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Introduction

Colorectal cancer (CRC) is one of the most common human 
malignancies and is second in cancer-related death, responsible 
for 1.2 million new cases and over 600,000 deaths per year 
worldwide.1 It is even more prevalent in developed countries, 
accounting for 60% occurrence. Genetic heterogeneity of CRCs 
renders it a major therapeutic challenge. An exciting recent devel-
opment is the finding that a subpopulation of CRC patients 
with amplification of epidermal growth factor receptor (EGFR) 
is responsive to EGFR-targeted therapy. Even these patients fre-
quently encounter resistance to EGFR inhibitors due to genetic 
aberration in K-Ras.2 New therapies are much needed to improve 
the mortality of CRC patients.

mTOR is a central controller of cell growth and survival 
in response to growth factors, cytokines, hormones and nutri-
ents.3,4 It is a PI3K-related kinase that forms two distinct pro-
tein complexes called mTOR complex 1 or mTORC1,5,6 and 
mTOR complex 2 or mTORC2.7 mTORC1 acts downstream 
of PI3K-Pten-Akt. In response to upstream stimuli, mTORC1 
phosphorylates S6K1 and 4E-BP1 to stimulate protein synthesis,8 
while mTORC2 phosphorylates AKT to promote cell survival.9 
Genetic aberrations of the PI3K-mTOR pathway are among the 
most common events in human malignancies, resulting in hyper-
activation of mTOR signaling and causing these cancer cells 
highly addictive to mTOR pathway.10 We reported that mTOR 
signaling is frequently hyper-activated in primary human CRC 
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tumors, and RNAi-mediated knockdown of mTOR attenuated 
CRC tumor growth in vitro and in vivo.11 However, rapamycin 
was not effective against these CRC tumor models.12 These obser-
vations are consistent with our previous finding that rapamycin 
is only a partial inhibitor of TOR.13 Moreover, inhibition of 
mTORC1 triggers activation of feedback loops involving com-
pensatory pathways such as AKT, which may enhance cancer cell 
survival in the presence of mTORC1 blockage.14-16 These results 
explain the low efficacy of rapamycin analogs (rapalogs) in clini-
cal trials for several solid tumor types including CRC.17-19

We discovered that TOR kinase domain is required for both 
rapamycin-sensitive and rapamycin-insensitive functions, sug-
gesting that the kinase domain is a more potent site for mTOR 
inhibition.13 Recently, several ATP-competitive mTOR kinase 
inhibitors (mTorKIs) were developed to block the activity of both 
mTOR complexes.19,20 In addition, some of these compounds 
originally developed as PI3K inhibitors but were later found to 
also inhibit mTOR kinase activity and are thus called mTOR-
PI3K dual inhibitors. The latter is thought to have added advan-
tage of negating the IRS1-PI3K-Akt negative feedback loop.19 
Thus far, mTorKIs have been tested against a number of cancer 
models, including breast cancer, glioma, non-small cell lung car-
cinoma (NSCLC) and AML.19,21,22 However, they have not been 
explored in CRC models. Furthermore, initial research focused 
on validating them as useful anticancer agents. Sensitivity and 
resistance of cancer cells to this new class of targeted thera-
peutic agents is not understood. In the present study, we tested 
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PIK3CA, PTEN, p53, APC and Smad4 that are oncogenes or 
tumor suppressors most commonly found with genetic aberra-
tions in CRCs (Table 1). We compared BEZ235, PP242 and 
WYE354 with rapamycin for their ability to inhibit CRC cell 
growth. BEZ235 is a PI3K-mTOR dual inhibitor while PP242 
and WYE354 are selective mTOR inhibitors. In agreement 
with a previous observation that CRC cells are poorly sensitive 
to rapamycin,12 10 CRC cell lines were completely resistant to 
rapamycin treatment, while only two (CACO2 and DLD1) were 
rapamycin-sensitive (Table 2). In contrast, the growth of 5 CRC 
cell lines was sensitive and 2 CRC cell lines partially sensitive 
to mTorKIs (Table 2), which represent 58% response rate, indi-
cating that mTorKIs indeed have superior anti-CRC activity to 
rapamycin. Interestingly, most mTorKI-sensitive CRC cell lines 
contain K-Ras or B-Raf mutations that are known to confer resis-
tance to EGFR inhibitors, suggesting that mTorKIs are useful 
in treatment of EGFR inhibitor-resistant patients. On the other 
hand, 5 CRC cell lines (SW620, COLO205, HCT116, HT29 
and DLD1) or 42% CRC cell lines were mTorKI-resistant. This 
observation reveals that intrinsic drug resistance is potentially a 
major problem. PI3KCA and PTEN mutations have previously 
been implicated in drug sensitivity for rapamycin. However, 
there is no apparent correlation between these genetic aberrations 
and mTorKI-sensitivity (Tables 1 and 2).

Differential response of 4E-BP1 phosphorylation to mTor-
KIs in drug-sensitive and -resistant CRC cells. To gain an insight 
into the sensitivity and resistance of CRC cells to mTorKIs, we 
selected three most sensitive CRC cell lines (SW480, LOVO 
and CACO2) and three most resistant CRC cell lines (SW620, 
COLO205 and HCT116) to investigate how mTOR pathway 
responds to drug treatment. We found that BEZ235, PP242 
and WYE354 blunted the phosphorylation of S6K1(T389) and 
AKT(S473), substrates of mTORC1 and mTORC2, respec-
tively, in all six CRC cell lines (Fig. 1). In contrast, rapamy-
cin only inhibited phosphorylation of S6K1(T389), but not 
AKT(S473). mTorKIs also completely abolished phosphorylation 
of 4E-BP1, another mTORC1 substrate in SW480, LOVO and 
CACO2 cells. In striking contrast, significant level of 4E-BP1 

three representative mTorKIs against a large panel of 12 CRC 
cell lines with diverse origins, histological features and genetic 
backgrounds. Collectively, our results show that mTorKIs broad 
activity against CRC but also revealed significant intrinsic drug 
resistance. Importantly, we discovered an mTOR-independent 
4E-BP1 phosphorylation that is strongly correlated with CRC 
resistance to mTorKIs.

Results

mTorKIs display broader anti-CRC activity than rapamycin. 
To investigate anti-CRC effects of mTorKIs, we have assembled 
a large panel of 12 CRC cell lines that are representative of the 
heterogeneity of primary CRC tumors. They were derived from 
colorectal cancer with different histological features and origins 
(Table 1). In addition, they vary in the status of K-Ras, B-RAF, 

Table 1. Characteristics of various CRC cell lines

Cell line Pathological feature Source K-RAS BRAF PIK3CA PTEN p53

CACO-247 Poorly differentiated Original tumor wt wt N/A wt null

COLO-205* Dukes’ type D† Ascites fluid wt mut wt wt mut

DLD-1* Dukes’ type C† Original tumor mut wt mut wt mut

HCT116* Poorly differentiated Original tumor mut wt mut wt wt

HT29* Moderately well-differentiated Original tumor wt mut mut wt mut

KM-1248 Dukes’ type B, poorly differentiated Original tumor mut wt wt mut mut

LOVO49 Dukes’ type C, grade IV† Metastatic site (left supraclavicular region) mut wt wt N/A wt

RKO* Poorly differentiated Original tumor wt mut mut wt wt

SW1116* Dukes’ type A, grade III† Original tumor mut wt wt wt mut

SW48* Dukes’ type C, grade IV† Original tumor wt wt wt wt wt

SW620* Dukes’ type C† Lymph node metastasis mut wt wt wt mut

SW480†50 Dukes’ type B Original tumor mut wt wt wt mut

N/A, not available. Wt, wild type. Mut, mutant; *Information from www.sanger.ac.uk/genetics/CGP/cosmic. †Information from www.atcc.org.

Table 2. Sensitivity and resistance of human CRC cell lines to mTOR 
inhibitors

Rapamycin BEZ235 PP242 WYE354

CACO2 - - - -

COLO205 + + + +

DLD1 - - + +

HCT116 + + + +

HT29 + +/- + +

KM12 + - - -

LOVO + - - -

RKO + - +/- -

SW1116 + + +/- +/-

SW48 + - - -

SW620 + + + +

SW480 + - - -

Summary of the inhibitory effect of mTOR inhibitors on 12 human 
colorectal cancer cell lines as judged by growth inhibition using the  
optimized sulforhodamine B (SRB) assay. +, drug-resistant; -,  
drug-sensitive; +/-, partially drug-sensitive.
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Furthermore, both cell lines were isolated prior to any chemo-
therapy.24 Because of the similar genetic background (both cell 
lines harbor mutations in K-RAS, p53, APC and SMAD4, but 
are wild type B-RAF, PIK3CA and PTEN), they are commonly 
used as isogenic pairs in CRC research.25,26 To further evaluate 
the anti-CRC effect of mTorKIs, we tested them in more physio-
logically relevant tumor models. They were first assayed in colony 
formation assay of SW480 and SW620 cells. BEZ235, PP242 
and WYE354 significantly decreased the colony formation of 

phosphorylation remains even after prolonged drug treatment in 
SW620, COLO205 and HCT116 cells. This observation demon-
strates a strong correlation between 4E-BP1 phosphorylation and 
mTorKI resistance in CRC cells.

Evaluation of mTorKIs using in vivo CRC models. SW480 
and SW620 are a pair of matched primary and metastatic CRC 
cell lines from the same patient, with SW480 derived from the 
initial tumor biopsy and SW620 from a subsequent metastatic 
lymph node cancer cells 6 mo after the disease recurrence.23 

Figure 1. Effect of BEZ235, PP242 and WYE354 on mTOR signaling in drug-sensitive and -resistant CRC cell lines. (A) Three most mTorKI-sensitive CRC 
cell lines (SW480, LOVO205 and CACO-2) were treated with rapamycin (Rapa), BEZ235, PP242 and WYE354 for 12 h. The effect of mTOR inhibitors on 
mTOR signaling was analyzed by substrate phosphorylation of mTORC1 and mTORC2 by western blot. (B) Three most mTorKI-resistant CRC cell lines 
(SW620, COLO205 and HCT116) were treated with rapamycin, BEZ235, PP242 and WYE354 for 12 h. The effect of mTOR inhibitors on mTOR signaling 
was analyzed by substrate phosphorylation of mTORC1 and mTORC2 by western blot.
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We further established SW480 and SW620 xenograft tumors 
in nude mice and investigated the therapeutic efficacy of BEZ235 
and PP242. During the course of the experiment, animal weights 
were measured weekly, which showed minimal, non-statistically 
significant weight fluctuations in both drug-treated and control 
groups (data not shown), suggesting that chronic dosing with 45 
mg/kg BEZ235 and 60 mg/kg PP242 was well tolerated by the 
tumor-bearing animals. Both BEZ235 and PP242 significantly 

SW480 cells (Fig. 2A and B). In contrast, PP242, WYE354 and 
rapamycin failed to attenuate colony formation in SW620 cells, 
and only BEZ235 showed moderate effect (Fig. 2A and B). It has 
been reported that mTorKIs induce apoptosis in certain tumor 
cell type such as leukemia and breast cancer.27,28 However, no sig-
nificant cell death were observed in CRC cells treated with high 
drug doses (Fig. 2C and D), suggesting that mTorKIs are mainly 
cytostatic against CRCs.

Figure 2. Differential anticancer effect of mTOR kinase inhibitors (mTorKIs) toward SW480 and SW620 cells. (A) SW480 and SW620 cells were cultured 
in soft agar in the absence or presence of different mTOR inhibitors. The anchorage-independent cell growth was analyzed by the ability of these cells 
to form colonies. A representative result is shown for SW480 cells. (B) Quantification of the soft-agar assay results are expressed as the ratio of colonies 
in treated vs. control cells. Data represent mean ± SD from three independent triplicate experiments. *p < 0.01, vs. control. (C) Two mTorKI-sensitive 
CRC cell lines (SW480 and CACO-2) were treated with high dose of mTorKIs for 72 h, and apoptotic cells were quantified. Indomethecin (Indo) was used 
as a positive control. Data represent means ± SD from three independent triplicate experiments. (D) Two mTorKI-resistant CRC cell lines (SW620 and 
HCT116) were treated with a high dose of mTorKIs for 72 h, and apoptotic cells were quantified. Indomethecin (Indo) was used as a positive control. 
Data represent means ± SD from three independent triplicate experiments.
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and only moderately inhibited by BEZ235 (1,136 ± 188 mm3 for 
BEZ235 vs. 1,768 ± 137 mm3 for control, p < 0.01) (Fig. 3A).

The effect of BEZ235 and PP242 on mTOR signaling was 
analyzed after the last drug administration on day 28. In both 
tumors, BEZ235 and PP242 blunted the activity of mTORC1, 
mTORC2 and PI3K, as shown by the disappearance of 
P-S6K1(T389) and P-AKT(S473) signals, respectively (Fig. 3B), 
demonstrating that these agents achieved on-target inhibition 

attenuated SW480 tumor growth, with an average tumor vol-
ume of 517 ± 45 mm3 (p < 0.01) and 778 ± 114 mm3 (p < 0.01), 
respectively, by day 28 of treatment (Fig. 3A), while the vehicle-
treated group had tumor volume of 2,389 ± 156 mm3. In agree-
ment with lack of inducing apoptosis by mTorKIs in CRC cells, 
no tumor shrinkage was seen in treated animals. In contrast, 
SW620 tumors were essentially unresponsive to PP242 (1,715 ± 
204 mm3 for PP242 vs. 1,768 ± 137 mm3 for control, p = 0.609), 

Figure 3. mTorKIs inhibit 4E-BP1 phosphorylation in SW480 but not SW620 xenograft tumors. (A) Xenograft tumor mouse models were orally admin-
istered with BEZ235 at 45 mg/kg/day or PP242 at 60 mg/kg/day once daily for 28 d. Upper parts show representative tumors (as indicated by arrow-
heads) in treated and control xenograft mice. Lower part shows tumor volume measurements (means ± SD; n = 8; *p < 0.01, vs. control). (B) Xenograft 
tumor mouse models derived from SW480 and SW620 were orally administered with BEZ235 at 45 mg/kg/day or PP242 at 60 mg/kg/day, once daily 
for 28 d. On day 28, CRC tumors were removed and analyzed for inhibition of PI3K-mTOR signaling by western blot. Four tumor samples from control 
group and 5 samples from each mTorKIs treatment group were shown here, with each lane representing an individual tumor sample.
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of mTOR in vivo. 4E-BP1(T37/46) phosphorylation was 
also attenuated by both compounds in SW480 tumors. In 
contrast, BEZ235 and PP242 completely failed to inhibit 
4E-BP1 phosphorylaiton in SW620 tumors (Fig. 3B). 
Together, these data show that SW480 and SW620 tumors 
are highly sensitive and resistant to mTorKIs, respectively, 
which is strongly correlated with the ability of mTorKIs to 
inhibit 4E-BP1 phosphorylation.

mTOR-independent 4E-BP1 phosphorylation in 
SW620 cells. To understand the molecular basis of 
mTorKI action, we analyzed the kinetic changes of mTOR 
signaling in SW480 and SW620 cells in response to drug 
treatment. Upon addition of BEZ235, PP242 or WYE354, 
P-S6K1(T389) and P-AKT(S473) rapidly disappeared in 
both CRC cell lines and remained virtually undetectable 
throughout the time course, indicating that both mTOR 
complexes were rapidly and persistently inhibited (Fig. 4). 
P-4E-BP1(T37/46) signal also decreased to undetectable 
level in SW480 cells (Fig. 4). However, 4E-BP1 phosphor-
ylation was only transiently inhibited in SW620 cells, and 
then quickly returned (Fig. 4). Because mTOR was cata-
lytically inhibited throughout the course of the study as 
indicated by the blockage of S6K1(T389) and AKT(S473) 
phosphorylation, the re-appearance of 4E-BP1 phosphory-
lation is likely due to an mTOR-independent mechanism 
in SW620 cells.

To verify whether 4E-BP1 re-phosphorylation is indeed 
mTOR-independent mechanism in SW620 cells, we 
performed in vitro kinase assay of mTOR isolated from 
SW480 and SW620 cells treated without or with BEZ235. 
BEZ235 treatment inhibited phosphorylation of recombi-
nant 4E-BP1 as well as S6K1 by mTOR from both SW480 
and SW620 cell lines (Fig. 5A). We further used siRNA 
to knock down mTOR complexes in SW480 and SW620 
cells. siRNA-mediated suppression of mTOR or raptor, 
but not rictor inhibited 4E-BP1 and S6K1 phosphoryla-
tion in SW480 cells (Fig. 5B). In contrast, mTOR and 
raptor siRNAs did not affect 4E-BP1 phosphorylation in 
SW620 cells even though they effectively blocked S6K1 
phosphorylation (Fig. 5B). This observation unequivo-
cally demonstrates that mTOR kinase activity toward 
4E-BP1 is inhibited by BEZ235 in both SW480 and 
SW620 cells, and 4E-BP1 re-phosphorylation in mTorKI-
treated SW620 cells is mediated by an mTOR-indepen-
dent mechanism.

Discussion

CRC is one of the most common human malignancies. 
Despite recent advances in EGFR-targeted therapy, it 

Figure 4. The kinetics of mTOR inhibition by mTorKIs in SW480 
and SW620 cells. SW480 and SW620 cells were treated with mTOR 
inhibitors rapamycin (A), BEZ235 (B), PP242 (C) and WYE354 
(D) for different times. The phosphorylation and total level of dif-
ferent mTOR substrates was determined by western blot.



600	 Cell Cycle	 Volume 11 Issue 3

control translation, cell proliferation and senescence.30,31 4E-BP1 
phosphorylation has recently been implicated in rapamycin 
resistance in certain cancer cells.32-34 mTorKI was shown to 
abolish “rapamycin-resistant 4E-BP1 phosphorylation,” which 
was thought to be due to inhibition of a “rapamycin-insensitive 
mTORC1” by mTorKIs.35,36 Therefore, although P-4E-BP1 can 
be a useful predictor for both rapamycin- and mTorKI resistance, 
our observations indicate that the mechanism for drug-resistant 
4E-BP1 phosphorylation is clearly distinct for the two classes of 
mTOR inhibitors. Identification of the alternative kinase respon-
sible for 4E-BP1 re-phosphorylation will be an important future 
task.

Because of their anticancer potential, several mTorKIs are cur-
rently under early-stage clinical trials for lymphoma, advanced 
hepatocellular carcinoma, breast cancer, glioma and non-small 
cell lung carcinoma (NSCLC).19 However, their therapeutic 
activity toward CRC cells remains unclear. Our study with in 
vivo CRC models provides strong preclinical rationale for test-
ing them in human CRC clinical trials. Our study revealed that 
the existence of significant intrinsic drug resistance in colorectal 
cancer cells, which warrants further study of intrinsic drug resis-
tance in other cancer types, especially those in which mTorKIs 
are being tested in clinical trials. Because phosphorylation of 
S6K1, S6 and AKT was blunted by mTorKIs in all CRC cells, 
they can be useful pharmacodynamic (PD) biomarkers for on-
target inhibition. On the other hand, 4E-BP1 phosphorylation 
is strongly correlated with drug resistance, indicating that it is a 
potential biomarker for predicting drug resistance, which should 

remains a leading cause of cancer-related death and urgently 
need new therapy. We have previously shown that siRNA-medi-
ated knockdown of mTOR but not rapamycin potently inhib-
ited CRC tumor models.11 Although these studies validated 
mTOR as a useful CRC drug target, they also showed the lack 
of anti-CRC efficacy by rapamycin.12 Therefore, more potent 
mTOR inhibitors are needed for effective mTOR-targeted CRC 
therapy. In this study, we tested several ATP-competitive mTOR 
kinase inhibitors against a large panel of 12 common CRC cell 
lines. They were effective in ~60% CRC cell lines (7 out of 
12), compared with 17% for rapamycin, clearly demonstrat-
ing that mTorKIs have much improved anti-CRC activity than 
rapamycin. Curiously, mTorKI sensitivity was not correlated 
with mutation of PI3KCA or PTEN that are known to cause 
mTOR activation, suggesting that they are not predictive bio-
markers. Additionally, CRC cell lines carrying K-Ras mutation 
were largely sensitive to mTorKIs (Table 1). Because these muta-
tions are known to cause resistance to EGFR-targeted therapy,29 
mTorKIs are potentially useful to treat patients who have K-Ras 
or B-Raf mutations.

A surprising finding is that a large proportion of tested CRC 
cell lines (>40%) were mTorKI-resistant, which warrants con-
siderable attention. Although mTorKIs achieved rapid and sus-
tained on-target inhibition of mTOR in CRC cells, they only 
transiently attenuated 4E-BP1 phosphorylation in drug-resistant 
CRC cells. We further found that 4E-BP1 was re-phosphorylated 
in an mTOR-independent manner. 4E-BP1 is a major mTORC1 
substrate that plays a pivotal role in mTORC1 signaling to 

Figure 5. mTOR-independent 4E-BP1 phosphorylation in SW620 cells. (A) BEZ235 inhibits mTOR kinase activity toward 4E-BP1 in both SW480 and 
SW620 cells. SW480 and SW620 cells were treated with 100 nM BEZ235 or drug vehicle control (DMSO) for 6 h. mTOR was immunoprecipitation and 
assayed for in vitro kinase activity toward bacterial recombinant S6K1 and GST-4E-BP1 by western blot. (B) siRNA-mediated knockdown of mTORC1 
inhibits 4E-BP1 phosphorylation in SW480 but not SW620 cells. SW480 and SW620 cells were transfected with siRNA targeting mTOR, raptor and rictor, 
respectively, for 48 h. Inhibition of mTOR signaling was analyzed by western blot.



www.landesbioscience.com	 Cell Cycle	 601

Apoptosis was determined by acridine orange (AO) staining as 
described previously in reference 39. Calculated apoptotic rates 
after treatment are graphed and representative histograms of 
SW480, SW620, CACO-2 and HCT116 cells are shown. 0.1% 
DMSO was used as vehicle control. Indomethecin 600 uM (Indo) 
was used as a positive control, which can induce robust apoptosis 
in CRC cells based on our previous findings.39 Data represent 
means ± SD from three independent triplicate experiments.

Xenograft CRC tumor models. Male BALB/c athymic 
nude mice (4–6 weeks old) were obtained from SIBS. They 
were injected subcutaneously into the right hind flank with 5 
x 106 SW480 cells or SW620 cells to establish the CRC xeno-
graft model. Seven days after injection, mice were randomized 
into 3 groups (8 animals per group). Group 1 was given 45 mg/
kg BEZ235; group 2 was given 60 mg/kg PP242, and group 3 
was given the vehicle used for administration (control). BEZ235 
and PP242 in all animals was administered via oral gavage 
and freshly prepared daily just before administration. Prior to 
gavage, drugs were solubilized in 200 μl of NMP 10%/PEG300 
90%. Treatment frequency was once daily for a total duration 
of 4 weeks. Bidimensional tumor measurements were taken 
every 3 d and mice were weighed once weekly. Tumor volume 
was calculated by the following formula: tumor volume (mm3) 
= (shorter diameter2 x longer diameter)/2 and are presented as 
means ± SD (n = 8).11 BEZ235 and PP242 were used according 
to previous studies, which were at much lower doses than the 
reported maximum tolerated doses.27,40,41 For analysis of signaling 
inhibition, tumor tissues were removed from the animals after 
administration of the last dose of drug, and immediately frozen 
in liquid nitrogen. Tissue extracts were prepared for analysis of 
PI3K-mTOR signaling by western blot. The animal studies were 
approved by the Institutional Animal Care and Use Committee 
and were performed in strict accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals 
of the National Institutes of Health. All surgery was performed 
under sodium pentobarbital anesthesia, and all efforts were made 
to minimize suffering.

Western blot, immunoprecipitation, in vitro kinase and 
RNA interference assays. Western blotting was performed to 
examine PI3K-mTOR signaling as described previously in ref-
erence 42 and 43. mTOR antibody was described before in 
reference 44 and 45. Antibodies against Akt, S6K1, 4E-BP1, 
P-Akt(S473), P-Akt(T308), P-S6K(T389), P-4E-BP1(T37/46) 
were purchased from Cell Signaling Technology. The data were 
representative of several independent experiments. Cell lyses 
preparation and Immunoprecipitations were performed as previ-
ously described in reference 46. For mTOR in vitro kinase assay, 
CRC cells treated with BEZ235 100 nM or DMSO (vehicle con-
trol) for 6 h were lysed in ice-cold lysis buffer [40 mM HEPES, 
2 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate, 
0.3% CHAPS, and one tablet of EDTA-free protease inhibi-
tors (Roche Diagnostics, #05056489001) per 25 ml]. mTOR 
was then immunoprecipitated and incubated with 150 ng bacte-
rial recombinant S6K1 or GST-4E-BP1. For RNA interference 
assays, SW480 and SW620 cells cultured in 6-well plates were 
transfected with 100 nM short interfering RNA (siRNA) against 

provide valuable guidance for on-going and future human cancer 
clinical trials.

Materials and Methods

CRC cell lines and mTOR inhibitors. Twelve human CRC cell 
lines (CACO-2, COLO-205, DLD-1, HCT116, HT29, KM-12, 
LOVO, RKO, SW1116, SW48, SW620 and SW480) were pri-
marily obtained from ATCC. Table 1 summarizes the histologi-
cal feature, origin and status of oncogene or tumor suppressors 
that are most commonly detected with genetic aberrations in 
CRCs (K-Ras, B-RAF, PIK3CA, PTEN and p53). The genetic 
information was queried from the literature, ATCC and the 
Catalogue of Somatic Mutations in Cancer (COSMIC, www.
sanger.ac.uk/genetics/CGP/cosmic). The CRC cells were main-
tained in RPMI 1640 medium (GIBCO, #72400-120) supple-
mented with 10% fetal bovine serum and 5 mmol/L l-glutamine, 
at 37°C, 5% CO2. Rapamycin was purchased from LC labora-
tories (R-5000). BEZ235, PP242 and WYE354 were purchased 
from Chemdea (#CD0196, #CD0258, #CD0270). The com-
pounds were dissolved in DMSO and diluted with cell culture 
medium. The final concentration of DMSO was less than 0.5%.

Growth, colony formation and apoptosis assays. The 
growth of CRC cells and the inhibitory effect of mTOR inhibi-
tors were determined by optimized sulforhodamine B (SRB) 
assay as described before in reference 37. All 12 cell lines were 
tested simultaneously and the experiment repeated twice. Each 
drug was tested at 6 drug concentrations with each concentra-
tion point representative of 10 replicate wells for each cell line. 
Briefly, cells were seeded in triplicate in 96-well plates at an initial 
density of 3 x 103 cells/well. After 12 h, cells were treated with 
various concentrations of mTOR inhibitors for 48 h. Cells were 
then fixed with 10% (wt/vol) trichloroacetic acid and stained 
with SRB solution (0.057% w/v in 1% acetic acid) for 30 min, 
after which the excess dye was removed by washing with 1% (vol/
vol) acetic acid. The protein-bound dye was dissolved in 10 mM 
Tris solution for OD determination at 492 nm using a microplate 
reader. The relative growth was expressed as the percentage of the 
absorbance of treated vs. control cells and fitted to Pharmcology 
DoseResp using OriginPro 8.0 software to calculate IC

50
.

Soft agar colony formation assay was performed as described 
before in reference 38. Briefly, 1 x 103 cells were seeded in 0.35% 
Fisher low melt agar on a base of 0.7% Sigma agar in a 6-well 
plate. Culture dishes were then transferred sequentially to a 
refrigerator (4°C) for 15 min, to room temperature for 10 min, 
and then to the cell culture incubator. An upper layer of 0.5 ml 
culture medium containing drug (n = 3) or drug vehicle (n = 3) 
was applied to the cultures and changed every other day for two 
weeks. Cultures were stained with p-Iodonitroneotetrazolium vio-
let (Sigma-Aldrich, #146-68-9) for two hours and then inspected 
and photographed using a MiniCount Colony Counter (Imaging 
Products International, #013100708). The colony number was 
expressed as the ratio of treated vs. control cells. Data represent 
mean ± SD from three independent triplicate experiments.

For apoptosis assay, CRC cells were treated with BEZ235 
1 uM, PI103 3 uM, PP242 3 uM and WYE354 3 uM, for ~72 h. 
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software. Comparisons between groups were performed using 
the Student t-test. All statistical tests were conducted with a two-
sided significance level of 0.05.
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mTOR, Raptor or Rictor using the DharmaFECTTM transfec-
tion agent (Dharmacon Inc., #T-2001) according to the manu-
facturer’s instructions. At 48 h after siRNA transfection, cells 
were harvested and assessed by western blot analysis. The siRNA 
sequences are: mTOR siRNA: 5'-AUA GAA GCG AGU AGA 
CUC CUC-3'; Raptor siRNA: 5'-CUG UAA GAU CAG CCU 
CAU CUU-3'; Rictor siRNA: 5'-AAG AUA CGA UUC UUC 
ACA A-3'; Control siRNA 5'-ACG UGA CAC GUU CGG AGA 
ATT-3'.

Statistical analysis. The data are representative of replicate 
experiments. Statistical analyses were performed using SPSS 11.0 
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