencing
might attenuate HCC cell metastasis through the inhibition
of the CCT8/c-Jun/EMT pathways. These results indicate that
the depletion of GRP94 inhibits HCC cell migration and in-
vasion, and it may serve as a prognostic marker.

We also identified that silencing GRP94 altered the expres-
sion of EMT biomarkers. Recent evidence indicates that the
EMT process plays a key role in tumor cell invasion and
metastasis [38], and the reduction of E-cadherin levels in tu-
mor cells is a defining feature of EMT [39]. Clinical observa-
tions have also demonstrated that the absence of E-cadherin
expression is associated with poor survival in liver cancer
patients [40]. Moreover, the activation of EMT-related
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were determined by Western blotting. The band intensities were
quantified with ImageJ. The y-axis represents the relative protein levels
(fold change compared with scrambled control). b The level of CCT8
increased after the transient transfection of CCT8-overexpressing
plasmids into GRP94-KD HepJ5 cells. ¢ The wound-healing migration
assay was performed in GRP94-KD/vector and GRP94/CCTS cells. All
of the experiments were independently repeated at least three times.
**P<0.01

transcription factors, such as snail, slug, twist-2, and zeb-2,
has been found to induce chemoresistance in liver cancer cells
[41]. In the EMT process, GRP94 enhances the disruption of
cell adhesion, increases cell motility, and facilitates the transi-
tion to the mesenchymal phenotype in liver cancer cell lines
by decreasing E-cadherin and {3-catenin localization at cell-
cell boundaries. Fibronectin and vimentin are two important
mesenchymal markers [42, 43]. Several studies have demon-
strated that fibronectin is expressed by multiple types of cells,
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comparison to GRP94-KD/vector. All of the experiments were repeated
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and it plays important roles in cell adhesion, migration,
growth, and differentiation [44]. High fibronectin expression
is also an indicator of poor prognosis in liver cancer patients
whose cancers have higher migratory ability and display ele-
vated expression of fibronectin and vimentin [45].

Elevated GRP94 expression is suggested to be a novel
molecular hallmark of malignant cancer [9, 12, 46]. Higher
expression of GRP94 was observed in HBV-infected liver
cancer patients compared to uninfected patients, which is con-
sistent with our previous study showing that the HBV protein
promotes GRP94 expression through NF-kB activation [47].
In addition, the HCV envelope protein (HCV E2) blocks apo-
ptosis induced by HCV infection through overproduction of
GRP94 [48]. Stimulation of GRP94 resulted in inhibition of
apoptosis, thus maintaining prolonged infection states [48].
Depletion of GRP94 expression promotes apoptosis in pan-
creatic cancer cells [49]. Several specific inhibitors of GRP94
have been identified [50, 51], and one of them reduces the
viability of ERBB2-overexpressing breast cancer cells and

multiple myeloma cells in vitro [5, 50]. It would be worth-
while to investigate whether elevated expression of GRP94
contributes to the intrinsic anti-apoptotic, drug-resistant, and
potently regenerative properties of liver cancer, which are the
major obstacles to the development of effective therapies.

Our study indicated that GRP94 knockdown significantly
inhibited the migration and invasion of HCC cells.
Furthermore, our results demonstrated that the expression
levels of GRP94/CCT8/c-Jun signaling are positively corre-
lated with migration and metastasis of HCC cancer cell lines.
CCTS, an essential subunit of the CCT complex, is postulated
to be involved in ATPase activity [52]. CCT8 was suggested
to be involved in modulating the proliferation of HCC cells
[22]. CCT activity is required for cell cycle progression and
the organization and integrity of the actin- and tubulin-based
cytoskeletal systems [17]. CCT8 was found to be associated
with cancer progression in breast cancer, colon cancer, and
HCC [22, 53, 54]. Numerous studies have confirmed that
the induction of CCT subunits contributed to cancer malignan-
cy. However, the biological functions of CCT8 and its in-
volvement in HCC progression require further elucidation.
Our study first showed that targeting GRP94 may cause
downregulation of CCTS8 in HCC cells and may suppress their
migration and invasive abilities. CCT8 overexpression could
rescue defects in migration and invasion ability in GRP94-
deficient cells. Therefore, targeting GRP94/CCT8 in HCC
cells might exert beneficial effects on the inhibition of HCC
migration and invasion.

c-Jun, one of the components of the AP-1 protein complex,
has pro-oncogenic function and regulates the expression of
genes involved in cell proliferation and neoplastic transforma-
tion [55]. Induction of AP-1 was discovered in both HCC and
chronic hepatitis [56]. Among the AP-1 proteins, c-Jun was
suggested to play a crucial role in the regulation of cell prolif-
eration and the initiation stage of liver carcinogenesis [57].
Additionally, c-Jun can directly regulate EMT-related genes
[58]. However, further evidence of the involvement of c-Jun
in HCC progression is still lacking. In this study, we demon-
strated that GRP94 knockdown inhibited migration and inva-
sion of liver cancer cells, possibly by downregulating the
CCT8/c-Jun/EMT pathway. These results not only demon-
strate that the GRP94/CCT8/c-Jun/EMT pathway is a signif-
icant oncogenic signaling cascade in HCC but also suggest
that GRP94 antagonists may be used in targeted therapy of
liver cancer.

In summary, we previously demonstrated elevated GRP94
expression in HCC cell lines and tissues. Our investigation
revealed that downregulation of GRP94 resulted in signifi-
cantly reduced migration and invasion abilities of HCC cancer
cells. Furthermore, silencing GRP94 inhibited cell migration
and invasion through downregulation of CCTS signaling. We
suggested that GRP94/CCT8/c-Jun signaling was positively
correlated with HCC cell migration and invasion abilities.

@ Springer



8226

Tumor Biol. (2016) 37:8219-8227

Most importantly, our results indicate that the GRP94/CCTS8/
c-Jun/EMT signaling cascade might be a promising therapeu-
tic target for HCC.
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