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Downregulation of receptor for activated C-kinase 1
(RACK1) suppresses tumor growth by inhibiting
tumor cell proliferation and tumor-associated

angiogenesis
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By behaving as molecular hubs, scaffold proteins can assemble a
large number of signaling molecules and organize complicated
intracellular signaling networks in time and space. Owing to their
crucial role in mediating intracellular signaling related to tumor
cell growth and migration, recent studies have highlighted the
relevance of scaffold proteins in human cancers and indicated
that interfering with their expression and/or their ability to bind
effector proteins can inhibit cancer progression. Here, we show
that receptor for activated C-kinase 1 (RACK1), a ubiquitously
expressed scaffolding protein, plays a crucial regulatory role in
tumor growth. Using an RNA silencing approach, we found that
downregulation of RACK1 expression in HeLa and A673 tumor cells
markedly suppressed the proliferation and invasion of these cells
in vitro and tumor development in vivo. Consequently, we found
that significant suppression of constitutive phosphorylation of Akt
and MAPK by RACK1 silencing may contribute to the inhibition of
tumor growth. Moreover, RACK1 silencing significantly attenuated
tumor-associated angiogenesis by, at least in part, inhibiting the
expression of two critical angiogenic factors, namely vascular
endothelial growth factor-B and fibroblast growth factor 2. The
results of the present study show that RACK1 is a potent enhancer
of tumor growth and, thus, a potential anti-cancer therapeutic
target. (Cancer Sci 2011; 102: 2007-2013)

T umorigenesis is a complicated multistep process promoted
by a series of genetic and microenvironmental alterations.
The broadly accepted hallmarks of tumorigenesis include uncon-
trolled autonomous cell proliferative capability acquired through
the genetic activation of oncogenes or inactivation of tumor sup-
pressor genes, the impairment of anti-growth or pro-apoptotic
signals, the induction of new blood vessel formation, and subse-
quent acquisition of the ability of invasion and metastaels( )
Emerging evidence reveals that multiple redundant signaling
pathways can be activated within a single cancer cell leading to
proliferation, survival, and invasion. Once initiated, these intra-
cellular signaling pathways usually undergo a multistep process,
relying mainly on the recruitment of a number of adaptor/scaf-
fold proteins that behave as molecular hubs for signal transduc-
tion or orgamzatlon of complex signaling networks in time or
space.*”® By assembling a large number of signaling molecules
and facilitating protein—protein interactions, scaffold proteins
play a crucial role in the tight regulation of cellular pathways, as
well as the cross-talk with other signaling pathways. Recent
findings have highlighted the relevance of scaffold proteins in
many human cancers for their ability to create signaling plat-
forms that drive cellular transformation; thus, interfering with
their expression is considered a therapeutic intervention for
inhibiting tumorigenesis.*™°
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As a crucial scaffold protein, receptor for activated C-kinase
1 (RACK1) was originally cloned as an anchoring protein for
PKC; it plays a critical role in stabilizing the active form of
PKC and in permitting its translocation to different sites within
a cell.”® Receptor for activated C-kinase 1 is a 36-kDa protein
containing seven internal Trp-Asp 40 (WD40) repeats; it is
homologous to the G-protein [-subunit and is expressed ubiqui-
tously in a wide range of tissues, including the brain and
spleen.” Accumulated evidence reveals that RACKI can asso-
ciate with various signaling molecules, including the Src family
members, the integrin B-subunit, phosphodiesterase PDE4DS5,
Flt1, and insulin-like growth factor (IGF)-1 receptors, and is
thus involved in the regulation of various cell functions."'*~'¥
Recently, increased RACKI1 expression has been reported in
lung, colon, breast, ovarlan and hepatocellular carcinomas and
human melanomas. s " Berns et al."® also provided evidence
that RACKI1 is upregulated in vascular endothelial cells during
angiogenesis and may contribute to tumor growth and spreading.
We recently found that RACK1 participates in vascular endothe-
lial %rowth factor (VEGF)/Fltl -triggered endothelial cell migra-
tion."'” These observations raise the possibility of a crucial role
for RACKI1 in tumorigenesis and angiogenesis.

In the present study, we investigated the regulatory role of
RACKI in tumor growth. Using an RNAi approach, we found
that downregulating RACK1 markedly suppressed the growth
and invasion of HeLa and A673 cells in vitro and further inhib-
ited solid tumor growth in vivo. Significant suppression of Akt
and MAPK phosphorylation by RACKI silencing may partially
account for the inhibition of tumor cell growth. In addition,
RACKI1 silencing significantly attenuated tumor-associated
angiogenesis and may thus contribute to the suppression of
tumor growth.

Materials and Methods

Antibodies and reagents. Antibodies against Akt, phosphory-
lated (p-) Akt, MAPK, p-MAPK, phospholipase C (PLC) v, and
p-PLCy were purchased from Cell Signaling (Beverly, MA,
USA). Anti-RACKI1 antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Alkaline phosphatase-
conjugated anti-mouse and anti-rabbit immunoglobulins were
purchased from Promega (Madison, WI, USA). Hamster cell
adhesion molecule 1 (CD31) antibody was purchased from Mil-
lipore (Beverly, MA, USA) and anti-CD11b was obtained from
BD Bioscience (Franklin Lakes, NJ, USA). Lipofectamine
RNAIMAX reagent was obtained from Invitrogen (Carlsbad,
CA, USA).
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Cell culture. Human cervical carcinoma HeLa and rhabdo-
myosarcoma A673 cells were purchased from the American
Type Culture Collection (Manassas, VA, USA). The HeLa and
A673 cells were maintained in DMEM containing 10% FBS
(JRH Biosciences, Victoria, Australia) at 37°C in 5% CO,.

RNA interference. Stealth siRNAs designed against the
human RACKI cDNA (GenBank Accession no. GNB2L1) were
obtained from Invitrogen. The sequences of the two RACKI
siRNAs used in the present study were GCCUCUCGAGAUAA-
GACCAUCAUCA for sil and GGAACCUGGCUAACUGCAA-
GCUGAA for si2. Cells were transfected with RACK1 siRNAs
or scrambled control siRNA using the RNAIMAX reagent (Invi-
trogen) according to the manufacturer’s instructions. The effect
of suppression on RACK1 expression was assessed at 60 h after
transfection.

Proliferation assay. The cell Proliferation assay was per-
formed as described previously.'!

Colony formation assay. Cell suspensions (1 x 10* cells
diluted in 0.33% low-melting agarose) were overlaid on a bot-
tom 0.5% agar layer (3 mL) in a 60-mm dish. Cells were incu-
bated at 37°C for 2 weeks, and colonies were counted using a
light microscope. The numbers observed in eight random visual
fields per dish were counted; similar results were obtained in
three independent experiments.

TUNEL assay. Cell apoptosis was analyzed using a terminal
deoxynucleotidyl transferase-mediated dUTP-biotin nick end
labeling (TUNEL) kit (in situ cell death detection kit, fluores-
cein; Roche Diagnostics, Mannheim, Germany) according to the
manufacturer’s instructions. Briefly, the cells were fixed in 3.7%
formaldehyde in PBS for 1 h, permeabilized with 0.2% Triton
X-100 in PBS for 2 min, and then incubated with the TUNEL
reaction mixture for 60 min. The specimens were then observed
under a fluorescence microscope.

Invasion assay. Cells (1 X 10°/well) were seeded in a Cell
Culture Insert (8-um pore size; Falcon, BD Bioscience), precoat-
ed with 25 pL of 20% Matrigel (2-3 mg/mL protein), and then
placed in a 24-well plate (Falcon). After cells had been cultured at
37°C for 40 h, they were fixed and stained with 0.5% crystal vio-
let. The cells on the top of the Cell Culture Insert were removed
by wiping with a cotton swab, and cell invasion was observed
with an immunofluorescence microscope by counting the cells
that had invaded into the bottom of the Cell Culture Insert.

Western blotting. Western blotting was performed as
described previously.' "

Tumor xenograft assay. All animal experiments were per-
formed in accordance with institutional guidelines, following a
protocol approved by the Ethics Committees of the Disease
Model Research Center, Tokyo Medical and Dental University.
Eight-week-old C57BL/6 mice (CLEA Japan, Kawasaki, J apan;
were anesthetized and injected subcutaneously with 1 x 10
tumor cells. Tumor volume was measured every 2 days from Day
4 for approximately 3 weeks. After the mice had been killed, the
tumors were removed and directly embedded in an optimal cut-
ting temperature (OCT) compound in a deep freezer at —80°C.

Immunohistochemistry. Cryosections of fresh-frozen mouse
tissues were stained with rat anti-CD11b (1:50; BD Bioscience)
or hamster anti-CD31 (1:500; Millipore). All antibodies were
diluted with tyramide signal amplification blocking reagent solu-
tion (Perkin Elmer, Boston, MA, USA). Sections were incubated
with appropriate secondary antibodies and the nucleus-staining
dye To-Pro-3 (Invitrogen) and analyzed under a confocal micro-
scope (Radiance 2000; Bio-Rad, Hercules, CA, USA).

Reverse transcription and real-time PCR. One milligram of
total RNA, extracted from tumor cells using the Isogen reagent
(Takara, Shiga, Japan), was reverse transcribed using the Prime
Script reverse transcriptase (Takara) according to the manufac-
turer’s instructions. Real-time PCR amplification was performed
using the SmartCycler real-time PCR system (Takara); the
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Fig. 1. RACKT1 silencing inhibited tumor cell growth and invasion but
not apoptosis in vitro. HeLa and A673 cells were transfected with
scrambled control siRNA (si-scr) or RACK1 siRNAs (si1 and si2), as
indicated. (a) Western blotting analysis of RACK1 after RNAi silencing.
(b—e) Downregulation of RACK1 by transfection of siRNA significantly
suppressed the proliferation (b), colony formation (c), and invasive
ability (e) of HeLa and A673 cells, but had no effect on the apoptosis
of HeLa and A673 cells (d). Data are the mean = SEM. *P < 0.05
compared with si-scr.

intercalating dye SYBR Green (Takara) was used for signal
detection. Specific primers used in the analysis of VEGF-A,
VEGF-B, VEGF-C, angiopoietin (Ang) 1, Ang2, hepatocyte
growth factor (HGF), FGF2, placenta growth factor (PIGF),
RACKI, and f-actin are given in Table S1, available as an
Accessory Publication to this paper.

Statistical analysis. Data are presented as the mean + SEM.
Data were analyzed using two-tailed t-tests and P < 0.05 was
considered significant.
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Fig. 2. RACK1 silencing significantly suppressed
tumor growth in vivo. Representative images of
xenograft tumor models and tumor growth curves
of Hela (a) and A673 (b) cells transfected with
scrambled control siRNA (si-scr) or RACKT siRNAs
(si1 and si2). Data are the mean = SEM. *P < 0.05
compared with si-scr.

Results

RACK1 silencing suppressed tumor cell growth and invasion
in vitro. To investigate the function of RACKI in tumor
growth, we used a gene-silencing approach. Two siRNAs
designed from the human RACKI1 sequence showed a very
strong suppressing effect, with appropriately 90% reduction in
RACK1 expression (Fig. la). In addition, RACKI mRNA
expression was significantly suppressed to approximately
10-20% by Day 2 after siRNA transfection (Fig. S1), and this
strong inhibitory effect continued up until Day 4. Expression
gradually recovered and reached near-normal levels by Day 8.
Using these siRNAs, we examined the effects of RACKI1 silenc-
ing on tumor cell growth in vitro and observed a significant
decrease in the growth rate of HeLLa and A673 tumor cells after
RACKI1 silencing compared with control cells (scrambled
siRNA) in both the proliferation (Fig. 1b) and colony formation
assays (Figs 1¢,S2). Conversely, RACKI silencing had no effect
on the apoptosis rate of these cells, as determined using a
TUNEL assay (Fig. 1d).

Because RACKI1 controls the interaction of signaling path-
ways involved in the coordination of cell adhesion and move-
ment, %' we next examined the effect of RACK1 silencing
on the invasion of these tumor cells. As shown in Figures 1(e)
and S3, downregulation of RACKI1 greatly impaired the inva-
sive ability of HeLa and A637 cells. This inhibitory effect was
not due to the suppression of cell growth (Fig. S4). Together,
these observations indicate that RACKI1 plays an important
regulatory role in tumor cell growth and movement.

Tumor growth was suppressed by RACK1 silencing in vivo. To
obtain definitive evidence that RACKI is required for tumor
growth in vivo, we conducted a xenograft assay by injecting the
control (si-scrambled) and RACKI1-silenced tumor cells subcu-
taneously into mice and comparing the growth rate of the solid
tumors. Interestingly, tumor growth after RACKI1 silencing was
significantly slower for both HeLa (Fig. 2a) and A673 (Fig. 2b)
tumor cells compared with control cells. These results indicate
that suppression of RACK1 expression in HeLa and A673 cells
markedly suppresses their tumorigenicity in mice.

RACK1 silencing inhibited the phosphorylation of Akt and
MAPK but not of PLCy in vitro. Because downregulation of
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RACKI1 inhibited the growth of human tumor xenografts, we
then attempted to clarify the molecular mechanisms involved.
Although multiple binding partners, including PKCs, Src, and
IGF—Ii hi%hlight the complexity of RACKI1-mediated signal-
ing,>'%1%" in the present study we focused on the effects of
RACKI silencing on the activation of MAPK, Akt, and PLCy,
which are implicated in the main intracellular signaling required
for cell proliferation and survival.?>?" As shown in Figure 3,
compared with control siRNAs, RACKI silencing resulted in a
significant 30-40% suppression of Akt and MAPK activation,
but not of PLCy phosphorylation, in both HelLa and A673 cells.
These results indicate that RACKI silencing inhibits tumor cell
growth, at least in part, by suppressing MAPK- and Akt-medi-
ated signaling, but not the PLCy-related signaling pathway.

RACK1 silencing inhibited tumor-associated angiogenesis,
partly due to the suppression of 2 angiogenic factors, VEGF-B
and FGF2. Tumor-associated angiogenesis is a crucial hallmark
of tumorigenesis, which contributes significantly to tumor pro-
gression and metastasis.?> Berns er al."'® identified RACKI as
being significantly upregulated during angiogenesis and in carci-
nogenesis. To clarify whether RACK1 plays an important role
in tumor-associated angiogenesis, we assessed the effects of
downregulation of RACKI in tumor cells on blood vessel for-
mation using immunohistochemical staining with CD31, a spe-
cific marker for endothelial cells. In our in vivo experiments,
silencing RACKI1 significantly reduced blood vessel density in
both HeLa and A673 tumor tissues (Fig. 4). Considering that
numerous angiogenic factors, including VEGF-A, VEGF-B,
VEGF-C, Angl, Ang2, HGF, FGF2, and PIGF, are released
from tumor cells for angiogenesisfzmé) we analyzed the expres-
sion of these angiogenic factors using real-time PCR. As shown
in Figure 5, the mRNA expression of VEGF-B and FGF2 after
RACKI1 silencing was reduced by 40-50% compared with that
of scrambled siRNA-transfected HeLa and A673 cells. These
results suggest that RACKI silencing suppresses tumor-associ-
ated angiogenesis via the downregulation of angiogenic factors
and, thus, contributes to the reduction of tumor growth.

To identify a correlation between the suppression of angio-
genic factors and the phosphorylation of Akt and MAPK after
RACKI1 knockdown, we examined the time course of these
effects. As shown in Figure S5, suppression of p-Akt and
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p-MAPK was seen 60 h after RACK1 knockdown in HeLa and
A673 cells, but not after 30 h. Conversely, suppression of
VEGF-B and FGF2 mRNA expression was detected 30 h after
RACKI1 knockdown (Fig. S6). These results suggest that sup-
pression of p-Akt and p-MAPK occurs at a later stage, and is
not involved in the upstream signaling of the suppression of
VEGF-B and FGF?2 transcription.

To clarify the effect of RACKI silencing in vivo, we exam-
ined changes in the expression of RACK1, VEGF-B, and FGF2
and the activation status of signaling molecules such as Akt,
MAPK, and PLCy in xenograft tumor models. Because the
duration of the silencing effect on RACK1 expression is approx-
imately 8 days (Fig. S1), we excised the xenograft tumor tissues
transfected with control siRNA (Si-scr) or RACKI siRNA (Sil)
from mice on Days 2 (Fig. S7), 10, and 20. As expected,
RACKI1 expression on Day 2 after xenograft transplantation was
strongly suppressed by RACKI siRNA (Sil) compared with that
of the control scrambled RNA (Fig. 6a). However, this inhibi-
tory effect had disappeared by Day 10. Accordingly, on Day 2
RACKI1 knockdown had significantly suppressed the phosphory-
lation of Akt and MAPK (Fig. 6a) and the expression of VEGF-
B and FGF2 (Fig. 6b). Those inhibitory effects disappeared in
association with a gradual recovery of RACKI expression. We

2010

ABT3 *P < 0.05.

did not detect any change in the phosphorylation PLCy at these
time points. These results suggest that all the changes in the
xenograft angiogenic factors and signal molecules depend on
low RACKI1 expression.

RACK1 silencing did not affect the infiltration of macrophage
lineage cells into tumor tissue. Recent reports have indicated
that the infiltration of various inflammatory cells, particularly
macrophages, in tumor tissue is associated with prognosis and
tumor angiogenesis in a variety of clinical conditions.?**> To
elucidate whether RACKI1 is required for the infiltration of
macrophage lineage cells into tumor tissue, we measured the
number of macrophage lineage cells that had infiltrated the si-
scramble control or RACK1-silenced tumor tissues. As shown in
Figure 7, downregulation of RACKI1 did not significantly affect
the infiltration of macrophage lineage cells into these tumor
tissues. This suggests that RACK1 in tumor cells is not involved
in the infiltration of macrophage-lineage cells into tumor tissue.

Discussion

In the present study, we studied the intrinsic function of RACK1
in tumor growth. Our findings show that downregulation of
RACKI1 results in the inhibition of proliferation and colony for-
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mation of HeLa and A673 cells in vitro, and suppression of solid
tumor growth in vivo. These results provide evidence that the
RACKI1 is required for tumor growth and that it may be an
oncogenic signal transducer.

Is RACK1 a potent enhancer of tumorigenesis? Emerging evi-
dence, as described below, supports the view that RACKI1 plays
a crucial role in tumorigenesis. First, upregulation of RACKI1
expression has been observed in a range of human cancers,
including lung, colon, breast, ovarian, and hepatocellular carci-
nomas, as well as human melanoma.">~"® These findings imply
that an increase in RACKI expression is required for tumor
growth and also suggest a new use for RACKI1 as a biomarker
for several lines of cancers. Second, it has been shown that
RACKI1 is associated with a variety of signaling molecules,

Wang et al.

including PKC, Src, and IGF-1R.71319 [t is of note that the rel-
evance of the signaling mediated by these proteins in tumor cell
growth is well established. In addition, it is broadly accepted
that aberrant activation of several PKC isozymes leads to tumor-
igenesis; therefore, as an important stabilizer of PKC activity,
RACKI1 may play a pivotal role in regulating PKC signalinzgz-
related tumor progression.”®?® Furthermore, Keily et al.*”
showed that the proliferation of MCF-7 cells was enhanced by
overexpression of RACK1, whereas IGF-1-mediated protection
from etoposide-dependent death was greatly reduced. Sepa-
rately, another two groups also reported that knockdown of
RACKI suppressed IGF-1- and androgen receptor-dependent
tumor cell growth.""”?® These reports suggest that RACKI
plays a crucial role in intracellular signaling related to tumor cell
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growth and, accordingly, in regulating tumor development.
Moreover, our results showed that RACK1 knockdown inhibited
the invasion of HeLLa and A673 cells. Studies have revealed that
RACKI1 is involved in extracellular matrix (ECM)/integrin sig-
naling by acting as a scaffold to recruit other proteins to focal
adhesion complexes.'%!'*!? Thus, by controlling interactions
with the ECM and by coordinating cell adhesion, RACKI may
play an important role in governing cell survival as well as cell
chemotaxis. However, in contrast with a previous report that
overexpression of RACK1 induced apoptosis of HT-29 colon
carcinoma cells, partly by inhibiting Src activity,*” our results
showed that RACK1 knockdown inhibited cell growth but did
not affect cell apoptosis. To date, several reports have suggested
that RACK1 has opposing effects on the proliferation of differ-
ent types of tumor cells. Although, the mechanisms involved
remain to be determined, the discrepancies may arise from dif-
ferences in the cell types used or in the experimental conditions
and served to highlight the complexity of RACKI involvement
in signaling regulation.

Possible regulatory mechanisms of RACK1 at the molecular
level in tumor growth. One critical question is how RACKI
affects the signaling of cell growth at the molecular level.
Because RACKI is simultaneously involved in widespread sig-
naling pathways owing to its association with PKC, Src family
members, and others, multiple pathways related to these proteins
appear to be activated in the process of tumor growth. Thus,
RACKI1 is implicated in a complicated signaling network rather
than a simple pathway. In the present study we focused on the
effect of RACKI on the activation of central players in growth
signaling, such as Akt, MAPK, and PLCy, which are often consti-
tutively activated in a variety of cancers.?%?" Importantly, we
found that RACKI silencing significantly inhibited the phosphor-
ylation of Akt and MAPK by 30-40%, but not that of PLCy, both
in vitro and in vivo. Although the suppressive effects were not
very strong, the suppression of Akt- or MAPK-related pathways
contributes, at least in part, to the inhibition of tumor growth.

Effects of RACK1 silencing on tumor-associated angiogenesis
may be another key for the inhibition of tumor growth. Changes
in the tumor microenvironment induced by the suppression of
angiogenesis markedly affect tumor growth and metastasis.#*>”
Berns et al.*® have reported that RACK] is upregulated during
angiogenesis and in human carcinoma cells. We also found that
inhibition of RACKI1 expression has a negative effect on tumor
angiogenesis, but it did not affect macrophage infiltration into
the tumor tissue (Figs 4,7). Tumor angiogenesis is known to be
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required for tumor growth to >3 mm in diameter so that nutri-
ents and oxygen can be supplied and waste products removed.
Therefore, inhibition of blood vessel formation by downregula-
tion of RACKI1 delays tumor growth.

Another important question is how RACKI regulates tumor
angiogenesis. Analysis of the levels of a group of proangiogenic
factors released by tumor cells showed that the expression of the
FGF2 and VEGF-B genes was suppressed by RACKI silencing.
It has been shown that RACKI1 is involved in the transcriptional
regulation of genes such as those coding for brain-derived neu-
rotropic factor (BDNF) and TGF-f-stimulated collagen as a
modulator of chromatin remodeling and a Smad3-binding pro-
tein.®"** Smad3 has not been shown to regulate FGF2 or
VEGF-B transcription; thus, RACK1-induced chromatin remod-
eling may be a possible mechanism by which mRNA levels of
FGF2 and VEGF-B are modulated. Further investigations are
necessary to clarify the relationship between RACKI1 and these
angiogenic and/or growth factors. Importantly, increases in both
FGF2 and VEGF-B expression can enhance tumor angiogenesis
and promote tumor growth.(22’33_35 ) Thus, reduced expression of
two proteins by RACKI1 silencing may lead, in part, to the
reduction of angiogenesis and, finally, reduced tumor growth.
However, as a complicated multistep process, tumor-associated
angiogenesis is implicated in the extensive interplay among
cells, soluble factors, and ECM components. Moreover, the
‘‘angiogenic switch’” via the change of the local balance of pro-
and anti-angiogenic factors, such as thrombospondin-1, is criti-
cal for the initiation of tumor angiogenesis.(22 Thus, we cannot
rule out the possibility that RACKI1 also plays an important role
in the regulation of other complicated processes in angiogenesis.
It is necessary to investigate the mechanism by which angiogen-
esis is regulated by RACK1 in more detail.

In conclusion, the present study has demonstrated that RACKI1
plays a critical role in tumor growth by affecting cell proliferation
and tumor angiogenesis. A number of scaffold proteins have
recently been highlighted for their roles in tumor growth, and
new anti-cancer drugs targeting these genes have been developed.
Based on the multiple functions of RACKI in tumor growth, it
may be considered a potential anticancer therapeutic target.
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