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AbstrAct
Although treatment with imatinib, which inhibits KIT and PDGFR, controls 

advanced disease in about 80% of gastrointestinal stromal tumor (GIST) patients, 
resistance to imatinib often develops. RACK1 (Receptor for Activated C Kinase 1) is 
a ribosomal protein that contributes to tumor progression by affecting proliferation, 
apoptosis, angiogenesis, and migration. Here, we found that c-KIT binds to RACK1 
and increases proteasome-mediated RACK1 degradation. Imatinib treatment inhibits 
c-KIT activity and prevents RACK1 degradation, and RACK1 is upregulated in imatinib-
resistant GIST cells compared to non-resistant parental cells. Moreover, Erk and Akt 
signaling were reactivated by imatinib in resistant GIST cells. RACK1 functioned as 
a scaffold protein and mediated Erk and Akt reactivation after imatinib treatment, 
thereby promoting GIST cell survival even in the presence of imatinib. Combined 
inhibition of KIT and RACK1 inhibited growth in imatinib-resistant GIST cell lines and 
reduced tumor relapse in GIST xenografts. These findings provide new insight into 
the role of RACK1 in imatinib resistance in GIST.

IntroductIon

Gastrointestinal stromal tumor (GIST) is the most 
common sarcoma of the gastrointestinal tract [1, 2]. Most 
GIST cells aberrantly express c-KIT protein, a class III 
receptor tyrosine kinase that is stimulated by its ligand, 
stem cell factor. Activated c-KIT initiates a downstream 
signaling cascade including STAT, ERK1/2, and protein 
kinase B/Akt [3]. Imatinib mesylate (Gleevec), a tyrosine 
kinase inhibitor with activity against ABL1, ABL2, KIT, 
platelet-derived growth factor receptor α (PDGFRα), 
and PDGFRβ, is an effective treatment for GIST [4-6]. 
Although most GIST patients respond well to imatinib, 
acquired resistance to imatinib does occur in some 
patients, and acquired resistance is a major problem for 
targeted therapies in general. Patients who experience 
acquired resistance respond to imatinib treatment initially, 
but experience progression after 6 months of therapy. An 
important mechanism for acquired resistance to imatinib 

is reactivation of KIT, which occurs via secondary gene 
mutations in the KIT kinase domain [7-10]. Non-genetic 
acquired resistance mechanisms have also been reported. 
Javidi-Sharifi et al. showed that signaling crosstalk 
between KIT and FGFR3 promoted imatinib resistance in 
GIST [11]. Interestingly, viable GIST cells can be found 
in patients who undergo tumor resections during imatinib 
therapy [12], suggesting that residual GIST cells may 
adapt to the drug through the activation of other pathways.

The receptor for activated C-kinase 1 (RACK1) is 
a member of the tryptophan-aspartate repeat (WD-repeat) 
family of proteins [13]. RACK1 serves as a scaffold 
protein for many kinases and receptors and plays a pivotal 
role in a wide range of biological responses, including 
signal transduction, immune response, and cell growth, 
migration, and differentiation [14]. RACK1 is upregulated 
in several kinds of tumors and is considered an excellent 
marker of oral squamous carcinoma, breast cancer, and 
pulmonary adenocarcinomas [15-19]. Aberrant RACK1 
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expression contributed to in vitro chemoresistance 
in hepatocellular carcinoma. These effects depended 
on the association between RACK1 and ribosomes. 
Ribosomal RACK1 coupled with PKCβII to promote 
the phosphorylation of eukaryotic initiation factor 4E 
(eIF4E), which led to preferential translation of potent cell 
survival factors [20]. In the current study, we demonstrate 
that RACK1 plays an important role in the regulation of 
imatinib resistance in GISTs. Constitutively active c-KIT 
associated with RACK1 and decreased RACK1 stability 
by promoting its ubiquitin-proteasome degradation. 
Inhibiting c-KIT activity with imatinib increased RACK1 
expression, and RACK1 reactivated signaling molecules 
downstream of c-KIT to promote imatinib resistance 
in GISTs. Future studies targeting RACK1 may lead to 
novel approaches that inhibit or reverse the development 
of imatinib resistance in GISTs.

results

rAcK1 protein is overexpressed in imatinib-
resistant GIst cells

In the current study, we established 2 cell line 
models of acquired resistance following continuous in 
vitro exposure to imatinib using GIST-882 and GIST-T1 
cells. We compared RACK1 expression in imatinib-
resistant cells and their parental counterparts using qPCR 
and Western blot analysis. RACK1 mRNA levels did not 
differ between imatinib-resistant cells and parental cells 
(Figure 1A). In line with this, the promoter construct 
pGL3-GNB2L1, which contains NF-κB elements essential 

for RACK1 transcription, showed transcriptional activity 
in both imatinib-resistant cells and parental cells (Figure 
1B). However, RACK1 protein expression was higher 
in GIST-882R and GIST-T1R cells than in imatinib-
sensitive clones (Figure 1C). To establish the clinical 
relevance of RACK1 expression in imatinib resistance, 
we assessed RACK1 expression in 13 GIST patients who 
had paired tumor specimens available from before and 
after imatinib treatment (primary vs. relapsed lesions). 
Representative sections showing RACK1 staining and 
comparisons of RACK1 expression between primary and 
relapse specimens are shown in Figure 1D. Although the 
morphology of relapse GISTs after imatinib treatment 
did not differ markedly from native tumors, all patients 
showed upregulated RACK1 protein expression in relapse 
lesions. However, RACK1 mRNA levels did not differ 
between primary and relapse lesions (data not shown). 

Next, we evaluated RACK1 expression in the 
imatinib-resistant GIST-882 and GIST-T1 cell variants 
cultured continuously in gradually increasing doses of 
imatinib up to 1μM. When compared to their parental 
lines, the variants were 10- to 200-fold more resistant 
to imatinib (data not shown). We found that RACK1 
protein, but not mRNA, expression was closely correlated 
with the degree of imatinib resistance (Figure 1E). More 
importantly, MG132, the proteasome inhibitor, equalized 
RACK1 levels in imatinib-resistant variants to those 
in parental cells (Figure 1E). These data suggest that 
RACK1 is overexpressed in imatinib-resistant GIST cells 
and that imatinib regulates RACK1 levels by inhibiting 
proteasomal degradation.

Figure 1: rAcK1 is overexpressed in imatinib-resistant GIst cells. A. RACK1 mRNA expression in GIST-882R, GIST-T1R, 
and parental imatinib-sensitive cells was assessed by real-time PCR. b. Relative promoter activity of pGL3-GNB2L1-luc in GIST-882R, 
GIST-T1R, and parental imatinib-sensitive cells. c. RACK1 protein levels in GIST-882R, GIST-T1R, and parental imatinib-sensitive cells 
assessed by Western blots. d. Immunohistochemical analysis of RACK1 in tumor sections taken from representative GIST patients before 
(primary tumors) and after (relapse tumors) imatinib treatment (left panels). Scale bars: 50 μm. RACK1 expression in relapse GISTs after 
imatinib treatment was compared to matched primary tumors (right panel; n = 12). E. RACK1 protein levels in imatinib-resistant sublines 
of GIST-882 and GIST-T1 cells with or without MG132 treatment were determined by immunoblotting. β-actin was used as an internal 
control. Bars represent the mean of triplicate samples; error bars represent standard deviation. Data are representative of three independent 
experiments. 
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Involvement of rAcK1 in imatinib resistance of 
GIst cells

We examined whether RACK1 expression affected 
responses to imatinib in GIST cells. RACK1 depletion 
by RNAi (Figure 2A) in GIST-882 and GIST-T1 cells 
accelerated imatinib-induced apoptosis (Figure 2B). 
Moreover, RACK1 RNAi (Figure 2C) reduced viability 
in imatinib-treated GIST-882R and GIST-T1R cells 
(Figure 2D). To further explore the role of RACK1 in 

the development of acquired drug resistance, we treated 
RACK1 siRNA-transfected GIST-882 and GIST-T1 
cells with imatinib for 4 weeks. RACK1 knockdown 
suppressed imatinib-resistant colony formation in both 
cell lines (Figure 2E), suggesting that early increases in 
RACK1 contribute to the development of drug resistance. 
To confirm this observation, we generated GIST-T1 
cells expressing RACK1 shRNA under the control of a 
doxycycline (Dox)-dependent promoter and tested them in 
a colony formation assay. Inducible RACK1 knockdown 

Figure 2: rAcK1 modulates imatinib resistance. A. After GIST-882 and GIST-T1 cells were treated with imatinib and/or RACK1 
siRNA for 72h, p-KIT, total KIT, and RACK1 protein levels were determined by Western blot. b. The apoptotic rate was assessed by flow 
cytometry of Annexin V-FITC/PI staining (lower panel). c. After GIST-882 and GIST-T1 cells were treated with imatinib and/or RACK1 
siRNA, p-KIT, total KIT, and RACK1 protein levels were determined by Western blot. d. Cell viability was assessed using Cell Titer-
Glo assays. e. GIST-882 and GIST-T1 cells were transfected with either NTC siRNA or RACK1 siRNAs for 48 hr followed by imatinib 
(1μM) for 4 weeks. The number of imatinib-resistant colonies formed was quantified. F. Doxycycline-inducible shRACK1-expressing cells 
were established from GIST-T1 cells. RACK1 expression was detected by Western blot (upper panel). The transfectants were treated with 
imatinib (1μM) for 4 weeks with or without doxycycline to assess drug-resistant colony formation. The fraction of control colonies that 
developed imatinib resistance was quantified (lower panel). G. Generation of GIST-882 cells stably expressing pCDNA3.0 or pCDNA3.0-
RACK1. RACK1 expression was detected by Western blot (upper panel). The transfectants were treated with imatinib for 72 hr to measure 
cell viability using Cell Titer-Glo assays (lower panel). H. The transfectants in (E) were treated with imatinib (1μM) for 4 weeks to measure 
drug-resistant colony formation. The fraction of control colonies that developed imatinib resistance was quantified. I. After in vivo imatinib 
treatment for 21 days, implanted tumor length and width were measured and relative growth rate was determined. J. GIST-882R and GIST-
T1R cells were treated with 10 µM sunitinib either alone or in combination with RACK1 siRNA for 72 hours, after which the apoptotic rate 
was assessed by flow cytometry of Annexin V-FITC/PI staining. Bars represent the mean of triplicate samples; error bars represent standard 
deviation. Data are representative of three independent experiments. **p < 0.05 versus corresponding controls.
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(Figure 2F, upper panel) prevented the formation imatinib-
resistant GIST-T1 colonies (Figure 2F, lower panel). 
We also generated GIST-882 cells that stably expressed 
RACK1 to examine its role in acquired drug resistance. 
As expected, ectopic RACK1 expression (Figure 2G, 
upper panel) induced a shift in the half-maximal inhibitory 
concentration (IC50) for imatinib in a 3-day viability assay 
(Figure 2G, lower panel) and dramatically increased the 
number of imatinib-resistant colonies (Figure 2H). We 
then determined the in vivo reactivity of RACK1-related 
transfectants to imatinib. Figure 2I shows that imatinib 
treatment strongly inhibited tumor growth in GIST-
882-con and GIST-882R/shRACK1 tumors (p < 0.05), 
suggesting that mice receiving implantations of GIST-
882-RACK1 and GIST-882R-con were more resistant to 
imatinib than those receiving GIST-882-con and GIST-
882R/shRACK1, respectively. Interestingly, the imatinib-
resistant variants were cross-resistant to another c-Kit 

inhibitor, Sunitinib (Figure 2J). These effects were largely 
reversed by RACK1 depletion (Figure 2J), indicating that 
RACK1 is also responsible for sunitinib resistance in this 
context. 

Activated c-KIt promoted ubiquitin-proteasome 
degradation of rAcK1

Imatinib is a potent inhibitor of the tyrosine 
kinases c-KIT and PDGFR-α in GISTs [6]. Because 
imatinib markedly increased RACK1 expression, we 
investigated the interactions between RACK1 and 
c-KIT and PDGFR-α. Intriguingly, HA-RACK1 co-
immunoprecipitated with endogenous c-KIT in GIST-
882 and GIST-T1 cells (Figure 3A), and imatinib largely 
abolished this effect. However, there was no direct 
association between RACK1 and endogenous PDGFR-α. 

Figure 3: Activated c-KIt binds to rAcK1 and is required for ubiquitin-proteasome degradation of rAcK1. A. After 
48 h of imatinib treatment, whole cell lysates were prepared from GIST-T1 cells transfected with empty vector (EV) or HA-RACK1. 
Immunoprecipitation (IP) was performed using anti-HA, anti-p-c-KIT, or anti-KIT antibodies. Immunoblotting assays were used to detect 
HA-RACK1, p-c-KIT and c-KIT in whole cell lysates and IP products. b. Purified GST or GST-RACK1 was incubated with in vitro 
transcribed and translated wild-type, K642E, or del580-570 mutants of c-KIT, captured on glutathione (GSH)-Sepharose beads, and 
analyzed by SDS-PAGE followed by autoradiography and an immunoblotting assay with anti-GST. c. RACK1 mRNA levels were assessed 
by quantitative PCR in GIST-882 and GIST-T1 cells with or without 24 h of imatinib treatment. d. HEK293 cells were transfected with 
pcDNA3.0/RACK1-HA with or without pcDNA3.0/KITK642E-myc. 36 h after transfection, cells were treated with MG132 (10μM; upper 
panels) or lactacystine (10μM; lower panels) for another 5 h. Cell lysates were then subjected to Western blot using anti-HA or anti-myc 
antibody. e. HEK293 cells were transfected as in (D). 24 h after transfection, cells were treated with choloquine (10mM) for another 12 
h. Cells lysates were then analyzed as in (D). F. HEK293 cells were transfected with pcDNA3.0/RACK1, pcDNA3.0/KITK642E-myc, and 
pcDNA3/HA-ubiquitin constructs. 36 h after transfection, cells were treated with 10μM MG132 for another 5 h. Cell lysates were subjected 
to nickel agarose purification. The affinity-precipitated complexes were separated and blotted with anti-HA antibody. G. pCDNA3.0-KIT-
Flag was transfected into GIST882 and GIST-T1 cells, while c-KIT siRNA was transfected into GIST882R and GIST-T1R cells. 48 h after 
transfection, cell lysates were subjected to Western blot using anti-Flag, anti-c-KIT, or anti-RACK1 antibodies. 
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Purified GST-RACK1 bound to active c-KIT mutants 
(KITK642E in GIST-882 cells and KITdel560-579 in GIST-T1 
cells), but not to wild-type c-KIT (Figure 3B), in vitro. 
These data suggest that activated c-KIT interacts with 
RACK1 in GIST cells.

Previous reports indicate that the c-KIT signaling 
pathway in melanocytes targets the transcription factor 
Mi and promotes ubiquitin-proteasome degradation 
[21]. Because inhibiting c-KIT activity with imatinib 
increased RACK1 protein levels, we speculated that 
activated c-KIT promotes RACK1 degradation via the 
ubiquitin-proteasome pathway. We first examined whether 
inhibiting c-KIT activity with imatinib modulates RACK1 
mRNA levels using qPCR. Imatinib treatment had no 
effect on RACK1 mRNA levels (Figure 3C). Next, two 
proteasome inhibitors, MG132 and lactacystine, were used 
to suppress proteasome degradation. As shown in Figure 
3D, overexpression of the constitutively active KITK642E 
mutant in HEK293T cells strongly down-regulated 
RACK1 protein levels, and treatment with proteasome 
inhibitors blocked RACK1 degradation. We also examined 

whether activated c-KIT promoted RACK1 degradation 
via the lysosome pathway. Treatment with choloquine, a 
lysosome inhibitor, did not affect RACK1 protein levels 
(Figure 3E). We also determined whether active c-KIT 
facilitated the degradation of RACK1 by enhancing its 
ubiquitination, which is a crucial step for proteasome-
mediated degradation. Treatment with MG132 increased 
RACK1 ubiquitination, and overexpression of the KITK642E 
mutant increased ubiquitination even further (Figure 3F, 
lane1 vs. lane2, lane1 vs. lane4). However, KITK642E mutant 
overexpression did not increase RACK1 ubiquitination 
in the absence of MG132 (Figure 3F, lane 1 vs. lane 
3), possibly due to the relatively low baseline RACK1 
expression and accelerated c-KIT-mediated degradation 
(Figure 3D). We then overexpressed c-KIT in GIST882 
and GIST-T1 cells and silenced c-KIT expression in 
GIST882R and GIST-T1R cells. As shown in Figure 3G, 
RACK1 levels did not change after either up-regulation or 
down-regulation of c-KIT, suggesting that imatinib does 
not regulate RACK1 protein expression though c-KIT. 
Collectively, these results demonstrate that active c-KIT 

Figure 4: rAcK1 reactivates the erK and Akt pathways during induction of imatinib resistance in GIst cells. A. 
GIST-882 and GIST-T1 cells were harvested after imatinib treatment for the indicated times, and whole cell lysates were analyzed by 
Western blotting for RACK1, p-c-KIT, total c-KIT, p-ERK, total ERK, p-AKT, and total AKT. b. GIST-T1 and GIST-882 cells were 
transfected with control or RACK1 siRNAs. Transfected cells were cultured for 72 hours and harvested after imatinib treatment for 2 or 4 
days. Whole cell lysates were subjected to Western blot to determine the protein levels of RACK1, p-c-KIT, total c-KIT, p-ERK, total ERK, 
p-AKT, and total AKT. c. GIST-T1 and GIST-882 cells were transfected with pcDNA3.0/RACK1 or control vector, after which whole 
cell lysates were analyzed by Western blotting for p-c-KIT, total c-KIT, p-ERK, total ERK, p-AKT, and total AKT. d. Cell lysates from 
imatinib-resistant sublines of GIST-882 cells were subjected to immunoprecipitation with anti-RACK1 antibody, followed by Western blot 
with related antibodies as indicated.
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down-regulates RACK1 protein levels by promoting 
RACK1 ubiquitination and subsequent proteasome-
mediated degradation.

rAcK1 reactivates ras/erK and PI3K/Akt 
signaling in imatinib-resistant GIst cells

Reactivation of downstream signaling contributes 
to acquired resistance to oncogene-targeting therapies. 
To identify the molecular mechanism underlying 
RACK1-mediated imatinib resistance, we assessed the 
activation of signaling molecules downstream of c-KIT 
in both short- and long-term GIST882 and GIST-T1 cell 
cultures. Treatment with imatinib strongly reduced c-KIT 
phosphorylation at tyrosine 721 (Figure 4A) in both cell 
lines, indicating that c-KIT activity was suppressed. After 
initial inhibition of ERK and Akt phosphorylation in both 
cell lines, imatinib treatments greatly increased ERK and 
Akt phosphorylation (Figure 4A). No similar phenomena 
were observed with other signaling molecules downstream 
of c-KIT, such as PLC-γ, Src, or JAK/STAT (data not 
shown). Of note, RACK1 knockdown in imatinib-
treated GIST-T1 and GIST882 cells markedly inhibited 
reactivation of the ERK and Akt pathways (Figure 4B). 
On the contrary, overexpression of RACK1 in GIST-T1 
and GIST882 cells further increased phosphorylation of 
ERK and Akt without affecting c-KIT activity (Figure 4C).

RACK1 is a classical scaffold protein which 
interacts with many proteins and regulates multiple 
signaling pathways [14]. We next examined the interaction 
between RACK1 and signaling molecules downstream of 
c-KIT. As shown in Figure 4D, RACK1 associated with 
ERK and Akt, and these interactions increased during the 
induction of imatinib resistance. However, no interactions 
were detected between RACK1 and PLC-γ, Src, or JAK/

STAT (data not shown). Together, these results suggest 
that RACK1 functions as a critical scaffold protein in 
feedback reactivation of signaling molecules downstream 
of c-KIT after imatinib treatment.

Imatinib in combination with rAcK1 shrnA 
prevented GIst recurrence in vivo

Because RACK1 activated signaling molecules 
downstream of c-KIT, we examined whether enhanced 
antitumor activity occurred when imatinib and RACK1 
shRNA were administered in combination. After 14 
days, when established GIST-882 subcutaneous tumor 
xenografts were detectable, mice were treated for 8 
weeks with imatinib with or without RACK1 shRNA. As 
shown in Figure 5A and 5B, treatment with imatinib alone 
produced > 50% tumor regression at week 4. However, 
tumors recurred in 8 out of 10 of these mice (Figure 
5D). In these cases, RACK1 expression was remarkably 
upregulated in the relapsed GISTs as compared to the 
corresponding primary and regressing tumors, and Erk 
and Akt signaling were also reactivated (Figure 5C). 
RACK1 shRNA treatment alone did not affect tumor 
burden (Figure 5A and Figure 5B). In contrast, treatment 
with RACK1 shRNA plus imatinib decreased the size and 
the weight of tumors and abolished re-activation of Erk 
and Akt (Figure 5A and 5B). Thus, combined treatment 
reduced tumor recurrence, which was detected in only 1 
of 10 mice (Figure 5D).

dIscussIon

Although most GIST patients respond well to 
imatinib, almost all of them develop resistance after long 
periods of treatment [8, 9]. Elucidating the mechanisms of 

Figure 5: combined imatinib and rAcK1 shrnA treatment prevents GIst recurrence in xenografted mice. GIST-882 
cells transfected with RACK1 shRNA or control shRNA were subcutaneously implanted. When tumors reached an average volume of 
150mm3, mice (20 per group) were treated with imatinib (250mg/kg, twice daily) or 0.1ml normal saline (pH 7.4, twice daily) for 4 days. 
Tumor volumes A. and weights b. were measured weekly after inoculation with imatinib or saline. c. RACK1-, p-Erk-, and p-Akt-stained 
sections of primary, regressing, or relapse/residual tumors from mice receiving imatinib alone or in combination with RACK1 shRNA. d. 
Mice were monitored weekly for local and distant recurrence. Bars represent the mean of triplicate samples; error bars represent standard 
deviation. Data are representative of three independent experiments. **p < 0.05 versus corresponding controls. Scale bars: 50μm.
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resistance to oncogene-targeting drugs is critical for the 
development of more effective therapies. An extensive 
effort has been made to understand resistance to c-KIT 
inhibitors in GIST. Previous studies show that kinases 
activated by oncogenic mutations reprogram signaling 
networks and induce feedback inhibition of other 
pathways in cancer cells. Inhibitors selective for these 
kinases may relieve feedback inhibition and activate many 
additional pathways. Positive responses to these targeting 
therapies occur relatively quickly, and their effectiveness 
then diminishes [22-26]. The c-KIT molecule consists of 
a long extracellular domain, a transmembrane segment, 
and an intracellular part. Mutations generally occur in 
the DNA encoding the intracellular part, which acts as 
a tyrosine kinase and activates other enzymes. Upon 
activation, signaling proteins are recruited to c-KIT by 
certain interaction domains (e.g., SH2 and PTB) that 
specifically bind to phosphorylated tyrosine residues in the 
intracellular region of c-KIT, and then contribute to the 
development and malignant progression of GISTs [27, 28]. 
Here, we report a novel interaction between RACK1 and 
constitutively active c-KIT. This interaction was verified 
both in vivo and in vitro by co-immunoprecipitation 
and GST pull-down assays, respectively. Furthermore, 
c-KIT decreased the stability of RACK1 by promoting 
its ubiquitin-proteasome degradation. Inhibiting c-KIT 
activity with longer-term imatinib treatments promoted 
RACK1 expression via disruptions in the ubiquitin-
proteasome pathway, and RACK1 was highly expressed 
in imatinib-resistant GIST cell lines and recurrent GIST 
tissues.

RACK1 is a classical scaffold protein involved in 
the regulation of multiple signaling pathways and cellular 
functions. The individual WD40 repeats of RACK1 
can simultaneously interact with different signaling 
molecules, allowing RACK1 to integrate inputs from 
distinct signaling pathways [14]. Previous research 
implied that RACK1 interacts with ABL, another major 
target of imatinib, only in transformed cells, and that the 
introduction of RAS enhances the association of RACK1 
with ABL and subsequent alteration of signaling activities 
[29]. In this study, we found that imatinib-induced 
RACK1 expression reactivated the ERK and Akt signaling 
pathways in c-KIT-mutant GIST cells, thereby attenuating 
the antitumor effects of imatinib. Reactivation of ERK 
and Akt, the major downstream effectors of the c-KIT 
pathway, is one potential mechanism of resistance to anti-
c-KIT therapies [30]. Imatinib treatment was ineffective in 
imatinib-resistant GIST cell lines in which reactivation of 
ERK and Akt, was not blocked, despite c-KIT inhibition. 
Increased RACK1 expression resulting from the inhibition 
of c-KIT activity in GIST cells contributed to imatinib 
resistance and consequently limited its efficacy. We also 
investigated the combination of imatinib and RACK1 
shRNA in preventing GIST relapse in vivo. Combining 
RACK1 depletion with imatinib synergistically inhibited 

GIST growth and decreased relapsed tumor growth. This 
synergistic anti-proliferative effect was accompanied by 
an inhibition of ERK and Akt activation, which increases 
tumor cell apoptosis. Therefore, acquired imatinib 
resistance in GIST is at least partially driven by RACK1-
mediated constitutive activation of the ERK and Akt 
pathways.

In summary, our data improve the understanding of 
how RACK1 regulates imatinib resistance in GIST and 
suggest potential inhibitory points that might be targeted 
to improve the efficacy of clinical therapies. Further study 
of the biological functions of RACK1 will be of great help 
in understanding mechanisms of GIST development and 
growth.

MAterIAls And MetHods

cell culture

The GIST882 cell line was kindly provided by Dr. 
Fletcher from Harvard Medical School. The GIST882 
cell line is established from an untreated human GIST 
with a homozygous missense mutation in KIT exon 13, 
encoding a K642E mutant KIT protein. The GIST-T1 cell 
line was purchased from Cosmo Bio Co. LTD (Tokyo, 
Japan). The GIST-T1 cell line is derived from a metastatic 
plural tumor from the stomach of a Japanese woman and 
is characterized by a heterozygous deletion of 57 bases 
in KIT exon 11. GIST882 cells were cultured in RPMI-
1640 (ATCC) supplemented with 15% FBS and 1% 
L-glutamine, and GIST-T1 cells were cultured in DMEM 
(ATCC) supplemented with 10% FBS. The identity of 
the cell lines was confirmed periodically throughout the 
study using SNP fingerprinting, and the KIT mutations 
were confirmed with RNA sequencing. Imatinib-resistant 
sublines of GIST-882 and GIST-T1 cells were obtained 
by culturing the cells in gradually increasing doses of 
imatinib. Cells that grew in 0.2, 0.4 and 1μM imatinib 
were obtained after 1, 2 and 4 months of culture with 
imatinib, respectively. The stability of the resistant 
phenotype was determined by culturing continuously in 
medium with corresponding concentrations of imatinib 
and assessing relative resistance for up to 5 months.

Immunoblotting and immunoprecipitation

Protein extract was electrophoresed, transferred 
to polyvinylidene difluoride (PVDF) membranes, and 
incubated overnight with the indicated primary antibodies 
against RACK1 (Abcam; 1:600), phospho-c-kit (Santa 
Cruz Biotech; 1:800), c-kit (Santa Cruz Biotech; 1:600), 
myc (Abcam; 1:800), HA (Abcam; 1:800), phospho-ERK 
(Cell Signaling Tech; 1:1200), ERK (Cell Signaling Tech; 
1:1000), phosphor-Akt (Cell Signaling Tech; 1:800), and 
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Akt (Cell Signaling Tech; 1:1000). Membranes were 
then treated with the appropriate horseradish peroxidase 
(HRP)-conjugated secondary antibodies (Invitrogen). 
Detection was performed using the reagents provided in 
the ECLt Plus kit (GE Healthcare, Piscataway, NJ, USA).

For immunoprecipitation, cells were lysed with 
RIPA buffer [10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 
1% Nonidet P-40, 0.1% SDS, 1% sodium sarcosyl, 1 
mM DTT] plus protease inhibitors. The soluble fraction 
was incubated overnight at 4°C with primary antibodies; 
protein G agarose beads (GIBCO-BRL) were then added 
and the solution was incubated for an additional hour at 
4°C. Beads were washed three times with cold PBS or 
RIPA buffer, resuspended in SDS sample buffer, and 
boiled for 5 min. The eluted proteins were resolved on 
SDS-PAGE and immunoblot analysis was performed as 
described above. For His-tagged protein analysis, washed 
Ni-NTA agarose beads (Qiagen) were added to the cell 
lysates and incubated at 4°C for 4 hr. Eluted proteins were 
analyzed as above.

Immunohistochemical assay

Briefly, slides were dehydrated in xylene and a 
graded alcohol series. Antigen retrieval was carried 
out with 0.01 M citrate buffer (pH 6.0) at 95°C for 10 
min. Then slides were incubated with diluted primary 
antibodies against RACK1 (Abcam; 1:40), phospho-
ERK (Cell Signaling Tech; 1:50), and phosphor-Akt (Cell 
Signaling Tech; 1:50) for 12 h, followed by incubations 
with biotinylated secondary antibody for 1 h, peroxidase-
labeled streptavidin for 15 min (LSAB-2 System; DAKO, 
Glostrup, Denmark), and diaminobenzidine and hydrogen 
peroxide chromogen substrate plus diaminobenzidine 
enhancer (DAKO) for 10 min. Slides were counterstained 
with Mayer’s hematoxylin. Known positive and negative 
control tissues were processed at the same time and under 
the same conditions.

cell viability assays

Cells were seeded at 5×103 cells per well in 96-well 
plates. The next day, cells were rinsed and fresh medium 
was added with either DMSO or the various indicated 
reagents for 72 hr. Cell viability was assayed using a Cell 
Titer-Glo Luminescent Cell Viability Assay kit (Promega).

For colony formation assays, cells were plated into 
10cm tissue culture dishes (5-10×106 cells/dish) in a total 
volume of 10ml. After 24 hours, either DMSO or imatinib, 
RACK1 siRNA, or both reagents were added to the dishes 
at final concentrations of 1μM. At the end points of the 
assays, cells were fixed, stained with crystal violet, and 
photographed.

rnA interference

siRNA pools against RACK1 and negative control 
were purchased from Dharmacon. Cells were plated 
into 6-well plates at 50% of confluence and transfected 
with Lipofectamine RNAiMAX (Invitrogen) per the 
manufacturer’s instructions. Transfected cells were 
cultured for 96 hours and then treated with imatinib (1 
μM) for further experiments.

Xenograft studies

All procedures involving animals were reviewed 
and approved by the Institutional Animal Care and 
Use Committee at ZhongShan Hospital. For GIST-882 
xenografts, 7- to 8-week old Balb/c nude mice were given 
right axillary subcutaneous injections of 5×106 GIST-
882 or GIST-882/RACK1 shRNA cells suspended in a 
1:1 mixture of cold PBS and Matrigel in a total volume 
of 150μl. When tumors reached 150mm3, mice were 
randomized into four groups of twenty mice each. Mice 
were treated with vehicle or imatinib at 250 mg/kg twice 
daily for 4 days. Tumor volumes were determined with 
digital calipers using the formula (length×width×width)/2. 
Tumor weight was determined by weighing the wet tumor 
at the indicated time points.
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