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ABSTRACT

Background. mTOR signaling has been suggested to be

an important factor involved in tumorigenesis, but its role

in human colorectal cancer (CRC) has not been completely

elucidated. Herein, the purpose of this study was to analyze

the distribution pattern of mTOR signaling components in

CRC and adenoma and to determine whether targeted

inhibition of mTOR could be a potential therapeutic

strategy for CRC.

Methods. Immunohistochemical analysis was performed

on human CRC and adenoma for mTOR signaling com-

ponents, including mTOR, p70s6 K, and 4EBP1. HCT116

and SW480 human CRC cell lines were treated with siR-

NA directed against mTOR, and cell viability, cell cycle,

and apoptosis were assessed. HCT116 and SW480 cells

were injected into athymic nude mice to establish a CRC

xenograft model. Mice were randomly transfected with

either nontargeting control or mTOR siRNA, and tumor

volume, mTOR signaling activity, and apoptosis were

evaluated.

Results. mTOR signaling components, including mTOR,

p70s6 K, and 4EBP1, were highly activated in glandular

elements of CRC and colorectal adenomas with high-grade

intraepithelial neoplasia (HIN), with a correlation between

staining intensity and depth of infiltration in CRC. Inhibi-

tion of mTOR expression using a specific mTOR siRNA

resulted in considerably decreased in vitro and in vivo cell

growth.

Conclusions. mTOR signaling is associated with the

clinical pathological parameters of human CRC. siRNA-

mediated gene silencing of mTOR may be a novel thera-

peutic strategy for CRC.

Mammalian target of rapamycin (mTOR) is a serine-

threonine protein kinase that belongs to the phosphoinosi-

tide 3-kinase (PI3 K)-related kinase family. It constitutes

the core of an evolutionarily conserved pathway that reg-

ulates cell growth and proliferation by integrating signals

arising from growth factors, nutrients, and energy status.1,2

mTOR exists as two distinct functional complexes known

as mTORC1 and mTORC2. mTORC1 is sensitive to rap-

amycin, a specific inhibitor of mTOR, whereas mTORC2 is

resistant to rapamycin.3,4 mTORC1 regulates the activity of

the translational machinery by modulating eIF4E binding

protein 1 (4EBP1) activity and S6 kinase (p70S6 K)

through direct phosphorylation. 4EBP1 dimerizes with

eukaryotic initiation factor 4E (eIF4E), blocking formation

of the initiation complex. When 4EBP1 is phosphorylated,

eIF4E is released and translation can begin.5 The principal

substrate of the kinase p70S6 K is ribosomal protein S6,

which is part of the 40S ribosomal unit. It is involved in the

translation of proteins encoded by 50 terminal oligopyri-

mide genes. Most of these proteins are regulators of protein

synthesis and can act as proto-oncogenes.6 In this regard,

mTOR signaling activity is associated with cancer cell

growth and survival.7,8

As 1 of the 10 leading cancers, colorectal cancer

(CRC) is also one of the major causes of cancer mortality
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worldwide. New anticancer drugs such as irinotecan and

oxaliplatin have changed the standard chemotherapy

treatment of CRC; however, there is much promise in

molecular-targeted therapy. Recently, inhibitors of proteins

that are involved in mTOR signaling have been under

active preclinical or clinical investigation for cancers, and

they have been suggested as potential therapeutic

agents.9–11 We have found that rapamycin administered in

combination with PD98059 (a selective inhibitor of MEK)

in a 1,2-dimethylhydrazine-induced mouse CRC model,

significantly inhibited the initiation and progression of

CRC through inhibiting the mTOR signaling pathway,

suggesting that mTOR inhibition may be a useful strategy

for CRC prevention.12 However, we have also found that

rapamycin administered as a single agent in CRC cells

failed to inhibit cell proliferation or induce apoptosis, even

in relatively higher doses (*100 nM).12 Other studies have

also found that some mTOR functions are resistant to

rapamycin as a result of the kinase activity of mTORC2.13

Therefore, an alternative approach to therapeutic targeting

of the mTOR pathway is to inhibit the protein synthesis of

mTOR by RNA interference (RNAi), which can suppress

both mTORC1 and mTORC2 by global inhibition of the

mTOR molecule. Small interfering RNAs (siRNAs) can be

targeted to tumors, and several recent studies have indi-

cated the potential for application of this technique in

various cancer therapies.14,15

In this study, we have extended our previous findings by

detecting the distribution of mTOR pathway components in

human CRC and its precarcinomatous disease, adenoma,

and by investigating whether specifically reducing mTOR

expression inhibits in vitro and in vivo CRC growth. We

show that there is a correlation between CRC clinical

pathological parameters and the activation of mTOR sig-

naling. Finally, our in vivo studies suggest that RNAi

directed against mTOR may suppress growth and provide a

novel therapeutic strategy for certain CRCs.

MATERIALS AND METHODS

Patients and Immunohistochemistry Evaluation

A total of 60 colorectal adenomas with low- or high-

grade intraepithelial neoplasia (LIN or HIN) and paired

normal mucosa (biopsies), as well as 56 malignant infil-

trating CRCs, paired paracancerous tissue (within 5 cm of

the cancerous areas), and paired noncancerous tissue (cut-

ting edge of surgical excision beyond 5 cm from cancer

areas), were randomly obtained from No. 3 People’s Hos-

pital Affiliated to Shanghai Jiaotong University School of

Medicine (Shanghai, China) from 2004 to 2007. Histologic

grades 1, 2, and 3 were defined according to Hamilton’s

criteria.16 The protocol was approved by the ethics com-

mittee of Shanghai Jiao-Tong University School of

Medicine, and the research was carried out according to the

provisions of the Helsinki Declaration of 1975.

The Strept Avidin-Biotin Complex (SABC) method was

applied as described previously to detect the activation of

mTOR signaling.12 Primary antibodies raised against p-

mTORSer2448, p-4EBP1Thr37/46, and p-p70S6 KThr389 were

purchased from Cell Signaling Technology (CST, Beverly,

MA) and Epitomics Inc. (Burlingame, CA) and used at a

concentration of 1:50. All phosphorylated antibodies used

in this study were confirmed to be reactive only to the

activated phosphorylated form of targets by the manufac-

turer. To score a tumor cell as positive, membrane or

cytoplasmic staining was required for p-mTOR and p-

p70S6 K, and cytoplasmic or nuclear staining was required

for p-4EBP1. Samples were assessed in a blinded fashion

by two investigators. For the quantitative analysis, a Histo

score (Hscore) based on the percentage of stained cells and

intensity of staining was calculated, evaluating 10 high-

power representative fields (4009) on complete tumor

sections using an Olympus 1X51 inverted microscope

(Olympus Corporation, Japan). According to Rojo et al.,

the intensity score was defined as follows: 0, no appre-

ciable staining in cells; 1, weak intensity cells, comparable

to stromal cells; 2, intermediate staining intensity; and 3,

strong staining intensity.17 The score was based on the

fraction of positive cells (0–100%), and the Hscore was

calculated by multiplying the intensity score and the frac-

tion score, producing a total range of 0–300. Based on the

distribution of the data (histograms), we used a cutoff of 20

for positivity. This scoring was used for the Spearman

nonparametric correlation test.

Inhibition of mTOR Expression by RNAi

The colorectal cancer cell lines HCT116 and SW480

were purchased from Shanghai Institutes for Biological

Sciences (SIBS). The HCT116 cells were maintained in

McCoy’s 5A medium (Sigma, St. Louis, MO), and SW480

cells were maintained in RPMI-1640 medium (Gibco-BRL,

Grand Island, NY), all containing 10% fetal bovine serum

(FBS) at 37�C under an atmosphere of 5% CO2.

To select a specific siRNA sequence that can suppress

mTOR gene expression effectively, four siRNAs corre-

sponding to different coding regions of the mTOR gene

designed by Dharmacon Inc. (USA) were tested in vitro.

Briefly, both cell lines were transfected with siRNA

(100 nM) using the DharmaFECT transfection agent

(Dharmacon Inc., Lafayette, CO) according to the manu-

facturer’s instructions. All experiments included the

following samples in triplicate: Mock control, no siRNA;
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negative control (NC), transfected with scrambled siRNA

and siRNAmTOR, transfected with siRNA targeting mTOR.

Real-time reverse-transcription polymerase chain reac-

tion (RT-PCR) was applied to detect the mRNA level of

mTOR. Briefly, mRNA was extracted using TRIzol reagent

(Invitrogen, Carlsbad, CA) according to the manufacturer’s

guidelines. The RT reaction was performed in a 30-lL

volume with the avian myeloblastosis virus (AMV) reverse

transcriptase (Invitrogen) under the recommended condi-

tions in the presence of a random hexamer primer. All PCR

reactions were performed with an FTC2000 machine

(Funglyn, Canada). The thermal cycling conditions were an

initial denaturation step at 93�C for 4 min, 40 cycles at

93�C for 20 seconds, and 60�C for 30 seconds. PCR

reactions for beta-actin were performed as the inner con-

trol. Results of the RT-PCR were processed according to

the standard amplification curve and expressed as fold

relative to the copies of blank control group (no treatment).

Data represent mean ± SD from three independent tripli-

cate experiments.

mTOR protein was assessed by Western blot analysis to

confirm adequate inhibition of mTOR expression in

transfected cells. mTOR signaling component phosphory-

lation levels, including mTOR, p70S6 K, and 4EBP1, were

also assessed. Whole-cell lysates were prepared, and the

protein concentrations were determined as previously

described.12 Primary antibodies raised against pan-mTOR

(1:1000), p-mTORSer2448 (1:1000), pan-p70S6 K (1:500),

p-p70S6KThr389 (1:1000), pan-4EBP1 (1:500), and

p-4EBP1Thr37/46 (1:500) were purchased from CST. The

antibody against GAPDH (1:1000, Santa Cruz, CA) was used

as control for protein input. Densitometric analysis of the

mTOR and pho-mTOR bands was normalized to the GAPDH

bands, while p-p70s6KThr389 and p-4EBP1Thr37/46 were

normalized to the corresponding pan-protein bands. Data

represent mean ± SD from three independent experiments.

Cell Proliferation and Viability Assays

The effects on cell proliferation were measured by a

modified MTT assay, based on the ability of live cells to

use thiazolyl blue and convert it into dark blue formazan.

In brief, cells were seeded in 96-well plates at an initial

density of 3 9 103 cells/well. After incubation for 12 h,

cells were transfected with 100 nM siRNA. Assays were

performed at 24, 48, and 72 h posttransfection according to

the manufacturer’s protocols and as previously described.12

All experiments included the following samples in quin-

tuplicate: Mock, no siRNA; NC, transfected with

scrambled siRNA; and siRNAmTOR, transfected with siR-

NA targeting mTOR. Absorbance was measured by a

microculture plate reader at 570 nm, with the absorbance at

630 nm to correct for background in the presence of an

appropriate blank (without cells). The blank reading was

subtracted from experimental readings, and the result was

expressed as the percentage of the absorbance values of

siRNA-transfected groups to mock controls to facilitate

comparison. Data represent mean ± SD from three inde-

pendent experiments.

As previously described, cells were stained with acridine

orange (AO, Sigma) to determine viability after transfec-

tion, and they were examined by a fluorescence inverted

microscope (Olympus IX51, Olympus Corporation,

Japan).18 At least 300 cells were counted, and the cell

viability (percentage of viable cells) was determined. Data

represent mean ± SD from three independent triplicate

experiments.

Cell-Cycle Progression and Apoptosis Assays

Cell-cycle progression was determined as previously

described.12 Approximately 1 9 106 cells were removed at

specified time points, washed twice with PBS and fixed in

cold ethanol for 30 min, and then stained in the dark with

0.05% propidium iodide for 20 min at 4�C prior to flow

cytometry (Coulter EPICS-XL, Beckman Coulter, Inc.,

Fullerton, CA). Data represent mean ± SD from three

independent triplicate experiments.

As previously described, apoptosis was determined with

an Annexin V-FITC Apoptosis Detection Kit (BD Biosci-

ences, San Jose, CA) according to the manufacturer’s

instructions.18 The stained cells were smeared on a micro-

scope slide and visualized using a fluorescence inverted

microscope. The percentage of apoptotic cells was deter-

mined using flow cytometry. Data represent mean ± SD

from three independent triplicate experiments. In addition,

PARP proteolysis was also detected using Western blot to

confirm apoptosis. Primary antibody raised against PARP

(1:1000) was purchased from CST. Densitometric analysis

of the cleaved PARP (89 kDa) was normalized to the pan-

PARP (116 kDa). Data represent means from three inde-

pendent experiments.

In Vivo Experiments

Briefly, male BALB/c athymic nude mice (4–6 weeks

old) were obtained from the Experimental Animal Centre of

SIBS. All mice were injected subcutaneously into the left

armpit with 1.0 9 107 HCT116 cells or SW480 cells to

establish the CRC xenograft model. Ten days after subcu-

taneous inoculation, mice were divided randomly into three

groups (6 mice/group) and were treated by way of multi-

point intratumoral injection (10 lL at 3 points) of siRNA

complexed with transfection reagent in vivo-jetPEI (Poly-

plus-transfection Inc., New York) as described by others.19

Mice were injected with nontargeting siRNA or test siRNA
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at 10 lg/30 lL per tumor or in vivo-jetPEI as mock control

every other day for 11 days. Tumor diameters were mea-

sured at regular intervals with digital calipers, and tumor

volume was calculated by the formula: tumor volume

(mm3) = shorter diameter2 9 longer diameter/2. The

tumor volume data are presented as means ± SD (n = 6).

Two days after the last siRNA injection, animals were

sacrificed and the tumors were immediately frozen in liquid

nitrogen. Western blotting was performed to examine

mTOR signaling activation in xenograft tumor tissues.

Densitometric analysis of the mTOR bands was normalized

to the GAPDH; p-p70s6 K and p-4EBP1 bands were nor-

malized to the corresponding pan-protein bands. Data

represent means ± SD from three independent experi-

ments. All studies were approved by the Institutional

Animal Care and Use Committee.

In Situ Apoptosis Detection by TUNEL Assay

The TUNEL assay was performed for detection of in

situ apoptotic cell death according to the manufacturer’s

instructions (In Situ Cell Death Detection Kit, AP; Roche

Applied Science, Penzberg, Germany). Briefly, the sections

were treated with proteinase K (20 mg/L) for 30 min and

incubated at room temperature for 1 h with TUNEL reac-

tion mixture, 50 lL alkaline phosphatase conjugate was

added to each slide, and slides were incubated for

30 minutes. BCIP/NBT substrate was used for color reac-

tion. The apoptotic index was expressed as the percentage

of TUNEL-positive nuclei per 1000 cells counted for each

sample. Data are presented as means ± SD (n = 6).

Statistical Analysis

Statistical analyses were carried out using the SAS 8.12

software. Spearman nonparametric correlation test was

used to calculate the statistical significance of continuous

variables, and the comparisons between groups were per-

formed using the ANOVA F test or chi–square test. All

statistical tests were conducted at a two-sided significance

level of 0.05.

RESULTS

Expression of the mTOR Signaling Components

in Human Colorectal Adenomas and CRC

Human colorectal adenomas with HIN or LIN and

paired normal mucosa, as well as CRCs and paired para-

cancerous and noncancerous mucosa, were analyzed for

activity of the mTOR signaling. Positive products were

stained blue or blue-purple, while negative products were

stained red or pink. In contrast to the paired normal

mucosa, mTOR signaling was highly upregulated in ade-

nomas with HIN. P-mTORSer2448 and p-p70S6 K1Thr389

were all predominantly expressed in the cytoplasm of

glandular elements of the adenomas. P-4EBP1Thr37/46 was

observed in glandular elements of the adenomas with

cytoplasmic and nuclear expression, while faint staining of

p-mTOR, p-p70S6 K, and p-4EBP1 was present in stromal

and lymphoid cells in paired normal mucosa. Compared

with HIN, mTOR signaling exhibited much lower expres-

sion in adenomas with LIN. Except for p-4EBP1

expression, which was significantly higher than paired

normal mucosa; the other two partners’ (p-mTOR and p-

p70S6 K) activity in LIN was similar to paired normal

mucosa. Because little expression of mTOR signaling

components was observed in normal mucosa, we combined

the data from HIN-paired normal mucosa and LIN-paired

normal mucosa into one control group for colorectal ade-

nomas to facilitate comparison. Representative staining

patterns for p-mTOR, p-p70S6 K, and p-4EBP1 in adeno-

mas are shown in Fig. 1a.

CRC strongly expressed mTOR signaling components

with a similar distribution and intensity to that of adenoma

with HIN, except that the intracellular localization of

p-mTORSer2448 shifted from cytoplasm toward cellular

membrane staining in CRC. Faint staining was presented in

stromal and lymphoid cells. Representative staining pat-

terns for p-mTOR, p-p70S6 K, and p-4EBP1 in CRC are

shown in Fig. 1b and c. The immunoreactivity of mTOR

signaling was much stronger in CRC than either paired

noncancerous mucosa or LIN (Table 1). Interestingly, in

CRC, the expression of p-4EBP1Thr37/46 in the noncancer-

ous cutting edge of the surgical excision was much higher

than paired normal mucosa of adenoma. In order to make it

easier to observe the different expression intensities

between cancerous and noncancerous tissue, representative

staining patterns in paracancerous areas (regions in which

the cancer tissue is next to the normal tissue) are shown in

Fig. 1c.

We next analyzed the relationship between mTOR sig-

naling activity and clinical parameters using the chi-square

test and Spearman nonparametric correlation test. Table 2

shows the parameters of CRC including age, gender, tumor

location, histological grade, lymph node metastasis, and

depth of infiltration. There was a statistical trend toward a

positive correlation between the Hscore of mTOR signal-

ing and the depth of infiltration as continuous variables

(Spearman correlation test, P \ .05, P \ .05, and P \ .02,

respectively); the correlation coefficient (rs) is displayed in

Table 2. In addition, there was a relationship between

gender and p-mTORSer2448 expression (chi square test,

P \ .05); the positive rate for males (72.73%) was higher

than that for females (43.48%). However, there were no
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significant associations observed between mTOR signaling

immunoreactivity and age, tumor location, histologic

grade, or lymph node metastasis.

Silencing of mTOR by RNAi Downregulates

Phosphorylation of p70S6 K and 4EBP1 in CRC Cells

We produced four different siRNAs targeting mTOR to

screen for effective target site in the mTOR coding region.

The oligonucleotide templates, real-time quantitative PCR

primers, and probes used in this study are listed in Table 3.

Reduction of target mRNA and protein expression were

monitored by RT-PCR and Western blot. As shown in

Fig. 2a and b, in both HCT116 and SW480 cells, siRNA

targeting nucleotide-3 caused a more significant decrease of

mRNA and protein levels (by up to 80% compared with the

mock group) than targeting nucleotide-1, nucleotide-2, or

nucleotide-4, whereas no significant silencing effect on the

NC group was observed. Thus, we selected nucleotide-3 as

the specific target site for silencing mTOR (siRNAmTOR) in

FIG. 1 Expression of mTOR

signaling proteins in colorectal

adenomas and CRCs. a
Representative expression

patterns of phosphorylated

mTOR, p70s6 K, and 4EBP1 in

human colorectal adenomas

(right) and paired normal mucosa

(left) (4009). b High

magnification of representative

microscopic fields with strongly

stained CRC cells (arrows,

4009). c Representative

expression patterns of

phosphorylated mTOR, p70s6 K,

and 4EBP1 in noncancerous,

paracancerous, and cancerous

(arrows, 2009). All staining

patterns were present in tumor

cells as a blue color upon optical

microscopy
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the subsequent studies. As shown in Fig. 2c, phosphorylated

mTOR, p70S6 K, and 4EBP1 decreased significantly in both

HCT116 and SW480 cells transfected with siRNAmTOR for

48 h in comparison with mock or NC cells.

Silencing of mTOR Inhibits Growth and Induces

Cell-Cycle Arrest and Apoptosis in CRC Cells

To determine the functional effects of RNAi treatment,

we examined the effect of siRNA treatment on the growth

of HCT116 and SW480 cells by MTT assay and AO

staining. Transfection with siRNAmTOR significantly sup-

pressed the proliferation of both cell lines at 48 h (P \ .05)

and 72 h (P \ .01) compared with the NC group (Fig. 3a)

and also produced a dramatic alteration in cell structure

with shrunken cells and more intense yellow staining of

nuclei as demonstrated by AO staining, indicating

increased cell death (Fig. 3b).

To determine whether this suppression in cell growth was

a result of cell-cycle arrest or apoptosis, cell-cycle distribu-

tion was analyzed by FCM, and apoptosis was detected by

morphological and molecular methods. Depletion of mTOR

expression mediated G0/G1 arrest (P \ .01) along with the

presence of a prominent sub-G0/G1 peak (P \ .01) in both

cell lines suggesting ongoing apoptosis (Fig. 3c). An

increase in apoptosis rate was demonstrated in cells

TABLE 1 phospho-mTORs immunoreactivity in CRCs and colorectal adenomas

Phospho-mTORs Cancerous

(n = 56)

Noncancerous

(n = 56)

Adenomas

(HIN, n = 30)

Adenomas

(LIN, n = 30)

Normal mucosa

(n = 60)

mTOR 34 (60.71%)a,b 6 (10.71%) 17 (56.67%)a,b 4 (13.33%) 2 (3.33%)

p70s6 K 37 (66.07%)a,b 4 (7.14%) 21 (70.00%)a,b 5 (16.67%) 2 (3.33%)

4EBP1 46 (82.14%)a,b 28 (50.00%)c 26 (86.67%)a,b 12 (40.00%)a 8 (13.33%)

Number of positive cases and the corresponding percentage are shown
a P \ .01; vs paired noncancerous or normal mucosa
b P \ .01; vs adenoma (LIN)
c P \ .01; paired noncancerous mucosa of CRC vs paired normal mucosa of adenoma

TABLE 2 Correlation between

phospho-mTORs

immunoreactivity and clinical

parameters in CRC tissues

a P \ .05
b P \ .02

P positive, N negative, Pho-
phosphorylated

Clinical pathological parameters Case number Pho-mTOR Pho-p70S6 K Pho-4EBP1

P N P N P N

Age (yr, median = 67.5, range = 87–37)

\67.5 28 18 10 18 10 22 6

[67.5 28 16 12 19 9 24 4

Gender

Male 33 24a 9 23 10 29 4

Female 23 10 13 14 9 17 6

Tumor location

Right colon 19 13 6 11 8 17 2

Left colon and rectum 37 21 16 26 11 29 8

Histologic grade

1 18 10 8 11 7 14 4

2 31 19 12 20 11 25 6

3 7 5 2 6 1 7 0

Lymph node metastasis

No 33 19 14 22 11 26 7

Yes 23 15 8 15 8 20 3

Depth of infiltrating

Intra-tunica serosa 22 10 12 13 9 15 7

Extra-tunica serosa 34 24 10 24 10 31 3

Correlation coefficient (rs) 0.3633a 0.3365a 0.3486b
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transfected with siRNAmTOR compared with the mock group

(Fig. 3d). An increase in PARP proteolysis, which is char-

acteristic of apoptosis, was also demonstrated in HCT116

and SW480 cells transfected with siRNAmTOR (Fig. 3e, data

of SW480 cells are not shown). Therefore, the suppression of

cell growth was a result of both cell-cycle arrest and

apoptosis.

Suppression of Established Tumor Growth in Nude

Mice by siRNAmTOR Treatment

To determine whether this RNAi approach could serve as

a therapeutic agent against CRC tumor formation, we

established a tumor model in nude mice bearing HCT116 or

SW480 xenografts. After treatment with siRNAmTOR, the

growth of both HCT116 and SW480 xenografts was obvi-

ously inhibited compared with the mock or NC animal group

(Fig. 4a). In tumors transfected with siRNAmTOR, the pro-

tein levels of mTOR, p-mTOR, p-p70S6 K, and p-4EBP1

were all inhibited by up to 75% compared with the mock

group, which was confirmed by IHC and Western blot

(Fig. 4b, c. Data of SW480 xenografts were not shown).

Finally, to investigate the mechanism of siRNAmTOR-

induced inhibition of tumor growth, tumor specimens were

obtained from tumor-bearing animals after death and sub-

jected to TUNEL assay. As shown in Fig. 4d, apoptotic

nuclei were seen as a blue color under optical microscopy.

Transfection with siRNAmTOR dramatically induced

apoptosis inside the tumors compared with the mock or NC

group. Taken together, these data indicate that targeting

mTOR by siRNA can exert a strong antitumor effect in

vivo on CRC and that siRNAmTOR inhibits CRC tumor

growth by inducing apoptosis.

DISCUSSION

The activity of mTOR signaling is considered to be

related to the clinical parameters of various malignan-

cies.20–22 In this study, we show for the first time that the

activity of mTOR signaling was much higher in CRC than

either paired noncancerous mucosa (cutting edge of sur-

gical excision without cancerous) or LIN, while it is similar

to HIN. Since adenoma with intraepithelial neoplasia (IN)

is a subtype of precancerous lesion, and progression from

LIN to HIN is one of the necessary pathways to CRC, our

findings indicate that the overactivation of mTOR signaling

occurs as an early event in the process of tumorigenesis and

participates in the progression from normal cells to

hyperplasia to a neoplastic phenotype. Furthermore, the

significant correlation between mTOR signaling activity

and the depth of CRC infiltration indicates that an increase

in mTOR signaling activation might facilitate invasive

growth of tumor cells, and it supports other findings that

Akt phosphorylation (the upstream regulator of mTOR) in

human CRC correlates with invasion grade.23

Various studies have demonstrated the role of p-4EBP1 in

several malignancies.5,24,25 We found that, in LIN, p-4EBP1

expression was significantly higher than paired normal

mucosa; in CRC, p-4EBP1 expression in the noncancerous

cutting edge of the surgical excision was much higher than

paired normal mucosa for adenomas, while this was not

observed for p-mTOR and p-p70S6K. Combined with the

results of other studies, we suppose that p-4EBP1 may be

crucial for accelerating malignant transformation of colo-

rectal epithelium; the high immunoreactivity of pho-4EBP1

in noncancerous margins of CRC surgical specimens may be

related to a high risk of local recurrence.17,24–26

TABLE 3 Oligonucleotide

templates, real-time quantitative

PCR primers, and probes used

in this study

-S sense, -A anti sense, -P probe

Usage Name Sequence (5030)

RNAi Nucleotide-1-S GAG AAG AAA UGG AAG AAA UUU

Nucleotide-1-A AUU UCU UCC AUU UCU UCU CUU

Nucleotide-2-S CCA AAG UGC UGC AGU ACU AUU

Nucleotide-2-A UAG UAC UGC AGC ACU UUG GUU

Nucleotide-3-S GAG CAU GCC GUC AAU AAU AUU

Nucleotide-3-A UAU UAU UGA CGG CAU GCU CUU

Nucleotide-4-S GGU CUG AAC UGA AUG AAG AUU

Nucleotide-4-A UCU UCA UUC AGU UCA GAC CUU

Negative Control-S UUC UCC GAA CGU GUC ACG UTT

Negative Control-A ACG UGA CAC GUU CGG AGA ATT

Real-time quantitative PCR mTOR-S GCC AGG ATG AGC GTG TGA T

mTOR-A TTG GGT CAT TGG CCA GAA G

mTOR-P CAG CTC TTC GGC CTG GTT AAC AC

b-actin-S CCA CTC CTC CAC CTT TGA C

b-actin-A ACC CTG TTG CTG TAG CCA

b-actin-P TTG CCC TCA ACG ACC ACT TTG TC
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Consistent with our current study, several studies using

other cancer models have also recognized mTOR signal-

ing as a potential target for anticancer therapy.27–29

Recently, the study of mTOR proteins has relied heavily

on the use of rapamycin, but rapamycin does not directly

inhibit mTOR kinase activity; rather, rapamycin influ-

ences mTOR’s enzymatic activities by binding to a

domain far from the kinase’s active site. Some mTOR

functions are resistant to rapamycin, as a result of the

kinase activity of one kind of multiprotein complex,

mTORC2, whereas rapamycin-sensitive functions of

mTOR are caused by the mTORC1. It has been found that

the efficacy of rapamycin alone in the treatment of

patients with malignancies is only modest, and in certain

circumstances, rapamycin does not generally cause cell

death, potentially because this agent, rather than acting as

a general mTOR kinase inhibitor, instead only interferes

with the function of mTORC1 and thus does not perturb

all mTOR functions.13 In our study, we show that a

siRNA directed to mTOR effectively suppressed CRC cell
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FIG. 2 Silencing of mTOR by RNAi downregulates phosphorylation

of p70s6 K and 4EBP1 in CRC cells. HCT116 and SW480 cells were

harvested 48 h after transfection and detected by real-time PCR (a)

and Western blot (b). The mTOR silencing effect on the mTOR

signaling pathway was also detected by Western blot (c). The data are

the averages from three independent experiments

FIG. 3 Silencing of mTOR inhibits cell growth and induces cell-cycle

arrest and apoptosis in CRC cells. a The antiproliferative effect was

measured by MTT assay. *P \ .05 and **P \ .01 for siRNAmTOR

compared with the negative control (NC). b The cell viability was

measured by acridine orange staining and examined by fluorescence

inverted microscopy (4009). Silencing of mTOR produced a dramatic

alteration in cell structure with shrunken cells and intense yellow

staining of nuclei (arrows, 4009). *P \ .01 for siRNAmTOR compared

with the mock control. c HCT116 and SW480 cell-cycle distribution

was measured by flow cytometry. *P \ .01 vs mock group. d HCT116

cells stained with annexin V-FITC conjugate with PI were examined by

fluorescence inverted microscopy (4009). Apoptotic cells were

defined as cells showing turnover of phosphatidylserine in the

cytomembrane (stained with green), and nuclear fragmentation

(stained with red) and counted using flow cytometry. *P \ .01 versus

mock group. e PARP proteolysis was determined using Western blot
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growth through mechanisms that include increased apop-

tosis, which suggests that simultaneous inhibition of both

mTOR complexes, mTORC1 and mTORC2, unlike

rapamycin, can trigger apoptosis. These observations may

provide a novel strategy to overcome the rapamycin-

resistant phenotype of certain CRCs. Consistent with the
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inhibition of CRC, other studies have noted inhibition of

mantle cell lymphoma, esophageal squamous cell carci-

noma, and prostate cancer proliferation in vitro or in vivo

after mTOR siRNA treatment.30–32 Together, these find-

ings would support the specific targeting of mTOR in the

treatment of certain cancers.
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FIG. 4 Suppression of established tumor growth in nude mice by

siRNAmTOR. a The data of tumor volume. Compared with mock

group, *P \ .05, **P \ .01. Representative photographs of a mouse in

each HCT116 xenograft group 10 days later are shown. b Represen-

tative expression patterns of p-mTORSer2448, p-p70s6KThr389, and
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the mock group, *P \ .01. d Representative microscopic fields with
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Compared with the mock group, *P \ .01
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To further determine the potential efficacy of this RNAi

approach in CRC treatment, we used a more clinically

relevant CRC xenograft model. To provide more specific

uptake in cancer cells in vivo, in vivo-jetPE, an effective

nucleic acid delivery agent described by others,33–35 was

used to achieve siRNA transfection in vivo. Furthermore,

in order to enhance both the stability and silencing lon-

gevity of siRNA while improving its potency and

decreasing cellular toxicity, the RNA oligonucleotides

(both siRNAmTOR and nontargeting sequence) used in the

in vivo study were chemically modified with 20-0 methyl

groups.36,37 We showed that multiple-center intratumor

injections of siRNAmTOR complexed with in vivo-jetPEI

significantly suppressed tumor growth, induced apoptosis,

and inhibited expression of mTOR and the phosphorylation

of its major downstream effectors, p70S6 K and 4EBP1.

These findings lend credence to the theory that therapies

targeting mTOR may be useful in the armamentarium of

agents to suppress cancer growth. These findings do not

address other issues related to potential mechanisms of

action. For example, the effects of siRNAmTOR may be

related to the direct regulation of other apoptosis or cell-

cycle-related genes. Further studies are needed to address

these possible effects. It is also necessary to test the

silencing effect of stable transfection of siRNAmTOR with

other inducible RNAi vectors (such as lentiviral), which are

more relevant from a clinical standpoint.32

In light of the present data considered in the context of

previous findings, we can hypothesize that mTOR signal-

ing activation is associated with the clinical pathological

parameters of human CRC; furthermore, RNAi directed

against mTOR may suppress proliferation and provide a

novel therapeutic strategy for certain CRCs.
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