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(Background: Non-small-cell lung cancer (NSCLC) is a highly lethal disease and an improved understanding of the molec-
Results: RACK1 promotes NSCLC via interacting with and activating Smoothened to mediate Glil-dependent transcription in

Conclusion: Silencing RACK1 inhibits NSCLC tumorigenicity by blocking Sonic hedgehog signaling pathway.
Significance: Highlighting RACK1 serves as a potential biomarker and a therapeutic target of NSCLC.

J

Non-small-cell lung cancer (NSCLC) is a deadly disease due to
lack of effective diagnosis biomarker and therapeutic target.
Much effort has been made in defining gene defects in NSCLC,
but its full molecular pathogenesis remains unexplored. Here,
we found RACKI1 (receptor of activated kinase 1) was elevated in
most NSCLC, and its expression level correlated with key path-
ological characteristics including tumor differentiation, stage,
and metastasis. In addition, RACK1 activated sonic hedgehog
signaling pathway by interacting with and activating Smooth-
ened to mediate Glil-dependent transcription in NSCLC cells.
And silencing RACK1 dramatically inhibited in vivo tumor
growth and metastasis by blocking the sonic hedgehog signaling
pathway. These results suggest that RACK1 represents a new
promising diagnosis biomarker and therapeutic target for
NSCLC.

Non-small-cell lung cancer (NSCLC)? is the leading cause of
cancer deaths worldwide, with less than 15% of patients surviv-
ing beyond 5 years. Cytotoxic chemotherapy remains the ther-
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apeutic foundation of treatment in both the adjuvant and met-
astatic settings (1-4). These therapies are toxic and almost
never curative of metastatic disease. Therefore, novel molecu-
lar targets are needed to formulate new approaches to this dev-
astating disease.

The adaptor protein RACK1 (Receptor of Activated Kinase
1) was originally identified as a 36-kDa intracellular receptor for
protein kinase C (PKC). It interacts with several protein kinases
C family members (e.g. PKCa, PKCBIL, PKCe, PKC$) to regu-
late several signal pathways (5-11). RACK1 is a member of the
WDA40 superfamily of proteins with a propeller-like structure of
seven WD40 repeats, including the 8 subunit of G-proteins
(12). To our knowledge, RACK1 is ubiquitously expressed and
has been implicated in a variety of cellular processes including
regulation of protein translation (13—15), cellular stress (1), tis-
sue development (2-5), and mammalian circadian clock (6, 7)
as well as cancer progression (22-28).

The Hedgehog (Hh) signaling pathway controls cell prolifer-
ation (8) and differentiation during embryonic development
(9-11), and it contributes to tumorigenesis when it is either
mutated or misregulated (12-14). Recent evidence suggests
that Hedgehog signaling may contribute to NSCLC (15, 16).
When Hh ligands bind and inactivate the Hh receptor
Patched-1 (PTC1), PTCI loses its catalytic inhibition of the
G-protein-coupled receptor-like signal transducer Smooth-
ened (Smo), which triggers the transcriptional activation of the
Hh target gene, a zinc finger transcription factor glioma-asso-
ciated oncogene-1 (Glil). Therefore, measurement of Glil
mRNA levels is a reliable indicator of activity of this pathway
(17).

We found that RACK1 was up-regulated in NSCLC samples,
and its expression correlated with the key clinical parameters:
tumor stage, metastasis, and degree of differentiation. Silencing
of RACKI1 promoted cancer cell apoptosis and inhibited cell
proliferation and migration in vitro as well as abolished tumor
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growth and metastasis in vivo. Furthermore, we found that
RACK1 expression correlated with elevated Glil levels in
NSCLC, and Glil function was required for RACK1 oncogenic
effects. RACK1 was found to activate Glil transcription via
interacting and activating Smoothened, a key positive regulator
in the Sonic Hedgehog signaling pathway. Taken together, our
study strongly demonstrated that RACK1 is both a potential
biomarker and a therapeutic drug target for NSCLC.

EXPERIMENTAL PROCEDURES

Constructs—Polymerase chain reaction (PCR) fragment cor-
responding to the cDNA coding for either full-length or for
different regions of RACK1 were inserted into the PCMV-Myc
expression vector (Clontech). The cDNA fragments coding for
the full-length, the C-tail, or fragment without the C-tail of
Smoothened were amplified by PCR and introduced into the
PCMV-Tag4B expression vector (Stratagene). RACK1 full-
length cDNA fragments were amplified by PCR and introduced
into the pGEX-4-T1 vector (Amersham Biosciences) to pro-
duce GST-RACKI1 fusion proteins in the BL20 Escherichia coli
strain. Luciferase full-length ¢cDNA was cloned into FG12
expressing construct (kindly provided by Dr. Le) and used for
lentivirus package. Both A549 RACK1 siRNA control and
RACKI1 siRNA-containing cells were infected by FG12-lucifer-
ase lentivirus for metastasis assay. PCMV-FLAG-Glil was sub-
cloned from SRaGLI1-expressing construct (kindly provided
by Dr. Ariel Ruiz i Altaba) and introduced into the PCMV-
Tag2B vector (Stratagene).

Cell Lines and Human Samples—The human non-small-cell
lung cancer cell lines H520 and H23 were purchased from Cell
Bank of Type Culture Collection of Chinese Academy of Sci-
ences, Shanghai Institute of Cell Biology, Chinese Academy of
Sciences. A549 cell line was a gift from Dr. Hongbing Ji. These
cells were cultured in RPMI 1640 medium (Invitrogen) supple-
mented with 10% fetal bovine serum (Biochrom AG) at 37 °C in
a humidified atmosphere containing 5% CO,. Fresh-frozen
primary NSCLCs tissues and their paired normal samples
were obtained from patients undergoing surgical resection
at Shanghai Chest Hospital (Shanghai, China) after consent
was obtained from the patients. None of the patients
received any prior radiochemotherapy.

Reagents—Murine anti-Myc and anti-FLAG monoclonal
antibodies and rabbit anti-Smoothened polyclonal antibody
were purchased from Santa Cruz Biotechnology (Western blot
and immunoprecipitation). Rabbit anti-Glil polyclonal anti-
body for Western blot was from Cell Signaling. Rabbit anti-Glil
and anti-Smoothened polyclonal antibodies for immunofluo-
rescence and immunohistochemical staining were obtained
from Abcam. Murine anti-RACK1 and anti-cleaved polyade-
nosine diphosphate-ribose polymerase and anti-E-cadherin
and N-cadherin antibodies were from BD Biosciences. The dual
luciferase system was purchased from Promega. Lipofectamine
2000 and TRIzol reagent were from Invitrogen. Luciferin was
purchased from Xenogen Biotechnology.

RT- and Quantitative Real-time RT-PCR—Total RNA was
isolated from NSCLC cell lines and tissues of NSCLC patients
according to the methods described by Wang et al. (47). Human
primer sequences were 5" to 3": RACK1 forward (TCTCTT-
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TCCAGCGTGGCCATTAGA) and RACKI1 reverse (CCTCG-
AAGCTGTAGAGATTCCGACAT); Glil forward (GGGAT-
GATCCCACATCCTCAGTC and Glil reverse (CTGGAGCA-
GCCCCCCCAGT); PTCHI1 forward (CCACAGAAGCGCTC-
CTACA) and PTCH1 reverse (CTGTAATTTCGCCCCT-
TCC); FOXM1 forward (GCGACTCTCGAGCATGGAGAA-
TTGTCACCTG) and FOXM1 reverse (GCGCTACTCGAGT-
TCGGTTTTGATGGT); BMI1 forward (TTCATTGATGCC-
ACAACA) and BMII reverse (CCATTGGCAGCATCAGC);
B-actin forward (GATCATTGCTCCTCCTGAGC) and B-ac-
tin reverse (ACTCCTGCTTGCTGATCCAC). Amplification
reactions were performed in a 15-ul volume of a mixture with
10 pM primer, 2 mm MgCl,, 200 um ANTP mixtures, 0.5 units of
TagDNA polymerase, and 1X buffer. All of the reactions were
performed in triplicate in Mx3000 system (Stratagene). The
relative mRNA level of target genes to that of B-actin in clinical
samples was calculated according to the methods described by
Qiu et al. (1). The statistical results were considered significant
at p < 0.05 and highly significant at p < 0.01. All data analyses
were done using the program SPSS.

Immunoprecipitations—NSCLC cells were washed with ice-
cold PBS and harvested in 500 ul of IP lysis buffer (150 mm
NaCl, 50 mm Tris-HCI, pH 7.5, 0.1% Nonidet P-40,1 mm EDTA,
10% glycerol supplemented with protease inhibitors). 200 ng ~
1 pg-specific antibodies were added to cell lysates. After incu-
bation at 4 °C overnight, 60 ul of 50% protein A or protein
G-agarose was added followed by 4 h of incubation at 4 °C.
Samples were centrifuged and washed 5 times with 1 ml of lysis
buffer. Inmunoprecipitated proteins were eluted by the addi-
tion of 40 ul of SDS sample buffer. Initial lysates and immuno-
precipitated proteins were analyzed by SDS-PAGE and immu-
noblotted using specific antibodies.

GST Pulldown Assays—The RACKI full-length cDNA frag-
ment was amplified by PCR and introduced into the pGEX-
4-T1 vector (Amersham Biosciences) to produce GST-RACK1
fusion proteins in the BL20 E. coli strain with 0.1 mm isopropyl
1-thio-B-p-galactopyranoside (Amresco) inducement. The
fusion protein was purified using glutathione-Sepharose 4B
(GE Healthcare), as indicated by the manufacturer. Purified
recombinant proteins were analyzed by SDS-PAGE followed by
Coomassie Brilliant Blue staining. A549 cells were washed with
ice-cold PBS and harvested in 500 ul of GST pulldown lysis
buffer (50 mm Tris-Cl, pH 7.5, 150 mm NaCl, 0.1% Nonidet P-40
and protease inhibitor mixture). 5 ug of GST-RACK]1 fusion
protein and cell lysates were incubated at 4 °C overnight. 20 ul
of glutathione-Sepharose-4B beads were added to the samples
and incubated at 4 °C for 3 h to capture the GST fusion proteins.
After washing with lysis buffer five times, the proteins were
eluted in Laemmli buffer and analyzed by SDS-PAGE followed
by immunoblot (IB) assay.

RNA Interference of RACKI—Two target sequences for
RACK1 small interfering RNA were: RACK1-RNAi-6# (the
underlined sequence was the complementary sequence with
RACK1 mRNA; 5'-ACCGACCATCATCATGTGGAAAT-
TCAAGAGATTTCCACATGATGATGGTTTTTTTGGAT-
CCC-3" and (5'-TCGAGGGATCCAAAAAGACCACATCA-
TGTGGAAATCTCTTGAATTTCCACATGATGATGGT-
3’) and RACK1-RNAi-31# (the underlined sequence was the
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complementary sequence with RACK1 mRNA; 5'-ACCGGC-
AAACACCTTTACACGCTTCAAGAGAGCGTGTAAAGG-
TGTTTGCTTTTTTGGATCCC-3" and 5'-CGAGGGAT-
CCAAAAAGGCAAACACCTTTACACGCTCTCTTGAAG-
CGTGTAAAGGTGTTTGC-3'); RACKI1-RNAi-Con (the
underlined sequence was the random sequence as control that
was not related to RACK1 mRNA; 5'-ACCGGTACATAGGG-
ACGTAACGTTCAAGAGACGTTACGTCCCTATGTACC-
TTTTTGGATCCC-' and 5'-TCGAGGGATCCAAAAAGG-
TACATAGGGACGTAACGTCTCTTGAACGTTACGTCC-
CTATGTAC-3"). FG12 RNAi vector was used to produce small
double-stranded RNA (small interfering RNA) to inhibit target
gene expression in NSCLC cells.

Luciferase Reporter Assay—NSCLC cells were plated at a
subconfluent density, and HH reporter assays were performed
using 0.1 ug of GLIBS-Luc reporter construct or TK-luciferase
control plasmid (gift from Dr. D. J. Robbins), 0.5 ug of expres-
sion vector, and 0.02 ug of Renilla luciferase pRL-TK (internal
control for transfection efficiency). Cell lysates were prepared
24 h after transfection, and the reporter activity was measured
using the dual -luciferase reporter assay system (Promega).

Western Blot—Cultured cells were washed twice with PBS
and lysed in radioimmune precipitation assay buffer for 30 min
on ice. Cell lysates were clarified by centrifugation (10,000 X g,
15 min), and protein concentrations were determined using the
Bradford reagent (Sigma). Lysates were separated on 8 or 15%
SDS-PAG; proteins were transferred to Immobilon membrane
(Millipore, Bedford, MA) immunoblotted with specific primary
antibodies and incubated with corresponding horseradish per-
oxidase-conjugated secondary antibody. All immunoblots were
visualized by enhanced chemiluminescence (Pierce).

Sonic Hedgehog (SHH) and Cyclopamine Treatments—Com-
mercial N-SHH (R&D Systems) was used at 50 nm. Cyclo-
pamine (Sigma) was used at 8 um. Treated cells were in 2.5%
serum for 48 h instead of the usual 10% routinely used for stan-
dard growth.

Immunofluorescence—Forty-eight hours after plating on
cover slides, these cells were washed 3 times with ice-cold PBS
and fixed either in cold methanol at —20 °C for 5 min or in 4%
formaldehyde for 20 min. Cells were permeabilized with PBS,
0.1% Triton X-100 for 1 min, and nonspecific binding sites were
blocked with 3% BSA in PBST (PBS with 0.5% Tween 20). Cells
were stained with primary antibodies diluted in 3% BSA, PBST
overnight at 4 °C. After washing 4 times in PBST, cells were
incubated for 1 h with the secondary antibody (Alexa Fluor
488-conjugated donkey anti-mouse IgG (Molecular Probes) or
Alexa Fluor 555-conjugated goat anti-rabbit IgG (Molecular
Probes)) in 3% BSA, PBST at a 1:1000 dilution. Fluorescence
was monitored by an inverted confocal laser microscopy (Carl
Zeiss, New York, NY).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  Bro-
mide (MTT) Assay—Cells were plated in 96-well plates with a
concentration of 1000 cells per well. To measure cell growth, 20
wl of 5 mg/ml MTT was added into the media and cultured at
37 °C. After 4 h, the media were removed, 200 ul of DMSO was
added to dissolve the generated deposits, and the absorbance at
550 nm was measured by an automatic microplate reader. The
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measurement process was performed every 24 h for 5 or 7 days
to generate a cell growth curve.

Apoptosis Analysis—NSCLC cells were plated in 60-mm
dishes and trypsinized when they reached 70% confluence.
Quantitation of apoptotic cells under hypoxic and normoxic
conditions was obtained using the annexin V-PE detection kit
(Beyotime) according to the manufacturer’s protocol.

Cell Migration Assay—The migration assay was carried out
using a 12-well Boyden Chamber (Neuro Probe) with an 8-um
pore size. Approximately 1 X 10° cells were seeded into upper
wells of the Boyden Chamber and incubated for 6 h at 37 °C in
medium containing 1% FBS. Medium with 10% FBS was used as
a chemoattractant in the bottom wells. Cells that did not
migrate through the pores of the Boyden Chamber were man-
ually removed with a rubber swab. Cells that migrated to the
lower side of the membrane were stained with hematoxylin and
eosin and photographed using an inverted microscope.

In Vivo Tumorigenicity Assay—Five-week-old male nude
mice were housed under standard conditions. A549 and H23
cells were trypsinized and washed with PBS and suspended in
RPMI 1640 without serum. 5 X 10° of these cells were injected
into the flanks of nude mice. Tumor growth was measured
every 7 days, and tumor volume was estimated as length X
width X height X 0.5236. Tumors were harvested from ether-
anesthetized mice. All procedures were in agreement with SIBS
Guide for the Care and use of Laboratory Animals and
approved by the Animal Care and use Committee, Shanghai
Institutes for Biological Sciences.

In Vivo Metastasis Assay—The A549 cell line was labeled
with luciferase-expressing lentivirus containing an indepen-
dent open reading frame of GFP. Luciferase expression was
determined by using luciferin (Xenogen, Alameda, CA) and an
in vivo imaging system (Xenogen). The luciferase-expressing
A549 of RACK1-RNAi-Con and RACK1-RNAi-6# (1 X 10° in
200 ul PBS) were injected into the left ventricle of the nude
mice. The metastatic lesions were monitored weekly. An aque-
ous solution of luciferin (150 mg/kg intraperitoneally) was
injected 10 min before imaging, and then the mice were anes-
thetized with Forane (Abbott). The mice were placed into a
light-tight chamber of the CCD camera system (Xenogen), and
the photons emitted from the luciferase-expressing cells within
the animal were quantified for 1 min using the software pro-
gram Living Image (Xenogen) as an overlay on Igor (Wavemet-
rics, Seattle, WA).

Statistical Analysis—Statistical analyses were performed
using Student’s ¢ test or analysis of variance. Data were repre-
sented as the mean = S.E. from at least three independent
experiments and considered significant when p values were <
0.05(*) or < 0.01(**).

RESULTS

RACK1 Is Up-regulated in NSCLC and Correlates with Clin-
ical Features of NSCLC Patients—To identify the potential
roles of RACK1 in the development and progression of NSCLC,
we assessed its expression level by real-time polymerase chain
reaction (PCR) in 63 pairs of matched lung tissue samples.
Expression levels of RACK1 were significantly higher in 48 of 63
NSCLC tumors compared with their normal lung counterparts
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FIGURE 1. Levels of RACK1 are increased in NSCLC clinical samples. A, shown are quantitative real time PCR results of relative expression level of RACK1 in
63 pairs of NSCLC and normal lung samples. The mRNA expression level of B-actin was quantified as an internal standard and used to normalize the level of
RACK1 from the same sample. Data were calculated from triplicates. Each bar is the log, value of the ratio of RACK1 expression levels between NSCLC (T) and
matched normal tissues (N) from the same patient. A <2-fold change in the ratio between tumor and normal tissue is <2. Because log,2 = 1, bar value >1
represents a >2-fold increase (T > N), whereas bar value <—1 represents a >2-fold decrease (T < N). B, shown are immunohistochemical results of RACK1
expression in NSCLC and matched normal lung tissues. In cancer tissue from individuals with NSCLC, intense RACK1 immunoreactivity (gray) was observed. In
corresponding paired normal tissues, however, RACK1 expression was weaker. C, left bar graph shows quantitative RT-PCR of RACK1 expression in one normal
lung epithelial cell line Bease-2B and four human NSCLC cell lines (A549, H1299, H23, adenocarcinoma cell lines; H520, squamous carcinoma). The mRNA level
of BEAS-2B was normalized to 1. A Western blot shows protein levels of RACK1 in BEAS-2B and human NSCLC cell lines (right). B-Actin was used as a loading

H1299

control.

and was 2- and 4-fold higher in ~57 and 24% of the tumors
compared with the normal respiratory epithelium, respectively
(Fig. 1A). Furthermore, elevated levels of RACKI protein were
found in NSCLC tumors compared with the paired normal tis-
sues from the same patients as shown by immunochemical
staining (Fig. 1B). Moreover, we also examine the expression of
RACK]1 in NSCLC cell lines and a normal lung epithelial cell
line BEASE-2B by both real time RT-PCR and Western blot-
ting. The expression of RACK1 was dramatically elevated in the
NSCLC cell lines compared with BEASE-2B control cells (Fig.
1C, left and right panels). Taken together, expression of RACK1
was up-regulated in both clinical samples and cell lines of
NSCLC.

Further analysis revealed that the up-regulation of RACK1
mRNA in NSCLC samples was inversely correlated with differ-
entiation of the tumors (p = 0.000001) and positively correlated
with both tumor metastasis (p = 0.0000348) and tumor TNM
stage (p = 0.0000128; Table 1). No correlations occurred
between RACK1 mRNA levels and tumor type, smoking his-
tory, patient age, or gender. These data suggested that RACK1
expression correlates with advanced NSCLC.

Knockdown of Expression of RACK1 in NSCLC Cells Promotes
Apoptosis and Retards Cellular Proliferation and Migration in
Vitro as Well as Inhibits Tumor Growth and Metastasis in Vivo—
To understand the function of RACK1 in NSCLC, we used
RNAi-mediated knockdown lentiviral vector to decrease the
basal level of RACK1 (knockdown of RACK1) in two non-

7848 JOURNAL OF BIOLOGICAL CHEMISTRY

small-cell lung cancer cell lines, A549 and H23. Western blot
results showed that two independent target sequences 6# (Si
RACK1 6#) and 31# (Si RACKI 31#) markedly decreased the
expression of RACK1 compared with the control sequence (Si
Con) (Fig. 2F). Knockdown of RACK1 significantly increased
cell apoptosis (Fig. 2A and supplemental Fig. 1, A and B) and
inhibited cell growth (Fig. 2B) and migration (Fig. 2D) in vitro.
Furthermore, silencing of RACK1 dramatically retarded
NSCLC tumor growth (Fig. 2C) and attenuated metastatic
potential of A549 cells in vivo (Fig. 2E). Consistent with these
biological phenotypes, silencing RACK1 effectively increased
the level of cleaved polyadenosine diphosphate-ribose poly-
merase (a sensitive marker of apoptosis) as well as elevated lev-
els of E-cadherin and lowered levels of N-cadherin (two pro-
teins important in cell migration) (Fig. 2F). In summary, these
data support the hypothesis that RACK1 expression is required
for development and progression of NSCLC.

RACK1 Activates the Sonic Hedgehog Signaling Cascade—
Data have suggested that development of the NSCLC recapitu-
lates events important in embryonic lung development (18, 19).
Additional studies have noted that the development and pro-
gression of NSCLC is associated with three crucial develop-
mentally regulated pathways (20-22): Hedgehog (23-26),
Notch (27), and Wnt (28 -31) signaling pathways. Luciferase
activity assays were used to identify which signal pathways were
enhanced by RACKI to foster the development of NSCLC. We
transiently transfected RACK1 into three different NSCLC cell
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TABLE 1

Relationship between levels of expression of RACK1 in NSCLC and clinical and pathological features

Grade of tumor differentiation, tumor type, and metastasis was determined by the pathologists. Tumor stages were classified according to the tumor node metastasis (TNM)
classification of the American Joint Committee on Cancer and the International Union. Tumor size was measured by surgeons.

RACKI1 negative RACK1 positive
Clinical characteristics No. patients (n=15) (n=48) Spearman’s p
Gender
Male 40 10 30 p=0.774
Female 23 5 18
Age
=60 29 8 21 p=0.523
>60 34 7 27
Tumor type
Squamous carcinoma 16 4 12 p =0.879
Adenocarcinoma 41 9 32
Adenosquamouscarcinoma 6 2 4
Metastasis
NO 30 14 16 p = 3.48e-005"
N1 and N2 26 1 25
M1 7 0 7
Smoke
No 35 7 28 p = 0.436
Yes 28 8 20
Tumor differentiation
Well 10 8 2 p = le-006"
Moderate 14 5 9
Poor 39 2 37
Tumor size
<3cm 19 6 13 p =0.349
=3 cm 44 9 35
TNM stage
I 10 6 4 p = 1.28e-005"
11 20 8 12
III 26 1 25
v 7 0 7

“p < 0.01 are set for significant and highly significant difference, respectively, by Spearman’s p test.

lines, H23, A549, and H520, and found that enforced RACK1
expression strongly activated a multimerized GLI-binding
motif (GLIBS)-luciferase reporter compared with controls, but
under similar experimental conditions RACK1 did not stimu-
late either a Notchl-luciferase reporter or a TCF-dependent
Top Flash reporter (supplemental Fig. 2). Therefore, RACK1
appears to help enhance the SHH pathway in NSCLC. To help
to confirm this hypothesis, we transfected increasing amounts
of a RACK1 expression vector into three different NSCLC cell
lines (A549, H23, and H520) and found GLIBS luciferase activ-
ity was enhanced in a RACK1 dose-dependent manner (Fig.
3A). Furthermore, knockdown of RACKI1 strongly decreased
the activity of GLI-binding site luciferase either with or without
Shh-N treatment of these cell lines (Fig. 3B). Also, knockdown
of RACK1 greatly decreased mRNA expression of the SHH tar-
get gene Glil as well as Glil target genes PTC-1, FOXM1, and
BMI1 (Fig. 3C). In addition, knockdown of RACK1 also dramat-
ically decreased Glil protein expression levels either with or
without Shh-N treatment (Fig. 3, D and E). Glil exerts its onco-
genic effects after translocating from cytoplasm to nucleus to
activate GLI-mediated transcription targets including Glil
itself. Activated Shh-N can cause Glil nuclear translocation.
We observed that knockdown of RACK1 decreased Glil pro-
tein accumulation in the nucleus after Shh-N treatment, there-
fore, blocking Glil transcriptional activity (Fig. 3F). Together,
these results strongly suggest that knockdown of RACK1
reduced Glil expression and inhibited the SHH signaling cas-
cade in NSCLC cells.
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Oncogenic Effects of RACKI Are Mediated by Glil—We next
sought to explore if the oncogenic effects of RACK1 are medi-
ated by activation of the SHH/GLI signaling pathway. Hh inap-
propriate activation has been linked to several types of human
cancers. For example, basal cell carcinomas often have muta-
tions in components of the Hh pathway causing the activation
of Hh (32). Also, Hh ligand-dependent cancers may respond to
Hh ligand in either an autocrine or paracrine manner (33, 34).
Lung tumors have been proposed to respond to Hh mainly in an
autocrine manner, as these tumors can produce, secrete, and
respond to Hh, which may stimulate their proliferation and/or
survival (17).

To address the contribution of Glil transcription to the
oncogenic effects of RACKI1, we ectopically expressed Glil
expression vectors in A549 and H23 cells that also stably
expressed the siRNA RACK1 6# (Si RACK1 6#). Forced Glil
expression in a dose-dependent fashion significantly blocked
the apoptosis (Fig. 44 and supplemental Fig. S3), inhibition of
cell migration (Fig. 4B), and inhibition of GLIBS luciferase
activity, which had been mediated by silencing RACK1 in these
NSCLC cell lines with or without Shh-N stimulation (Fig. 4C).
Also, stably enforced expression of Glil in A549 NSCLC cells
profoundly reversed the ability of knockdown of RACK1 to
inhibit tumor growth in BNX nude mice (Fig. 4D). Overall,
these data indicate that RACKI plays a key role in cell survival,
migration, and tumor growth, and these oncogenic effects of
RACKI1 are dependent at least in part on the Shh/GLI1 signal-
ing pathway.
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FIGURE 2. Knockdown of RACK1 promotes cellular apoptosis, inhibits cell growth, and migration. Both A549 and H23 cell lines were infected with either
siRNA RACK1 (SiRACK1)- or siRNA control (Si Con)-containing virus for 8 h. A, quantification of apoptotic cells by annexin V-PE/phosphatidylinositol staining and
flow-cytometry analysis is shown. Bar charts depict the mean = S.E. of triplicate measurements of quantification of apoptotic cells by RNAi-mediated knock-
down of RACK1 in A549 and H23. Statistical significance was determined with Student’s t test, n = 3.**, p < 0.01 versus Si Con cells. B, MTT assays of A549 and
H23 Si RACK1 or Si Con cells are shown. C, representative pictures 50 days after injection of BNX nude mice with Si Con or Si RACK1 314 or 6# cells (5 X 10°
cells/flank) are shown. The graphs show tumor growth. D, cell migration assays were performed using Boyden Chambers (1 X 10° cells/well in triplicates). A549
or H23 cells that had passed through the filter after 6 h of culture were fixed and photographed. The upper six panels show representative densities of cells that
migrated. Lower bar graphs depict quantification of migrated cells. Statistical significance was determined with Student’s t test, n = 3, *, p < 0.05, **, p < 0.01
versus Si Con cells. E, representative bioluminescent images of the animals in either the control or SiRACK1 groups are shown at 0, 28, and 42 days after injection
of NSCLC cells, depicting the extent of tumor burden. F, effective knockdown of RACK1 in NSCLC cell lines was confirmed by Western blot, and these cells were
examined for markers of apoptosis and migration, cleaved polyadenosine diphosphate-ribose polymerase (PARP), E-cadherin, and N-cadherin.
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FIGURE 3. RACK1 up-regulates Gli1 levels and SHH/GLI transcriptional activity. A, SHH/GLI reporter activity was assessed using either multimerized
GLI-binding site (GLI-BS)-luciferase reporter or TK-luciferase control reporter in NSCLC cells transiently transfected with RACK1 expression vector in a dose-de-
pendent manner (mean = S.E;n = 3.%, p < 0.05; **, p < 0.01 versus empty vector-transfected cells (RACK1 = 0 ng)). B, SHH/GLI reporter activity was assessed
using either the multimerized GLI-binding site luciferase reporter or TK-luciferase control reporter in NSCLC cells infected with either Si RACK1 31# or 6# or Si
Con-containing virus either with or without Shh-N treatment (mean = S.E,;n = 3.%,p < 0.05; **,p < 0.01 versus Si Con cells without Shh-N (—Shh-N); #, p < 0.05;
##, p < 0.01 versus Si Con cells with Shh-N (+Shh-N)). C, shown is a semiquantitative RT-PCR assay examined level of expression of SHH target gene, Gli1 and
Gli1 target gene PTC-1, and FOXM1 and BMI1 expression in the H23 NSCLC cell line. D, shown are representative Western blots of three NSCLC cells infected
with Si Con and Si RACK1 31#- or 6#-contained virus. 3-Actin was used as a loading control. Silencing of RACK1 in NSCLC cells decreased levels of Gli1. E, shown
is a representative Western blot of A549 cells infected with either Si Con or Si RACK1 6#-containing virus and exposed to Shh-N treatment. Silencing of RACK1
impaired the Gli1 accumulation induced by Shh-N. F, shown are photomicrographs of H520 Si Con and Si RACK1 6# cells immunostained with an anti-Gli1
antibody (red). Cell nuclei were counterstained with Hoechst (blue).
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Correlation between RACKI and Glil Expression in NSCLC—
Based on our findings that RACK1 was highly expressed in
human NSCLC and that RACK1-mediated tumorigenicity in
NSCLC was mainly dependent on Shh/GLI signaling pathway,
we predicted that RACK1 and Glil expression levels would be

well correlated in primary NSCLC cancer. The same 63 paired
NSCLC samples used to profile RACKI1 expression (Fig. 14)
were also examined for Glil expression levels by real-time PCR.
Glil mRNA was highly expressed in NSCLC samples compared
with the paired normal lung tissues, and univariate analysis
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FIGURE 5. Correlation between Gli1 and RACK1 expression in NSCLC. A, quantitative real time PCR results of relative expression level of Gli1 in 63 pairs of
NSCLC and normal lung samples are shown. Gli1 expression levels were normalized to that of B-actin. Data were calculated from triplicates. Each bar is the log,
value of the ratio of Gli1 expression levels between NSCLC (T) and matched normal tissues (N) from the same patient. Statistical significance was assessed by
univariate analysis. B, correlation between RACK1 and GliT mRNA expression in NSCLC samples is demonstrated by one-way analysis of variance assay.
C, correlation between RACK1 and Gli1 protein expression in NSCLC samples is demonstrated by Western blot (T, NSCLC; N, normal lung from same patient).

showed that mRNA levels of Glil were significantly different
between paired normal and tumor samples (p = 0.008) (Fig.
5A). Furthermore, a strong negative correlation was found
between the level of Glil expression and the degree of differen-
tiation of the tumors (supplemental Table 1). Also, the one-way
analysis of variance assay showed that RACK1 and Glil mRNA
expression levels correlated with each other in human NSCLC
(Fig. 5B). Furthermore, we randomly chose eight pairs of
NSCLC samples and found that the protein expression level of
Glil and RACK1 directly correlated with each other as
observed by Western blot (Fig. 5C). Taken together, the up-reg-
ulation of the SHH signaling pathway by RACK1 may contrib-
ute to the development and progression of NSCLC.

RACKI Interacts and Synergizes with Smo to Activate Glil
Transcription—The mechanism by which elevated levels of
RACK]1 increased expression of Glil was explored. In the
absence of the Hh ligand, PTC inhibits Smo activity. Upon
binding of the ligand, PTC no longer inhibits Smo, and Smo is
phosphorylated and stabilized (35), and this activated Smo pro-
motes Glil transcription and prevents Gli2 and Gli3 cleavage
(36). To explore whether RACK1 can increase Glil levels by
enhancing Smo activity in NSCLC, we treated both Si Con and
Si RACK1 6# cells with a Shh-N peptide. The Shh-N stabilized
Smo and induced an electrophoretic mobility shift of Smo in Si
Con cells. It was well known that an electrophoretic mobility
shift of Smo indicates Smo phosphorylation (35, 37-40).

FIGURE 4. Gli1 was required for the oncogenic effects of RACK1. A, varying amounts of Gli1 expression constructs were transfected into either A549 (left
panel) or H23 (right panel) cells infected with either RACK1 Si Con or RACK1 Si 6# virus. The bar charts depict the mean = S.E. of triplicate measurements of
apoptotic cells. **, p < 0.01 versus Si Con; #, p < 0.05; ##, p < 0.01 versus Si RACK1 6# cells transfected with empty-vector (SiRACK16#, Gli1 = 0). B, cell migration
assays were performed using Boyden Chamber (1 X 10° cells/well in triplicate). A549 or H23 cells were infected with either Si Con or Si RACK1 6#-containing
virus. A549 or H23 Si RACK1 6# cells were stably transfected with either empty vector or Gli1 expression vector (Si RACK1 6#/vector or Si RACK1 6#/Gli1). After
6 h of incubation, cells that passed through the filter were fixed and photographed. The left panels show representative densities of cells that migrated. The
right bar chart depicts the mean = S.E. of triplicate measurements of migrated cells. **, p < 0.01 versus Si Con; #, p < 0.05 and ##, p < 0.01 versus Si RACK1 6#
cells transfected with empty-vector (Si RACK16#/vector). C, varying amounts of Gli1 expression vectors with GLIBS-Luc or TK-luc reporter constructs were
cotransfected into two NSCLC cell lines (A549 and H23) that had been infected with either Si Con or Si RACK1 6# expression with or without Shh-N treatment.
Forty-eight hours after transfection, GLIBS luciferase reporter assays were performed. Data are presented as the mean = S.E.n = 3.**, p < 0.01 versus Si Con
(Si Con, Gli1 = 0); #, p < 0.05 and ##, p < 0.01 versus Si RACK1 6# cells transfected with empty-vector (Si RACK1 6#, Gli1 = 0). D, representative pictures 60 days
after injection of two groups of BNX nude mice are shown. One group of mice was injected with either Si Con or Si RACK1 6# cells, and the other group of mice
received Si RACK1 6# cells stably transfected with either empty vector or Gli1 expression vector (5 X 10° cells/flank). Tumors were harvested, and protein lysates
were Western-blotted and probed for Gli1, FLAG, RACK1, and B-actin. The bar chart (right panel) shows the mean = S.E. of triplicate measurements of tumor
weight 60 days after injection. **, p < 0.01 versus Si Con; ##, p < 0.01 versus Si RACK1 6# cells transfected with empty-vector (Si RACK16#/vector).
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FIGURE 7. Correlation between RACK1 and Smo expression in NSCLC. A, Western blot analysis of RACK1 and Smo expression in even randomly chosen
NSCLC tissues (T) and matched normal lung tissues (N) (B-actin used as a loading control) is shown. Arrows depict the hyperphosphorylated form of Smo, and
arrowheads depict hypophosphorylated and unphosphorylated forms of Smo. B, shown isimmunohistochemical staining of human squamous lung carcinoma
(sample 145190, upper panels) and normal human lung (lower panels). Correlation between RACK1 and Smo expression in the squamous lung carcinoma
sample is prominent. Arrows depict elevated cell membrane and cytoplasmic levels of RACK1 and Smo expression.

Knockdown of RACK1 dramatically diminished the Shh-N  promoted Smo phosphorylation leading to greater accumula-
induced Smo mobility shift and blocked the accumulation of tion of Glil (Fig. 6B and supplemental Fig. 48). Furthermore,
the hyperphosphorylated form of Smo in Si RACK1 6# cells Shh-N stimulated translocation of RACK1 and Smo from the
resulting in less nuclear accumulation of Glil (Figs. 64 and cycloplasm to the cell membrane causing their colocalization
supplemental Fig. 44). In contrast, overexpression of RACK1 on the cell membrane. In contrast, knockdown RACK1 blocked

FIGURE 6. RACK1 interacts and activates Smo, leading to Gli1 transcriptional activation. A, electrophoretic mobility shift verifies silencing of RACK1 in
A549 cells associated with decrease accumulation of the hyperphosphorylated form of Smo and Gli1 after stimulation by Shh-N. Arrows depict the hyperphos-
phorylated form of Smo, and arrowheads depict hypophosphorylated and unphosphorylated forms of Smo. B, Western blotting shows overexpression of
RACK1 in A549 cells increased the phosphorylation of Smo and the accumulation of Gli1. Arrows depict hyperphosphorylated form of Smo, and arrowheads
depict hypophosphorylated and unphosphorylated forms of Smo. C, exogenous and endogenous co-immunoprecipitation assays demonstrate the interac-
tion between Smo and RACKT1. Cell lysates of A549 cells were incubated either with anti-RACK1, anti-Smo, anti-FLAG, anti-Myc antibody, or control IgM or IgG.
D, aGST pulldown assay shows the interaction between Smo and RACK1. Cell lysates of A549 cells were incubated with purified GST or GST-RACK1 protein. The
precipitates were detected with anti-GST and anti-Smo antibodies. £, an immunoprecipitation assay demonstrates the endogenous interaction between Smo
and RACK1 was enhanced in response to Shh-N (/eft) and attenuated by cyclopamine (Cyclo) (right). A549 cells were untreated or treated with either 50 nm
Shh-N or 8 um cyclopamine as indicated at 37 °C for 4 h. Proteins from cell extracts were immunoprecipitated (/P) with an anti-Smo antibody and immuno-
blotted (/B) with an anti-RACK1 antibody. F, confocal images of A549 cellsimmunostained with anti-RACK1 (red) and anti-Smo antibodies (green) either without
or with Shh-N addition (10 min) are shown. Cell nuclei were counterstained with Hoechst (blue). RACK1 colocalized with Smo on the cell membrane with Shh-N
exposure. Silencing of RACK1 blocked Shh-N stimulated Smo localization onto the cell membrane. G, shown is mapping of the interaction between Smo and
RACK1. A549 cells were transfected with either wild type Myc-RACK1 construct or different Myc-RACK1 truncated mutants. Cell lysates were immunoprecipi-
tated with an anti-Smo antibody and immunoblotted with an anti-Myc antibody. The third and seventh WD repeats of RACK1 were required for the interaction
with Smo. H, immunoprecipitation assay verifies that the C-tail of Smo is responsible for the interaction with RACK1. A549 cells were transfected with
expression vectors containing either wild type FLAG-Smo, FLAG-SmoCT (Smo C-tail), or FLAG-SmoAC (Smo lacking its C-tail). Cell lysates were immunopre-
cipitated with an anti-RACK1 antibody and immunoblotted with an anti-FLAG antibody. The Smo C-tail was responsible for the interaction with RACKT.
I, GLIBS-luc reporter activity was assessed in A549 cells transfected with either empty vector, wild type Myc-RACK1 vector, or Myc-RACK1A3A7-truncated
mutant (RACK1 lacking its WD3 and -7 domains), showing that Myc-RACK1A3A7 failed to activate GLI-dependent transcription (left) (mean = S.E;n = 3.**, p <
0.01 versus empty vector-transfected cells (control); #, p < 0.05 versus wild-type RACK1 expression vector-transfected cells (WT-RACKT1)). Western blotting
assays showed that Myc-RACK1A3A7 lost the ability to elevated Smo phosphorylation and Gli1 accumulation in the absence of Shh-N peptide treatment as
compared with wild type Myc-RACK1 (right).
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FIGURE 8. Model of how RACK1 mediates activation of SHH/GLI signaling in NSCLC Cells. Left, normal lung cells have low expression level of RACK1, and
Smo is mainly localized in the cytoplasm, not on the cell membrane. Cytoplasmic Smo has little ability to stimulate Gli1 activation. Right, NSCLC cells express
high levels of RACK1 that binds, transports, and activates Smo on the cell membrane in response to the SHH ligand. This results in translocation of Gli1 from the
cytoplasm to the nucleus, leading to increased Gli1 levels and subsequent activation of downstream target genes.

the Shh-N induced Smo accumulation on the cell membrane
(Fig. 6F). Taken together, these data suggest that RACK1 is
required for the activation of Smo, which is induced by Shh
ligand.

We further explored how RACK1 regulates Smo activity,
which was our next question. Smo is a classical G-coupled
receptor (41, 42), and RACK]1 is a homologue of the B-subunit
of the heterotrimetric G protein. We hypothesized that RACK1
regulates Smo activity by directly interacting with Smo. Both
exogenous and endogenous co-immunoprecipitation experi-
ments were performed using A549 and H23 NSCLC cells. The
results demonstrated that RACK1 and Smo can interact with
each other (Fig. 6C and supplemental Fig. 4C). To confirm that
RACK1 and Smo bind to each other, a GST pulldown assay was
performed using purified recombinant RACK1 fused to gluta-
thione S-transferase (GST) (GST-RAC-K1) and the lysate from
the NSCLC cells. Smo was bound to GST-RACK]1 but not to
GST (Fig. 6D), confirming that RACK1 and Smo bind to each
other. In addition, stimulation of Shh-N markedly enhanced
RACK1-Smo interaction, whereas cyclopamine, a direct antag-
onist of Smo, abolished the interaction, suggesting RACK1
interacts with the active form of Smo (Fig. 6E).

Recent data suggested that the C-tail of mammalian Smo
may be required for activation of Glil (35, 43, 44). We found
that both FLAG-Smo and FLAG-SmoCT (Smo C-tail), but not
FLAG-SmoAC (Smo lacking its C-tail), co-immunoprecipi-
tated with RACK1 (Fig. 6H), demonstrating that the C-tail of
Smo is required for the Smo-RACK1 interaction. To narrow the
specific binding domain of RACKI1 to Smo, a series of truncated
mutants of RACK1 was generated. The binding reactions were
analyzed by immunoprecipitating with a Smo-specific poly-
clonal antibody and immunoblotting for RACK1 truncated
proteins. Interactions were observed between Smo and the
RACK1-truncated mutants having the WD40 repeats 1- 4, 5-7,
1-3, and 7 but not these mutants with WD40 repeats 1-2 and

7856 JOURNAL OF BIOLOGICAL CHEMISTRY

5-6 of RACK1 (Fig. 6G), suggesting that at least WD40 3 and
7 domains are necessary for the binding of Smo-RACKI1. A
truncated form of RACK1 without WD40 3 and 7 (Myc-
RACK1A3A?7), in contrast to Myc-RACK]1, was no longer able
robustly to stimulate GLI-dependent transcription to promote
Smo phosphorylation or cause Glil accumulation (Fig. 61). In
summary, these data demonstrated that RACKI interacted and
activated Smo to enhance nuclear activation of Glil.

Also, we examined if this close relationship between RACK1
and the active form of Smo occurred in primary NSCLC can-
cers. Six of seven pairs of randomly chosen NSCLC samples
having high RACK1 expression level were noted also to overex-
press the active form of Smo (Fig. 7A). Also, representative
samples of squamous NSCLC (Fig. 7B) showed a correlation
between RACK1 and Smo expression.

DISCUSSION

Our study has discovered that RACK1 is highly expressed in
NSCLC, promoting cell survival and proliferation of NSCLC
cells and enhancing their metastatic potential. Furthermore, we
have provided evidence that elevated levels of RACK1 correlate
with increased Glil levels in NSCLC and that silencing of
RACK]1 decreases activation of both a GLI-mediated reporter
as well as target genes of Glil. In addition, our experiments
showed that Glil was associated in the oncogenic effects of
RACKT1 in vitro and in vivo, and the ability of RACK1 to increase
Glil levels was attributable to the activation of Smo by RACKI.
In summary, our findings implicate RACK1 as an important
positive regulator of SHH/GLI-dependent signaling in NSCLC.

RACKI1 has been reported to be dysregulated in several can-
cer types, including oral squamous carcinoma, colon, and
breast cancers (45—47). A recent report amplified expression of
RACK1 as a biomarker associated with pathological stage,
tumor size, and lymph node involvement of pulmonary adeno-
carcinomas (48), but the mechanisms of how RACK1 levels are
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up-regulated in pulmonary adenocarcinomas remain unclear.
We observed that the expression of RACK1 was up-regulated in
primary, non-small-cell lung cancers, and the levels of this pro-
tein correlated with clinic pathological parameters including
tumor grade, tumor differentiation, and metastasis status.
More importantly, we found that the activation of the Sonic
Hedgehog pathway contributed to the tumorigenic role of
RACKI1 in NSCLC. A large body of data supports the involve-
ment of the hedgehog pathway in NSCLC, but the regulatory
mechanism by which hedgehog signaling pathway is activated
in NSCLC has been unclear (36). Transcriptional activity of
Glil is a reflection of the activation of the hedgehog pathway.
We found that RACK1 can promote oncogenic transcription
and expression of Glil in NSCLC cell lines, and the expression
pattern of RACKI1 parallels the levels of Glil in the clinical
NSCLC samples. These finding suggest that tumor progression
of NSCLC is associated with high levels of RACK1, which stim-
ulates the hedgehog pathway.

When hedgehog binds to PTC, Smo is relieved and activated
(49, 50). The activated Smo antagonizes the negative regulators
of GLI,, promoting Glil transcription (51). Recent reports
showed that in some normal mammalian cells (eg. NIH3T3),
Smo requires B-arrestins for activation and translocation to
primary cilium to function properly to activate Glil (52-54).
However, the regulatory mechanism of Smo activation in can-
cer cells lacking primary cilium (e.g NSCLC) was unexplained.
Our study discovered RACK1 was required for the activation of
Smo after Shh stimulation in the NSCLC cell lines (supplemen-
tal Fig. S5).

The data in the present study support the following model for
the mechanism by which RACKI1 functions to promote the
oncogenesis of NSCLC cells (Fig. 8). In normal lung cells that
express low levels of RACKI, activity of Smo is limited by
PTCH, resulting in low transcriptional activity of GLI,. In
NSCLC cells, RACK1 is often highly expressed and binds to and
activates Smo by phosphorylation after stimulation by the Shh
ligand. This results in the translocation of Glil from the cyclo-
plasm to the nucleus and subsequent activation of downstream
Glil target genes. These studies assign an oncogenic role for
RACK]1 in NSCLC. Besides highlighting RACK1 as a potential
biomarker and drug target in NSCLC, the findings define a new
mechanism for activating the SHH/GLI signaling pathway in
cancer.
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