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Neuroblastoma accounts for nearly 15% of all pediatric cancer-
related deaths. We have previously shown that gastrin-releasing
peptide (GRP) stimulates neuroblastoma growth, and that its cell
surface receptor, GRP-R, is overexpressed in advanced-stage hu-
man neuroblastomas; however, the effects of GRP/GRP-R on tu-
morigenesis and metastasis in vivo are not clearly elucidated. In the
present study, we found that GRP-R knockdown in the aggressive
cell line BE(2)-C induced cell morphology changes, reduced cell size,
decreased cell proliferation, and inhibited DNA synthesis, corre-
sponding to cell cycle arrest at G2/M phase. Activated Akt, a crucial
regulator of cell survival and metastasis, was down-regulated by
GRP-R silencing. In addition, expression of p-p70S6K and its down-
stream target molecule S6, key regulators of protein synthesis and
cell metabolism, were also significantly decreased by GRP-R silenc-
ing. GRP-R knockdown also up-regulated the expression of tumor
suppressor PTEN, the inhibitor of the PI3K/Akt pathway. Further-
more, silencing GRP-R as well as GRP in BE(2)-C cells suppressed
anchorage-independent growth in vitro. Conversely, overexpres-
sion of GRP-R in less aggressive SK-N-SH neuroblastoma cells
resulted in soft agar colony formation, which was inhibited by a
GRP-blocking antibody. Moreover, GRP-R deficiency significantly
delayed tumor growth and diminished liver metastases in vivo. Our
findings demonstrate that GRP and GRP-R have important onco-
genic properties beyond their established mitogenic functions.
Therefore, GRP-R may be an ideal therapeutic target for the
treatment of aggressive neuroblastomas.

Akt � RNAi � anchorage independence � metastasis

Advanced-stage neuroblastoma in children remains highly
lethal with mortality rates exceeding 50% (1). Because of

their neuroendocrine lineage, neuroblastomas can produce a
variety of peptides that contribute to the classic clinical symp-
toms and are related to tumor prognosis, including gastrin-
releasing peptide (GRP) (2). GRP and its receptor, GRP-R, are
known to be up-regulated in various cancers, including undif-
ferentiated neuroblastoma (3), small cell lung carcinoma (4), and
prostate cancer (5). We have previously shown that GRP is
secreted by neuroblastoma cells and acts as an autocrine growth
factor to promote proliferation (3). We have also found that
stable transfection of GRP-R, a member of the G protein
coupled receptor family, causes an increase in the binding
capacity for its ligand GRP to stimulate a constitutive cellular
growth rate in SK-N-SH neuroblastoma cells (6).

GRP/GRP-R signaling functionally correlates with aberra-
tions in neuroblastoma behavior including cell cycle progression
and angiogenesis. We have found that GRP treatment induces
G1-S phase progression (7). We have also shown that bombesin,
the amphibian equivalent of GRP, increases the vascularization
of neuroblastoma xenografts in vivo by the up-regulation of
vascular endothelial growth factor (8). These processes were
shown to be mediated in part by the phosphatidylinositol 3-
kinase (PI3K)/Akt survival pathway (7, 8). Correspondingly,
GRP-R overexpression up-regulates Akt activation in neuro-
blastoma cells and we also found that the ratio of Akt, in

comparison to its negative regulator PTEN, was increased in
human malignant neuroblastomas (6). This finding is especially
relevant because a recent study has shown that Akt activation
correlates with poor prognosis in primary neuroblastoma (9).

The mitogenic actions of GRP in tumor cells have been
well-established; however, another less known property of GRP/
GRP-R is its morphogenic capability (10). Morphogenesis is an
important step for cell motility during the development of the
invasive nature of various cancers, including breast and colon
(11, 12). In addition to its growth factor functions, we have also
noted morphological alterations in neuroblastoma cells that
overexpress GRP-R (6). Therefore, GRP/GRP-R may be in-
volved in regulating multiple steps of tumorigenesis. The mo-
lecular mechanisms responsible for GRP-mediated tumor ag-
gressiveness and metastatic potential are not clearly defined. The
purpose of our current investigation was to elucidate, in broader
detail, the oncogenic effects of GRP-R in relation to neuroblas-
toma survival, invasive potential, and metastasis development.

In this study, we report that down-regulation of GRP-R
reversed the aggressive phenotype of human neuroblastoma cell
line BE(2)-C, decreased cell proliferation, inhibited DNA syn-
thesis, and induced cell cycle arrest at G2/M phase in vitro.
GRP-R silencing also significantly blocked neuroblastoma tu-
morigenicity by reducing colony formation in vitro, and inhibiting
xenograft growth and liver metastasis in vivo. We also observed,
at the molecular level, that cell survival mediator Akt and its
downstream targets p70S6K and S6 are regulated by GRP-R in
human neuroblastoma. Our results further demonstrate that
GRP-R is a clinically relevant therapeutic target in human
neuroblastomas.

Results
Stable Knockdown of GRP-R Inhibits Neuroblastoma Cell Growth and
Down-Regulates the PI3-K/Akt Pathway. We have shown that GRP
acts as an autocrine growth factor for neuroblastoma cells (3);
this effect appears to depend on ligand binding to GRP-R (3, 8).
We wanted to confirm the importance of GRP-R in mediating
neuroblastoma growth; therefore, we measured the effect of
GRP-R silencing on the cell proliferative capacity. We used short
hairpin RNA (shRNA) vectors to establish stable knockdown of
GRP-R in BE(2)-C cells and confirmed the knockdown with
reverse transcription-PCR (RT-PCR) and Western blot analysis
(Fig. 1E). Over a time course, the BE(2)-C cells expressing
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GRP-R shRNA (shGRP-R) displayed stagnant growth and
significantly reduced proliferation in comparison with control
shRNA (shCON) cells, whose growth rate steadily increased
between each time point (Fig. 1 A). In addition, we measured the
amount of BrdU incorporation in shGRP-R cells and found that
DNA synthesis was decreased to 57% compared with control
cells (Fig. 1B). This reduction corresponded with a 37% decrease
of shGRP-R cells in S phase of the cell cycle and an increase of
cells arrested in G2/M phase, in comparison to shCON cells (Fig.
1C). We confirmed that the transfected control cells did not
change the endogenous protein levels of GRP-R as well as the
proliferative capacity when compared to native BE(2)-C cells
[supporting information (SI) Fig. S1]. These data show that
GRP-R plays a vital role in maintaining neuroblastoma cellular
proliferation.

Our previous studies found that GRP/GRP-R could activate
the PI3K/Akt survival pathway (7, 8). We also found that GRP-R
overexpression enhanced the levels of phosphorylated (p-)Akt,
and decreased the levels of PTEN, a tumor suppressor that
negatively regulates the PI3K/Akt pathway (6). Furthermore, we
determined that the ratio of Akt/PTEN was increased in poorly
differentiated human neuroblastoma tissue samples (6). Since
Akt activation regulates numerous oncogenic processes and
correlates with poor prognosis in primary human neuroblasto-
mas (9); we next assessed the role of GRP-R knockdown on
p-Akt and PTEN expression. shGRP-R significantly decreased
p-Akt (Ser-473) expression without notably affecting the levels
of total Akt (Fig. 1D). Additionally, PTEN was up-regulated in
cells expressing shGRP-R. Therefore, PI3K pathway activation
appears to be regulated by GRP-R; on the other hand, activated
ERK1/2 protein levels remained relatively unchanged with
shGRP-R expression (Fig. 1D).

GRP-R Silencing Negatively Regulates Cell Size and Decreases
p-p70S6K and S6 Expression. Cell viability is a product of cell size
and metabolic activity (13, 14). Therefore, we next delineated

the effects of GRP-R inhibition on tumor cell size. The expres-
sion of shGRP-R in BE(2)-C cells resulted in physiologically
smaller cells, when compared to shCON cells, as assessed by
phase-contrast microscopy (Fig. 2A). The cell sizes were quan-
titatively determined by FACS analysis. Despite the variability
due to the wide distribution of size, an analysis of �100,000 cells
per group confirmed that shGRP-R cells were significantly
smaller than control cells (Fig. 2B). Similar results were also
shown in transiently transfected cells with GRP-R small inter-
fering RNA (siRNA) (data not shown). We then investigated the
expression of two downstream targets of Akt that regulate cell
size, p70S6K and S6 (14, 15). When activated, the kinase p70S6K
phosphorylates ribosomal protein S6, which in turn initiates
translation of essential proteins (15). As shown in Fig. 2C, both
p-p70S6K and p-S6 were appreciably decreased in shGRP-R
cells; interestingly, we also noted a significant decrease in total
S6 levels. These results demonstrate that regulators of cell size
depend on GRP-R expression. Furthermore, we found that the
typical BE(2)-C cell morphology of a flat and aggregated
appearance (shCON) changed to a round and more polarized
shape with GRP-R silencing (Fig. 2 A). Thus, in addition to its
mitogenic properties, GRP/GRP-R might also function as a
morphogen for human neuroblastoma cells and thereby, regulate
their invasive properties. As an initial in vitro measure of
GRP-R-mediated invasiveness, we performed a wound-healing
assay and found that GRP-R siRNA (siGRP-R) significantly
prevented wound closure in BE(2)-C cells (Fig. S2), adding
credence to our hypothesis.

Silencing GRP-R or GRP Decreases Anchorage Independence in Vitro.
Anchorage-independent growth in soft agar is another well-
established property of in vitro tumorigenicity, reflecting the
malignant potential of cells in vivo (16). To evaluate whether
GRP-R is critical for anchorage-independent neuroblastoma
growth, we assessed the ability of BE(2)-C cells to grow in soft
agar. Cells with stable expression of shGRP-R developed 60%
fewer soft agar colonies than control cells (Fig. 3A). To confirm,
we additionally decreased the expression of GRP-R in BE(2)-C
cells by transient transfection with siRNA. Both the size and
number of colonies were significantly decreased with siGRP-R

Fig. 1. GRP-R silencing inhibits BE(2)-C cell proliferation and down-regulates
the PI3-K/Akt pathway. (A) BE(2)-C cells expressing either shGRP-R or shCON
were plated 1 � 104 cells per well and cell proliferation was measured (mean �
SEM; *, P � 0.004 vs. shCON). (B) DNA synthesis was analyzed by measuring the
BrdU incorporation (mean � SEM; *, P � 0.0001 vs. shCON). (C) Stably trans-
fected cells (1 � 106 cells/well) were plated and analyzed for the percentage
of cells in different cell cycle phases. (D) Western blot analysis was performed
with the indicated antibodies in BE(2)-C cells after stable transfection. (E)
GRP-R knockdown was confirmed with RT-PCR and Western blot analyses.

Fig. 2. GRP-R silencing induces changes in cell morphology, reduces cell size
and decreases p-p70S6K and S6 expression. (A) The morphology of BE(2)-C
cells transfected with either shGRP-R or shCON were revealed by phase
contrast microscopy (magnification 100�). (B) The size of cells expressing
shGRP-R and shCON was determined as described in Materials and Methods.
The average size is represented as the mean FSC-H � SD of the counted cells
(*, P � 0.0001 vs. shCON). (C) Western blot analysis of p-p70S6K, p-S6, and S6.
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(47% of control; Fig. 3B Left and Center). In addition, colonies
also formed more slowly than the control colonies transfected
with a nontargeting control (siNTC). The efficiency of trans-
fection was confirmed by Western blotting (Fig. 3B Right). To
determine whether these effects were mediated by the binding of
GRP ligand to GRP-R, and not just a result of receptor
manipulation, we transfected BE(2)-C cells with GRP siRNA
(siGRP), before soft agar analysis. Transfection with siGRP
blocked the colony growth of BE(2)-C cells by 54% when
compared to cells transfected with siNTC (Fig. 3C Left and
Center). Effective GRP knockdown was confirmed by RT-PCR
(Fig. 3C Right). Therefore, GRP binding to its cell surface
receptor is an important step in the process of GRP-R-induced
colony formation. Of note, Akt silencing produced similar
inhibitory effects on colony growth as GRP-R knockdown (Fig.
S3).

GRP-R Expression Level Correlates with Malignant Potential in Human
Neuroblastoma Cells. To examine whether endogenous GRP-R
expression correlates with anchorage independence in neuro-
blastoma cells and to eliminate cell-line specific effects, we
compared the colony formation of BE(2)-C to another human
neuroblastoma cell line, SK-N-SH. We found that BE(2)-C cells,
which behave aggressively in an in vivo xenograft model (data not
shown), exhibited significantly increased malignant potential by
formation of soft agar colonies when compared to SK-N-SH cells
(Fig. 4A Left). Furthermore, BE(2)-C cells expressed higher
levels of GRP-R than SK-N-SH cells by Western blotting (Fig.
4A Right). This finding is consistent with our previous studies, in
which more abundant GRP-R expression was noted in poorly
differentiated, more aggressive neuroblastomas (3).

To further examine the role of GRP-R on neuroblastoma
malignant potential, we stably transfected SK-N-SH cells with
either pEGFP or pEGFP-GRP-R plasmid, and then incubated
the cells in soft agar for 4 weeks. GRP-R overexpressing
SK-N-SH neuroblastoma cells demonstrated a significantly in-
creased number of colonies in soft agar, indicating stimulation of
anchorage-independent cell growth by increased GRP-R expres-
sion (Fig. 4B Left). In contrast, cells transfected with control
vector, pEGFP, showed only a few smaller, isolated soft agar
colonies. The number of colonies induced by GRP-R overex-
pression was markedly increased by nearly 8-fold (Fig. 4B
Center). The expression of GFP and GFP-tagged GRP-R was
confirmed by fluorescent microscopy, where intense green flu-
orescence was noted in GRP-R overexpressing SK-N-SH cells
(Fig. 4B Right). Similar results were obtained by transient
transfection of SK-N-SH cells with a pEGFP-GRP-R plasmid

(data not shown). Our findings suggest that the cell surface
receptor, GRP-R, is tumorigenic in human neuroblastoma SK-
N-SH cells. To further confirm the role of the ligand GRP in
neuroblastoma colony formation, we added a specific GRP-
neutralizing antibody to the culture media. The presence of the
GRP-specific antibody significantly inhibited colony formation
in SK-N-SH cells overexpressing GRP-R (Fig. 4C Left). The
number of colonies was significantly decreased to 25% of control
(Fig. 4C Right). These results further demonstrate that GRP,
secreted by neuroblastoma cells, binds to GRP-R to act as a

Fig. 3. Knockdown of GRP-R or GRP inhibits soft agar colony formation. (A) BE(2)-C cells expressing either shGRP-R or shCON were plated in soft agar (2.5 �
103 cells per well) for 3 weeks, and colony formation was quantitatively assessed (*, P � 0.0001 vs. shCON). (B) BE(2)-C cells were transfected with siGRP-R or siNTC
for 48 h and then plated in soft agar (2.5 � 103 cells/well) for 3 weeks (live cells, magnification 40�; Left). Bar graph represents the quantitative assessment
(*, P � 0.05 vs. siNTC; Center). Western blotting confirmed inhibition of GRP-R protein levels by siRNA (Right). (C) BE(2)-C cells were transfected with siGRP or
siNTC for 48 h, incubated in soft agar at 2.5 � 103 cells/well for 3 weeks, and then photographed after staining (Left). Bar graph represents the quantitative
assessment of colony growth (*, P � 0.05 vs. siNTC; Center). The knockdown of GRP mRNA by siRNA was confirmed with RT-PCR (Right).

Fig. 4. Constitutive expressions of GRP-R correlate to anchorage-
independent growth in human neuroblastoma cells. (A) BE(2)-C and SK-N-SH
cells were incubated in soft agar at 2.5 � 103 cells/well in a six-well plate for
3 weeks and 5 � 103 cells per well for 4 weeks, respectively, and then
photographed after staining (Left). Western blot analysis of endogenous
levels of GRP-R in BE(2)-C and SK-N-SH cells (Right). (B) Soft agar analysis of
SK-N-SH cells stably transfected to overexpress GFP or GFP-tagged GRP-R;
arrows indicate colonies (live cells, magnification 40�; Left). Quantitative
analysis of soft agar assay (*, P � 0.05 vs. GFP control cells; Center). GFP and
GFP-tagged GRP-R were expressed in SK-N-SH cells stably transfected with
pEGFP and pEGFP-GRP-R plasmids (Right). (C) GRP-R stably transfected SK-
N-SH cells (5 � 103 cells per well) were incubated in soft agar for 4 weeks.
GRP-neutralizing antibody (1 ng/ml) was applied to the top of the soft agar
and colonies were photographed after staining (Left). Quantitative analysis of
soft agar assay (*, P � 0.05 vs. without antibody; Right).

Qiao et al. PNAS � September 2, 2008 � vol. 105 � no. 35 � 12893

CE
LL

BI
O

LO
G

Y

http://www.pnas.org/cgi/data/0711861105/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0711861105/DCSupplemental/Supplemental_PDF#nameddest=SF3


growth factor in soft agar assay, suggesting that the mitogenic
actions of GRP may be an important mechanism in enhancing
anchorage-independent growth.

Decreased Expression of GRP-R Inhibits Tumor Growth and Metastasis
in Vivo. Based on the above in vitro findings, both GRP and
GRP-R appear to be important in the anchorage-independent
growth of neuroblastoma cells. To investigate whether the
effects of GRP-R knockdown on neuroblastoma growth inhibi-
tion are sustained in vivo, we next established shGRP-R stably
transfected BE(2)-C xenografts in athymic nude mice. Strikingly,
as depicted in Fig. 5A, mice injected with shGRP-R cells failed
to establish any noticeable tumors, whereas the control mice
were significantly affected by tumor burden by day 23. In fact, the
nude mice xenografts with shGRP-R expression did not develop
tumors up to 43 days after subcutaneous (s.c.) injection, whereas
control mice developed tumors within 10 days (Fig. 5B). In
another experiment, for the purpose of same-day comparison,
tumor volumes and weights were assessed 19 days after injection.
The tumor volumes of mice bearing shCON xenografts were
significant by day 9, in comparison to day 1 (Fig. 5C Left). As
expected, because of the minute size of shGRP-R xenografts, it
was not possible to measure the tumor volumes; however, there
were constant GFP signals observed with the bioluminescent
imaging system throughout the duration of the experiment.
Correspondingly, the tumor weights (Fig. 5C Right) of mice
injected with shGRP-R cells were drastically lower than mice
bearing shCON xenografts (n � 5 per group).

Metastatic disease is common in neuroblastoma, and because
we observed anchorage-independence in vitro, we next examined
the effect of GRP-R silencing on tumor metastasis in vivo. We
used a spleen-liver metastasis model using BE(2)-C cells trans-
fected with pEGFP/shGRP-R or pEGFP/shCON. Before death,
strong green fluorescence signals were detected in the abdom-
inal region of control mice, whereas fluorescence was barely
detectable in the shGRP-R group. However after death, we
observed that shGRP-R cells formed primary tumors with
demonstrable GFP signal in the spleen (Fig. 6A, arrowheads), in
contrast to control tumors which formed not only at primary
sites, but also aggressively metastasized to the livers (Fig. 6A,
arrows). The livers of mice with shGRP-R tumors appeared

fairly normal, whereas the control mice livers had multiple
metastatic lesions (Fig. 6 A and B). In addition, the average liver
weight (relative to mouse body weight) of the shGRP-R group
was 34% of the control group (Fig. 6B). Furthermore, H&E
staining of the livers demonstrated numerous, densely packed
neuroblastoma metastases in the shCON group, whereas a
relatively low number of micrometastases were noted on the
periphery of the livers in the shGRP-R group (Fig. 6C). Taken
together, these results demonstrate that GRP-R knockdown is
an advantageous strategy for in vivo neuroblastoma growth
inhibition and metastasis suppression.

Discussion
We previously demonstrated the growth-stimulatory function of
GRP in neuroblastoma cells and its correlation to PI3K/Akt
pathway activation (3, 6, 7). In the present study, we show that
GRP-R overexpression led to anchorage-independent growth in
soft agar, which is considered a criterion for cell transformation
and malignant potential in vivo. Conversely, GRP-R knockdown
with siRNA and shRNA inhibited colony growth in soft agar.
Furthermore, GRP-R silencing resulted in the inhibition of
tumor growth and loss of cell metastatic potential in vivo.
Previously uncharacterized, these results show that GRP/GRP-R
plays a role in the oncogenic process of anchorage-independence
and is critical for tumor growth and metastasis in human
neuroblastoma. Our findings further corroborate the multiple
mitogenic functions of GRP, which are known to be associated
with various malignant and aggressive human tumors (4, 5, 17,
18).

GRP and its equivalent bombesin act as autocrine and/or
paracrine growth factors to promote cell proliferation in cancer
cells (19, 20). In accordance with this, overexpression of the
bombesin peptide receptor has been shown to promote cell
proliferation in Rat-1 fibroblasts (21). Similarly, we have previ-
ously shown that GRP-R overexpression in SK-N-SH neuroblas-
toma cells increased the proliferative capacity of the cells (6). In
addition, we have found that exogenous bombesin promotes
neuroblastoma growth and that its antagonist suppresses tumor
progression in vivo (8). We now report that GRP-R overexpres-
sion induces anchorage-independent growth that requires the
GRP ligand, because a neutralizing antibody reversed the ef-
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fects. We also determined that cell proliferation, DNA synthesis,
and cell cycle progression are intricately related to GRP-R
expression, as silencing GRP-R inhibited each process. GRP has
also been thought to be a morphogen, because it is capable of
altering cell morphology in colon cancer cells (22). In this study,
GRP-R silencing induced a round, polarized shape in BE(2)-C
cells, which normally exist in flatter, densely packed formations.
Dynamic cytoskeletal modifications are a function of cell mo-
tility and, thus, characteristic of invasive cells (23). This is
consistent with our results because GRP-R knockdown inhibited
metastatic potential in vitro and in vivo, correlating to the loss of
the anchorage-independent phenotype. Consequently, xenograft
development was significantly delayed in mice injected with
shGRP-R cells. Moreover, GRP-R-silenced neuroblastoma
xenografts in the spleen lacked the metastatic aggressiveness of
control tumors, suggesting that in addition to proliferation,
GRP-R signaling is also an effective regulator of malignant
transformation in neuroblastoma cells.

PI3K/Akt pathway activation is frequently observed in human
cancers; specifically in neuroblastoma, activation of Akt predicts
poor outcome (9). Akt contributes to diverse cellular roles, which
include cell survival, growth, proliferation, angiogenesis, metab-
olism, and migration (24). One of the best-conserved functions
of Akt is its role in promoting cell growth and increasing cellular
mass by regulating nutrient uptake and metabolism (25). The
Akt-regulated mediators of this process include mTOR and its
target S6K (14, 15, 26). In this study, we found that GRP-R

silencing down-regulated the phosphorylation of Akt and its
downstream effectors p70S6K and S6, in addition to reducing
cell size. Interestingly, we did not see significant changes in
mTOR (data not shown), suggesting that Akt may additionally
regulate p70S6K and S6 independent of mTOR. This is consis-
tent with many studies in which Akt functions in both mTOR-
dependent and -independent pathways (24). Akt also plays a role
in the regulation of cell cycle G2/M phase transition (27) and
correspondingly, our results demonstrated that GRP-R knock-
down resulted in a decrease in activated Akt and further caused
a decrease in DNA synthesis and cell cycle arrest at G2/M phase.
GRP-R knockdown also appears to indirectly inhibit Akt acti-
vation through PTEN, the endogenous inhibitor of PI3K/Akt,
whose expression was increased with shGRP-R. Therefore,
down-regulation of Akt activity is most likely an important factor
coordinating tumor growth inhibition subsequent to GRP-R
silencing.

In conclusion, our study demonstrates that GRP/GRP-R is a
crucial regulator of neuroblastoma cell growth, transformation,
and metastasis and that Akt may be an important downstream
effector of GRP/GRP-R-mediated oncogenic properties. These
in vitro and in vivo results are consistent with previous histolog-
ical findings in which GRP and GRP-R expression were in-
creased in poorly differentiated, aggressive human tumor sam-
ples (3). In a recent review (10), the biological importance of
GRP and GRP-R in relation to various cancers, was discussed.
However, it also emphasized the need for further investigation
in regards to cancer-specific strategies. This study clearly dem-
onstrates the roles of GRP-R in neuroblastoma tumorigenesis
and secondary metastasis formation. These findings are clini-
cally relevant because advanced-stage neuroblastomas are re-
fractory to current treatment modalities; hence, understanding
GRP/GRP-R regulation of tumor metastatic potential could
provide a novel therapeutic adjunct for aggressive, undifferen-
tiated neuroblastomas.

Materials and Methods
Antibodies and Reagents. Primary antibodies used include GRP-R (Abcam),
p-ERK1/2 (Promega), and PTEN, ERK, p-Akt (Ser-473), Akt, p-p70S6K (Thr-389),
p-S6 (Ser 235/236 and Ser-240/244), and S6 from Cell Signaling. Rabbit anti-
GRP IgG (GRP-neutralizing antibody) was from Bachem. Agarose was from
Cambrex Bio Science. �-actin antibody and all other reagents were from
Sigma-Aldrich.

Cell Culture and Transfections. SK-N-SH and BE(2)-C cells were transfected with
plasmids or siRNA pool (Dharmacon) as described (6, 7). All stably transfected cells
were selected with G418 (Cellgro) at 300 �g/ml and/or zeocin at 50 �g/ml for 2
weeks. For GRP-R overexpression and silencing, pEGFP-GRP-R and pENTR/H1/TO
(Invitrogen) were used, respectively. The sequence targeting GRP-R (NM�005314)
is underlined in the following shRNA sequence: 5�-CACCGTAACGTGTGCTCCAGT-
GGACGAATCCACTGGAGCACACGTTA-3�, the nonspecific control shCON was:
5�-CACCGGGCGCGCTTTGTAGGATTCGCCGAAGCGAATCCTACAAAGCGCGCC-3�.

RT-PCR and Western Blot Analyses. Total RNA was isolated using RNAqueous
kit (Ambion) according to the manufacturer’s instructions. Isolated RNA was
used to synthesize cDNA using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). Primers designed to amplify a 151-bp GRP fragment
(NM�002091): forward primer 5�-GCTGGGTCTCATAGAAGCAAAG-3�; reverse
primer 5�-TGGAGCAGAGAGTCTACCAAC-3�. GRP-R and GAPDH-specific oligo-
nucleotide primers were the same as described (28). Amplification was per-
formed for 40 cycles (30 cycles for GAPDH) of 2 min at 94°C, 30 sec at 55°C, and
40 sec at 72°C. GAPDH was used as a control. Western blot analysis was
performed using �-actin as a loading control as described (6).

Cell Proliferation and DNA Synthesis Analyses. Cells were seeded onto 96-well
plates at a density of 1 � 104 cells per well in RPMI culture medium with 10%
FBS and cell number was assessed using Cell Counting Kit-8 (Dojindo Molec-
ular Technologies) for cell proliferation. For DNA synthesis, BrdU was added to
the cell culture for 4 h before detection by Cell Proliferation ELISA (Roche)
according to the manufacturer’s instructions.

Fig. 6. Knockdown of GRP-R inhibits tumor cell metastasis in vivo. (A)
Representative GFP and gross images of primary tumor (arrowheads) in spleen
and secondary liver metastases (arrows) from mice injected with BE(2)-C/GFP/
shCON (Upper) and BE(2)-C/GFP/shGRP-R (Lower) cells. (B) Representative
images of livers from mice injected with BE(2)-C/GFP/shGRP-R and BE(2)-C/
GFP/shCON cells (Upper). Quantitative analysis of liver weight relative to body
weight (*, P � 0.05 vs. shCON; Lower). (C) Representative H&E-stained sections
of livers from mice injected with BE(2)-C/GFP/shCON (Upper) and BE(2)-C/GFP/
shGRP-R (Lower) cells.
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Flow Cytometry Analyses. Cell cycle analyses were assessed as described (7). For
cell size determination, the average cell size in 100,000-cell samples was
assessed using CellQuest v3.3 software (BD), according to a previous report
(29). The resulting parameter, mean forward scatter height (FSC-H), is a
measure of relative cell size.

Soft Agar Colony Formation Assay. Cells were trypsinized and resuspended in
RPMI medium 1640 containing 0.4% agarose and 7.5% FBS. SK-N-SH and
BE(2)-C cells were overlaid onto a bottom layer of solidified 0.8% agarose
in RPMI medium 1640 containing 5% FBS, at cell concentrations of 5 � 103

cells per well and 2.5 � 103 cells per well of a six-well plate, and incubated
for 4 and 3 weeks, respectively. Colonies were stained with 0.05% crystal
violet, photographed, and quantified.

Xenograft Tumor Growth. Male athymic nude mice (4–6 weeks old) were
maintained as described (8). All studies were approved by the Institutional
Animal Care and Use Committee at the University of Texas Medical Branch and
were conducted in accordance with guidelines issued by the National Insti-
tutes of Health. BE(2)-C cells transfected with shGRP-R or shCON alone or
cotransfected with pEGFP and xenografts were established as previously
described (8). Briefly, 1 � 106 cells/100 �l of HBSS were injected s.c. into the
bilateral flanks using a 26-gauge needle (n � 3–5 per group). Tumor growth
was assessed biweekly by measuring the two greatest perpendicular tumor
dimensions with vernier calipers (Mitutoyo), and body weights were recorded

weekly. At 23 days postinjection, tumors were excised, weighed, and fixed in
formalin.

Liver Metastasis Model. BE(2)-C cells were stably transfected with pEGFP(N3)
vector (Clontech) and shGRP-R or shCON. Mice were anesthetized with isoflu-
orane, and a small left flank incision was made to isolate and exteriorize the
spleen; viable pEGFP/shCON or pEGFP/shGRP-R cells (4 � 106 cells/100 �l of
HBSS) were injected into the splenic capsule using a 27-gauge needle. The
spleen was returned, and the abdominal wall was closed with metal wound
clips. Tumor growth was observed biweekly with Illumatool TLS (Lightools
Research). At death, livers were excised, weighed and fixed in formalin for
further assessment.

Statistical Analysis. For in vitro experiments, conditions were compared by
using Student’s paired t test. One-way ANOVA on the ranks for repeated
measures was performed for multiple comparisons. In vivo experiments were
analyzed as described previously (8). Body weight was analyzed using ANOVA
for a two-factor experiment with repeated measures on time. The two factors
were treatment group (control and target knockdown) and day. For all
experiments, P � 0.05 was considered significant.
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