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ShRNA-mediated gene silencing of heat shock protein 70
inhibits human colon cancer growth
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Abstract. Heat shock protein 70 (HSP70), a chaperone
involved in tumor progression, is overexpressed in various
human tumors. However, its role in colon cancer progression
is not completely understood. In the present study, two sShRNA
plasmid vectors against HSP70 were constructed and stably
transfected into the colon cancer cell line HT29 to determine
the effect of HSP70 on cell proliferation, cell cycle distribu-
tion and cell apoptosis in HT29 cells in vitro, and its effect on
xenograft tumor growth and apoptosis in vivo. Cell prolifera-
tion was determined using MTT assay. The results revealed
that HSP70 silencing efficiently inhibited the growth of HT29
cells in culture, induced cell cycle arrest at the G1 phase, and
significantly increased apoptosis. Moreover, stable clones
from the HSP70 shRNA-2 vector suppressed xenograft tumor
growth and enhanced apoptosis in vivo compared with a
mock and vector control group. In conclusion, specific HSP70
shRNA silencing may inhibit colon cancer growth, indicating
that HSP70 silencing is a potential therapeutic strategy for the
treatment of colon cancer.

Introduction

Colorectal carcinoma (CRC) is one of the most common
malignant diseases in China. The incidence of colon cancer
has been on the increase, becoming a major threat to public
health. CRC is the third most frequently diagnosed cancer in
the USA. In 2005, an estimated 105,950 new cases of colon
cancer occurred. During the same year, an estimated 55,290
individuals succumbed to CRC (1). Therefore, it is vital that
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early detection and treatment be improved, particularly the
efficacy of treatment to reduce mortality and extend the lives
of patients.

Heat shock proteins (HSP), which are stress proteins
acting as molecular chaperones, are generally induced by
various environmental and pathophysiological stimuli (2).
The protective function of HSP70 is related to its ability
to promote folding of nascent polypeptides and to remove
denatured proteins (3). However, HSP70 facilitates cancer
cell survival and growth in various human tumor cells by
inhibiting apoptosis and promoting proliferation (4,5). The
specific expression of HSP70 acting as an anti-apoptotic chap-
erone protein is commonly higher in cancer cells including
breast, colon (6), ovarian (6) and pancreatic cancers (7). An
elevated expression of HSP70 correlates with increased tumor
cell proliferation, invasion, migration and poor prognosis.
Therefore, HSP70 has been proposed as a putative target for
cancer treatment.

RNA interference (RNAI), a genetic interference pheno-
menon that involves the post-transcriptional gene silencing
mechanism, effectively suppresses the expression of a
particular gene through the introduction of short interfering
RNAs (8). However, the effect of down-regulated HSP70
expression by RNAi on colon cancer growth in vitro and
in vivo has yet to be examined.

In this study, two shRNA plasmid vectors against HSP70
were constructed and transfected into the colon cancer cell
line HT29 using RNAI technology, which persistently gener-
ated siRNA inside cells. Its effect on cell proliferation, cell
cycle distribution and cell apoptosis in vitro as well as xeno-
graft tumor growth and apoptosis in vivo were investigated.

Materials and methods

Construction of HSP70 shRNA-expressing plasmids.
shRNA expression vectors were created with the use of
a pSUPER.puro expression system. We synthesized two
potential HSP70 gene (Genbank accession number:
NM_005345)-specific target sequences (HSP70 shRNA-I:
5'-CACAAGAAGGACATCAGCC-3' and HSP70 shRNA-2:
5-GGCCAACAAGATCACCATC-3"). For the negative
controls, shRNA vectors were created using a scrambled
sequence of the HSP70 target sequences (shRNA vector
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control: 5'-GCGTAGTCAACCACAACCA-3"). Using
NIH BLAST analysis, sequences were confirmed to have
no substantial homology to sequences in other vertebrate
genes. Two annealed oligonucleotides, each encoding one
of the target sequences followed by a 9-bp hairpin sequence
(TTCAAGAGA) were ligated into the Bg/II and Sall sites
of the pSUPER .puro plasmid to create the new recombinant
plasmids, including the H1 RNA polymerase promoter and
selective puromycin-resistant gene.

Cell culture and transfection. Human colon cancer cell
line HT29 was maintained in RPMI-1640 (Gibco, USA),
supplemented with 10% fetal bovine serum (Gibco),
100 u/ml penicillin G, and 100 pg/ml streptomycin (Gibco)
at 37°C in an atmosphere of 5% CO,. Transient transfection
of HSP70 shRNA and the vector control were carried out
using Lipofectamine 2000 (Invitrogen, CA, USA). HT29
cells were trypsinized, plated on 96-well plates at a density
of 1x10* cells/well 1 day prior to transfection and incubated
for 24 h. Transfection was performed according to the manu-
facturer's protocol. Cells were incubated for an additional
24, 48, 72 and 96 h post-transfection. For stable transfection,
transfectants were selected using puromycin (5 pug/ml) for
approximately 1 month.

Immunoblot analyses. Cells from mock (parental HT29
cells), shRNA vector control, HSP70 shRNA-1 and HSP70
shRNA-2 stable clones were lysed with RIPA lysis buffer.
Equal amounts of protein were separated on 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, trans-
ferred to polyvinylidene difluoride membranes (Amersham,
Arlington Heights, IL, USA) by electroblotting and incubated
with the antibodies anti-HSP70 and f-actin, (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). All antibodies were
diluted in Tris-buffered saline and 0.1% (v/v) Tween-20
containing 5% non-fat milk. Membranes were then incubated
with horseradish peroxidase-conjugated secondary antibodies
(Jackson ImmunoResearch, PA, USA). Protein bands were
then developed with enhanced chemiluminescence detection
reagents (Amersham Biosciences, Piscataway, NJ, USA).

Reverse transcription PCR. The relative expression levels of
HSP70 mRNA in the human colon cancer cell line HT29 from
mock, shRNA vector control, HSP70 shRNA-1 and HSP70
shRNA-2 stable clones were determined by reverse tran-
scriptase-polymerase chain reaction (RT-PCR) analysis. The
primers used were 5-ACCAAGCAGACGCAGATCTTC-3'
(sense), and 5-TCGGCCAAGGTGTTGGCGTCC-3' (anti-
sense). Total cellular RNAs were extracted from HT29 cells
using TRIzol™ reagent (Invitrogen) according to the manufac-
turer's protocol. For cDNA synthesis, 4 ug of total RNA of
each sample was used with random hexamer primers and a
SuperScript® RT kit (Invitrogen). DNA was amplified under the
following conditions: denaturation 94°C for 30 sec, annealing
53°C for 30 sec and extension 72°C for 40 sec. HSP70 gene
expression was normalized using reference primers for the
B-actin gene: 5-GGACTTCGAGCAAGAGATGG-3' (sense),
and 5-AGCACTGTGTTGGCGTACAG-3' (antisense). PCR
products were separated in a 1.2% agarose gel and visualized
by ethidium bromide staining.
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Cell cycle distribution assay. Cells from mock, shRNA vector
control and HSP70 shRNA-2 stable clones were harvested
by trypsinization and centrifugation, washed twice with
cold PBS, and fixed with 75% cold ethanol at 4°C overnight.
The fixed cells were collected, washed twice with PBS and
suspended in PBS containing 10 pg/ml propidium iodide (PI)
(Sigma, St. Louis, MO, USA) and 100 pg/ml RNase A. The
cells were then incubated at 4°C for at least 30 min in the dark
to eliminate the intracellular RNA. Cell cycle distribution was
determined using a flow cytometer.

Cell proliferation assay. The mock, shRNA vector control and
HSP70 shRNA-2 stable clones were placed in 96-well plates
at a density of 1x10* cells/well in 100 ul medium, and incu-
bated in a 37°C humidified incubator for attachment. MTT
(Sigma) assay was performed according to the manufacturer's
instructions. Briefly, cells were transfected with HSP70 vector
control and HSP70 shRNA-2 after 24, 48, 72 and 96 h. Then
20 ul of 5 mg/ml MTT dissolved in PBS was added to each
well, and cells were incubated for another 4 h, followed by the
addition of 150 ul dimethyl sulfoxide. The cells were left for
30 min at room temperature for colour development. Optical
density was determined using a 490 nm filter on a microplate
reader (Tecan, Groedig, Austria). The absorbance values were
determined at days 1, 2, 3 and 4 in each group, respectively.
Each assay was performed in triplicate and the experiment
was repeated on at least three separate occasions.

Cell apoptosis detection. The mock, shRNA vector control
and HSP70 shRNA-2 stable clones were trypsinized,
collected, washed and then stained with Annexin V-FITC and
PI (BD Bioscience) for 10 min at 4°C in the dark according
to a standard protocol from BD Bioscience. Apoptotic cells
were determined by flow cytometry (Becton Dickinson
FACScan).

In vivo modeling. The nude mice (4-6 weeks old, 18-22 g
of body weight, Animal Center of the Chinese Science
Academy) were fed on a super-clean biological laminar flow
shelf for 1 week. Mice were then randomly assigned to three
groups (n=5) and each HT29 clone was then inoculated into
the mice. Briefly, 3x10° cells (mock, shRNA vector control
or HSP70 shRNA-2 stable clones) were injected subcutane-
ously in 0.1 ml of Hank's balanced salt solution into the right
flank of each nude mouse. Tumor growth was monitored by
measuring the perpendicular diameters with a caliper every
3 days, and calculating the tumor volume using the formula:
(V) =axb2x0.5,in which a is the smallest and b the largest
superficial diameter. After 3 weeks, the mice bearing the
tumor xenografts were sacrificed and their tumor tissues were
collected following an institution-approved protocol.

Immunohistochemistry staining. Mouse xenograft tumor
tissues were harvested at the end of treatment, fixed in
10% neutral-buffered formalin, processed in paraffin and
sectioned at 5 pm. Tissue sections were then subjected to
immunohistochemical staining with antibodies against
proliferating cell nuclear antigen (PCNA) according to the
avidin-biotin complex procedure provided by the manufac-
turer (Vector).
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Figure 1. Stable silencing of HSP70 gene in HT29 cells. The pSUPER.puro plasmids containing two different HSP70 shRNA sequences were transfected
into HT29 cells. Mock, parental cells; vector control, transfected with empty vector. Stable clones were selected in puromycin-containing medium. (A) The
efficiency of HSP70 gene silencing was confirmed at mRNA levels by RT-PCR and (C) the protein levels by Western blot assays. (B and D) The optical
density values of the corresponding bands were quantified by IPP 6.0 software (Media Cybernetics), as shown on the lower panel, and 3-actin was used as an

internal control.

Terminal deoxynucleotidyl transferase-mediated dutp nick
end-labeling (TUNEL) assay. Formalin-fixed sections of tumor
tissue (5 uM) were collected from the mock, shRNA vector
control and HSP70 shRNA-2 stable clone groups. The servers
were then deparaffinized in xylene and hydrated in graded
ethanol. The apoptotic cells were identified using a Cell Death
Detection kit (Keygen, China) according to the manufacturer's
instructions. Briefly, sections were incubated with 15 g/ml
proteinase K for 15 min at room temperature and washed with
phosphate-buffered salinen (PBS). Endogenous peroxidase was
inactivated by 3% H,O, for 5 min at room temperature and then
washed with PBS. Sections were immersed in terminal deoxynu-
cleotidyl transferase (TdT) buffer containing deoxynucleotidyl
transferase and biotinylated dUTP in TdT buffer, incubated in
a humidified atmosphere at 37°C for 90 min, and then washed
with PBS. The sections were incubated at room temperature for
30 min with anti-horseradish peroxidase-conjugated antibody,
the signals were visualized with diaminobenzidine, and hema-
toxylin was used as a counterstain. We examined 4-5 random,
x400 fields, from four slides per group.

Statistical analysis. The results were expressed as the
mean + SD. The data were treated by ANOVA to determine
statistically significant differences. P<0.05 was considered to
be statistically significant. Statistical analysis was performed
using SPSS 13.0 software.

Results
HSP70 knockdown by shRNA-expressing vector. Two

different siRNA sequences, as described in Materials and
methods, were used to knockdown HSP70 gene expres-

sion in HT29 cells. HSP70 shRNA-1 and HSP70 shRNA-2
markedly reduced HSP70 expression at both mRNA and
protein levels compared to that of the mock and shRNA
vector control groups. The inhibition rate of HSP70
shRNA-1 and HSP70 shRNA-2 were 34.4, 91 and 34, 90%,
respectively in HT29 cells compared with the mock and
vector control groups at mRNA levels (Fig. 1A and B), and
the inhibition rate of HSP70 shRNA-1 and HSP70 shRNA-2
was 62.4, 97.2 and 32.5, 57.3%, respectively, in HT29 cells
compared with the mock and vector control group at protein
levels (Fig. 1C and D). However, shRNA-2 caused a marked
reduction of HSP70 gene expression when compared to
shRNA-1, reflecting a sequence-specific effect of siRNA (9).
Taken together, these results indicated that HSP70 was
overexpressed in human colon cancer cells, and transfection
of the HT29 cells with the HSP70 shRNA plasmid strongly
inhibited the expression of HSP70 in the cells.

Effect of HSP70 shRNA on cell proliferation. The HSP70
shRNA-2 stable clone was mainly used for further analysis
due to its more marked reduction of HSP70 gene expression
compared to shRNA-1, as mentioned above. HT29 cells were
transfected with shRNA vector control or HSP70 shRNA-2
groups. Cell proliferation was examined by MTT assay for 1,
2, 3 and 4 days in each group, respectively. Results from the
MTT assay indicated that relative cell proliferation in mock
and shRNA vector control groups were gradually increased
from day 1 (1+0.06 and 0.98+0.09) to day 4 (2.40+0.087 and
2.38+0.045) in a time-dependent manner, but remained rela-
tively unchanged in cells transfected with HSP70 shRNA-2
(0.99+0.074). The statistical analysis revealed that the plasmid
HSP70 shRNA-2 had significant inhibitive effects on the prolif-
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Table I. Cell cycle detected by flow cytometry (%).
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Cell GO/G1 fraction S fraction G2/M fraction S + G2/M

Mock 60.98+2.05 19.67+0.94 19.35£2.98 39.02+2.05
Vector control 63.38+1.74 16.70+0.99 19.92+2.19 36.62+1.74
Hsp70 shRNA-2 79.19+£2.10 10.93+1.20 9.88+2.43 20.81+2.1%0

Cell cycle detected by flow cytometry. The G2 + S phase fraction of the HSP70 shRNA -2 group was the lowest compared with the mock
and vector control groups. This result was consistent with that of the MTT assay. Data are expressed as the mean + SD of three experiments.

"P<0.001 vs. mock, °P<0.001 vs. vector control group (ANOVA).
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Figure 2. Effects on cell viability post-transfected with or without HSP70
shRNA. Mock, parental cells, vector control, transfected with empty vector
and HSP70 shRNA-2 group. Cell viability was assessed using MTT to calcu-
late the cell viability change (fold of control). Data are expressed as the mean
+ SD, and “P<0.01 and ""P<0.001 (ANOVA).
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Figure 3. HT29 cells were stably transfected with the vector control and
HSP70 shRNA-2 construct. The percentage of apoptotic cells was measured
using FITC-conjugated Annexin V antibody/PI staining by flow cytometry.
Data are expressed as the mean + SD “P< 0.01 (ANOVA).

eration of HT29 cells compared with the mock and shRNA
vector control groups, whereas the shRNA vector control group
exhibited no significant inhibitive effect on cell proliferation
compared to the mock group (Fig. 2).

Effect of HSP70 shRNA on cell cycle distribution and apop-
tosis in vitro. To investigate the effects of HSP70 shRNA on
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Figure 4. Effects of HSP70 shRNA-2 on colon cancer xenograft growth
in vivo. (A) Tumor appearances in different groups. Mock (left panel), vector
control group (middle panel), and HSP70 shRNA-2 group (right panel). The
HSP70 shRNA-2 group tumor was significantly smaller than those in the two
control groups. (B) Growth curves of different groups. The volume (mm?) of
tumors was monitored and recorded. Data are expressed as the mean + SD
“P<0.01 and “"P<0.001 vs. vector control group (ANOVA).

the cell cycle, GO/GI1, S and G2/M phase cells were detected
by flow cytometry. HT29 cells were stably transfected
with shRNA vector control or HSP70 shRNA-2 plasmid;
cell proliferation was then detected by flow cytometry. In
comparison to the mock and shRNA vector control groups,
the shRNA-2 group exhibited cell accumulation in the GO/
G1 phase and reduction in the S and G2/M phases. The total
S phase plus G2 phase fraction was greater than the mock and
vector control groups. No statistically significant difference
was observed between the mock and shRNA vector control
groups (Table I). Furthermore, to investigate whether HSP70
shRNA-2 transfection increases apoptosis of human colon
cancer cell line HT29, the apoptotic cell death was assessed
using the Annenix V/FITC binding assay. Flow cytometry
analysis also revealed the apoptotic rate of the mock, shRNA
vector control and HSP70 shRNA-2 expressing cells were
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Figure 5. HSP70 shRNA-2 group displayed suppression of colon cancer growth and enhancement of apoptosis in vivo. Paraffin-embedded xenograft tumor
sections in different groups were subjected for H&E staining, immunohistochemical staining with anti-PCNA antibody and TUNEL agent staining. Tumor
sections are shown. Under microscopy, large necrotic tissue was observed in HSP70 shRNA-2 tumors, while mock and vector control groups exhibited fine
necrosis. Dark brown (arrowheads) shows strong positive immunostaining with anti-PCNA antibody. TUNEL-positive cells (apoptotic cells) are stained
brown (arrows). There were more apoptotic cells in the samples from the HSP70 shRNA-2 group than in the mock and vector control groups.

12.17+£2.25, 15+2.65, and 44.67+4.5%, respectively. The statis-
tical analysis revealed a significant cell apoptotic increase
in the HSP70 shRNA-2 group, compared to the mock and
shRNA vector control groups. However, the apoptotic rates in
the shRNA vector control-expressing cells were not signifi-
cantly different from those in the mock group (Fig. 3).

Effect of HSP70 shRNA on colon cancer growth in vivo.
To examine the effect of HSP70 silencing on tumor growth
in vivo, we established xenografts in nude mice with the mock,
shRNA vector control or HSP70 shRNA-2 stable clones.
Tumor size was monitored every 2 days with a caliper. Growth
of the xenografts derived from the shRNA vector control was
similar to that in the mock group. However, the xenograft
tumor volumes derived from the mock and shRNA vector
control groups were markedly increased on day 7 following
tumor cell inoculation as compared with the HSP70 shRNA-2
group, indicating that HSP70 silencing led to growth inhibi-
tion of the HT29 tumor cells in vivo (Fig. 4A and B).

HSP70 silencing inhibits cell proliferation and induces cell
apoptosis. Hematoxylin and eosin (H&E) staining carried
out on formalin-fixed and paraffin-embedded tumor sections
revealed that HSP70 shRNA-2 tumors were pale, with a
large necrotic center (upper panel in Fig. 5). Tumor sections
were subjected to immunohistochemical analysis of cellular
markers for cell proliferation. Immunosignals for PCNA,

a well-defined cell proliferation marker, were markedly
reduced in HSP70 shRNA-2-derived tumors compared to
the mock and vector control groups (middle panel in Fig. 5).
Additionally, tumor sections were stained with the TUNEL
agent to examine apoptotic cells. A small number of apoptotic
cells were detected in tumors in the mock and vector control
group, whereas a greater number of apoptotic cells were
detected in the HSP70 shRNA-2 group (lower panel in Fig. 5).

Discussion

Numerous types of heat shock proteins are involved in the
development of human colon cancer, including HSPs 10,
27, 70, 90 and 110 (10-13), of which HSP70 has attracted a
great deal of attention as an anti-apoptotic chaperone protein.
Numerous studies have revealed that the higher levels of
HSP70 are associated with resistance to apoptosis, enhance-
ment of cell growth and tumor development (5-7,14).

Since HSP70 is crucial for the progression of various
human tumors, HSP70 siRNA may become an effective
therapeutic strategy for cancer. At present, various methods
(3,15,16) of targeting the HSP70 gene are available, such
as indirect inactivation of HSP70 by inhibitors, and direct
blocking of the functions of HSP70 by antisense oligo-
nucleotides and RNAi. The latter is a potent tool in silencing
specific genes in tumors due to its high performance, speci-
ficity, convenient manipulation and low toxicity.
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In the present study, human HSP70-specific shRNAs
were designed as 64-mers containing a hairpin-loop flanked
by HSP70 siRNAs and cloned into the pSUPER .puro vector.
We selected a single clone in each group using 5 ug/ml puro-
mycin approximately 1 month after transfection with HSP70
shRNAs (HSP70 shRNA-1 and shRNA-2). Results from
RT-PCR and Western blotting showed that HSP70 mRNA
and protein expression to be markedly down-regulated, subse-
quently resulting in cell viability decrease, cell cycle arrest
and a cell apoptosis increase in vitro compared with the mock
and vector control groups, indicating that HSP70 shRNA
exhibited anti-proliferative and pro-apoptotic functions.

In addition, we observed that HT29 cells stably transfected
with HSP70 siRNA grew slowly in nude mice as compared
with the mock and vector control groups. These results were
partially supported by a recent report that HSP70 depletion
eradicated hepatocellular carcinoma (17), gastric cancer (3),
cervical cancer (18) and bladder carcinoma (19) in mouse
xenograft models. In the current study, the results from H&E
staining, anti-PCNA immunohistochemical staining and the
TUNEL assay obtained from these mice were consistent
with in vitro results in HT29 cell lines, indicating that HSP70
shRNA possessed growth-inhibitory and apoptosis-enhancing
effects on xenograft tumors in mice. It should be noted that
this study has only focused on HSP70 silencing effects on
cancer cell growth in vitro and in vivo. However, a variety
of mechanisms, including the regulation of proliferation
and apoptosis of closely related signal molecules could not
be investigated. Therefore, further studies are required to
examine the molecular mechanisms involved in HSP70 in
cancer progression.

In conclusion, our experiments revealed that shRNA
targeted against HSP70 was able to specifically mediate the
HSP70 gene silencing, whose effect efficiently inhibited the
growth of colon cancer cell line HT29 in vitro and in vivo.
shRNA interference has potential as a treatment modality in
human colon cancer.
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