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Abstract
The 25-kDa heat shock protein (Hsp25) is associated with various malignancies and is expressed at
high levels in biopsies as well as circulating in the serum of breast cancer patients. In this study, we
used RNA interference technology to silence the hsp25 gene in 4T1 breast adenocarcinoma cells,
known as a poorly immunogenic, highly metastatic cell line. We demonstrate that transfection of
4T1 cells with short interference RNA-Hsp25 dramatically inhibits proliferation as compared with
control transfected cells. In addition, we show that 4T1 cells transfected with short interference RNA-
Hsp25 abrogates tumor migration potential by a mechanism that is in part due to the repression of
matrix metalloproteinase 9 expression and a concomitant upregulation of its antagonist, tissue
inhibitor metalloproteinase 1. Taken together, these findings provide a model system for the study
of metastatic potential of tumors and are suggestive of an earlier unrecognized role for Hsp25 in
tumor migration.
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Introduction
The incidence of female breast cancer has continued to rise since 1986 [1]. In the United States,
an estimated 215,900 new cases of invasive breast cancer were expected to occur in women in
the year 2004. The 5-year relative survival rate for localized breast cancer (cancer that has not
spread to lymph nodes or other locations outside the breast) has increased from 72% in the
1940s to 97% today. However, the survival rate is lower (79%) in patients with regional spread,

Dr. Alexzander Asea, Division of Investigative Pathology, Scott & White Clinic and The Texas A&M University System Health Science
Center, College of Medicine, 2401 South 31st Street, Temple, TX 76508 (USA), Tel. +1 254 743 0201, Fax +1 254 743 0247, E-Mail
aasea@swmail.sw.org.

NIH Public Access
Author Manuscript
Tumour Biol. Author manuscript; available in PMC 2007 January 5.

Published in final edited form as:
Tumour Biol. 2006 ; 27(1): 17–26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



while for women with distant metastases, the rate is 23% [1]. In this ultimate stage of malignant
transformation, the tumors become resistant to most therapies, and the disease is almost
incurable. Therefore, therapeutic interventions designed to inhibit metastatic spread of cancer
cells are critical.

Organs are protected and sustained by several types of tissue barriers like the basement
membrane, the extracellular matrix and interstitial connective tissue. For metastasis to be
successful, these barriers have to be crossed by tumor cells that have been released from a
primary tumor. These are the first steps for the progression of metastasis, involving a
proteolytic breakdown. Several enzymes are involved in these processes and studies have
shown that metalloproteinases are required to invade tissues, enter the bloodstream and
metastasize to other organs [2]. Matrix metalloproteinases (MMP) together with membrane-
type MMP and serine proteases are the major enzymes responsible for extracellular matrix
degradation [for a review, see 3]. Recent studies have shown that a high tumorigenicity
potential in a murine breast cancer model is characterized by a high secretion of MMP together
with IL-6 and monocyte chemoattractan protein 1, whereas in cells with a low tumorigenicity
potential, the secretion of these factors was significantly lower [4]. The studies done by the
group of Saiki [5] further demonstrate the association of MMP-9 with the progression of breast
cancer. When mice were given vanillin orally, the number of metastases to the lungs after
inoculation of 4T1 cells was significantly reduced and it was demonstrated that vanillin inhibits
the production of MMP-9.

The inhibition of apoptosis and the resistance to chemotherapeutic agents have an impact on
tumor progression, metastasis and therapy outcome [1]. Small heat shock protein (Hsp)
expression is essential to protect differentiating cells against apoptosis [6]. The 25-kDa Hsp
(Hsp25) belongs to the family of small Hsp and is the murine homologue of human Hsp27.
This protein is ubiquitously expressed and has been implicated in various biological functions.
In contrast to large Hsp, Hsp25/27 act through ATP-independent mechanisms, and in vivo,
they act in concert with other chaperones by creating a reservoir of misfolded proteins [3].
Activation of the heat shock-responsive element on the hsp25/27 gene results in biological
functions associated with cytoprotection from a variety of stressful stimuli. The upregulation
of intracellular Hsp25/27 protects cells from tumor necrosis factor-alpha-mediated apoptosis
by a mechanism that involves the downregulation of reactive oxygen species [4-6]. Hsp25/
Hsp27 has been shown to be associated with estrogen-responsive malignancies and is expressed
at high levels in biopsies, as well as circulating in the serum of breast cancer patients [7-9].
Murine breast carcinoma 4T1 is a 6-thioguanine-resistant cell line selected from the 410.4
tumor without mutagen treatment. When injected into BALB/c mice, 4T1 spontaneously
produces highly metastatic tumors that can metastasize to the lung, liver, lymph nodes and
brain, while the primary tumor is growing in situ [10]. The primary tumor does not have to be
removed to induce metastatic growth. The tumor growth and metastatic spread of 4T1 cells in
BALB/c mice very closely mimic human breast cancer [11]. In our previous work, we have
shown that a percentage of 4T1 cells express Hsp25 on their surface, and this particular
phenotype increases their metastatic potential [12] .

Since Hsp25 has been shown to be highly expressed in biopsies of breast cancer patients [13]
and has been implicated as a regulator of metastasis [12], we hypothesize that silencing the
hsp25 gene in our murine breast cancer model would inhibit cell migration. Recent studies
have shown that RNA interference (RNAi) can be used to study the function of different genes
and their role on the formation of metastasis in breast cancer [14]. RNAi is a form of post-
transcriptional control in which the introduction of a double-stranded RNA (dsRNA) into a
cell leads to the homology-dependent degradation of its cognate mRNA [15]. In mammalian
cells, short dsRNA (21-23 mer) is specific and is referred as short interference RNA (siRNA).
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The siRNAs then hybridize into their cognate mRNA which induce specific degradation of the
target mRNA [16] .

In this study, we demonstrate that silencing the hsp25 gene of the highly metastatic 4T1 breast
adenocarcinoma cell line suppresses proliferation and cell migration. Further, we show for the
first time that silencing of the hsp25 gene downregulates MMP-9 and concomitantly
upregulates tissue inhibitor of metalloproteinase 1 (TIMP-1), a known MMP-9 antagonist.

Materials and Methods
Cell Lines and Culture Conditions

Murine breast carcinoma 4T1 cells were a gift from Dr. Christopher Nicchitta, Duke University
Medical Center, Durham, N.C., USA. 4T1 cells were maintained in Dulbecco’s modified Eagle
media (Invitrogen, Carlsbad, Calif., USA) containing 2 mM L -glutamine and adjusted to
contain 1.5 g/l sodium bicarbonate, 4.5 g/l glucose, 10 mM HEPES, 1.0 mM sodium pyruvate
and 10% fetal bovine serum at 37 °C in a humidified incubator with 5% CO2 atmosphere. Cells
were grown at an exponential growth rate and harvested using 0.1% trypsin-EDTA when
cultures are approximately 80% confluent. Cells were passaged only 5-8 times before fresh
cells were used.

hsp25 Gene Silencing Using siRNA
hsp25 gene silencing was achieved by using a vector-based system to produce hairpin RNA.
The criteria that were used to silence the hsp25 gene have previously been established [16].
To design the siRNA duplexes, a search for the 23-nucleotide motif with AA(N19)TT was
performed in which the target sites were selected from a gene sequence beginning at 50-100
nucleotides downstream of the start codon. Hits with approximately 50% G/C content were
selected and anti-sense RNA was synthesized as the complement to position 1-21 of the 23-
nucleotide motif. Finally, symmetric 3′-overhangs that help to ensure that siRNPs are formed
with approximately equal ratios of sense and anti-sense target RNA-cleaving siRNPs. The 21-
base pair product, siRNA-Hsp25, was cloned into the pSuper vector (Oligoengine, Seattle,
Wash., USA) under the restriction of Bgl II and Hin d III (fig. 1). This construct was then
cotransfected with a green fluorescent protein (GFP) plasmid into the 4T1 tumor cell line.

Splicing of the hairpin results in 21-mer-long dsRNA. pSuper vector was used to introduce a
64-base oligomer to form the hairpin with a Hsp25-specific sequence. A chemically
synthesized 21-mer nucleotide DNA to silence the hsp25 gene was used and cloned into the
pSuper vector-based silencing (Oligoengine). The primers were designed using web-based
proprietary software from Oligoengine, and three 21-mer gene sequences were selected,
predicting the successful silencing of the hsp25 gene. The sequence used in this study was
Hsp25 sequence 5′-AGCCCGAGCTGGGAACCATT-3′ (GenBank Accession No. LO7577).
This 21-base was synthesized with defined sequences to provide two restriction sites (Bgl II
and Hin d III) and, on transcription, form a hairpin, in order to initiate gene silencing. The total
length of the primer is 64 mer including the specific sequences of Hsp25. A complementary
oligonucleotide was also synthesized from Oligoengine. The primers were incubated in
annealing buffer (100 mM potassium acetate, 30 mM HEPES-KOH, pH 7.4, 2 mM magnesium
acetate) at 95 °C for 5 min and incubated overnight at room temperature. After digesting
double-stranded oligo and pSuper vector with Hin d III and Bgl II restriction enzymes, primers
were annealed and cloned into the pSuper vector. Positive clones were sequenced.

Transfection and Cell Sorting
4T1 cells were transfected with pSuper-Hsp25 and GFPplasmid using the lipid transfection
reagent Effectene according to the manufacturer’s instructions (Qiagen, Valencia, Calif.,
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USA). Briefly, 3 × 105 exponentially growing cells were seeded in 60-mm tissue culture plates
and a mixture of 1μg GFPplasmid DNA and 1μg pSuper-Hsp25 plasmid in Effectene was added
to the cells and incubated for 18 h at 37 °C. After 48 h, cells were harvested and immediately
sorted into GFP-positive and -negative subpopulations using a MoFlow cytometer
(Dakocytomation, Carpinteria, Calif., USA). Individual cells were gated on the basis of forward
scatter (FSC) and orthogonal scatter (SSC). The photomultiplier (PMT) for GFP (FL1-height)
was set on a logarithmic scale. Cell debris was excluded by raising the FSC-height PMT
threshold. The flow rate was adjusted to × 200 cells/s and at least 105 cells were sorted for each
sample group.

Western Blot Analysis
Following various treatment protocols, cells were lyzed using RIPA buffer containing
appropriate protease inhibitors, and the protein concentration was determined using the
Bradford method (Bio-Rad, Hercules, Calif., USA) with a DU-650 spectrophotometer
(Beckman Coulter). Samples were run in a 12% SDS-PAGE gel and transferred onto a
nitrocellulose membrane. The membrane was blocked for 1 h at 4 °C with Tween 20-Tris-
buffered saline (T-TBS) containing 5% milk, and the membrane was probed with primary
antibodies against Hsp72 (StressGen Biotechnologies), 70-kDa heat shock cognate protein
(Hsc70; StressGen Biotechnologies), Hsp25 (kind gift of Daniel Ciocca, Mendoza, Argentina),
MMP-9 (Chemicon International) and TIMP-1 (Chemicon International). Antibodies against
β-actin (Sigma-Aldrich, St. Louis, Mo., USA) were used as loading controls where indicated.
Antibodies were diluted in T-TBS containing 5% milk. After 1 h of incubation at room
temperature, the membrane was washed in T-TBS three times. Corresponding horseradish
peroxidase-conjugated IgG secondary antibodies (Sigma-Aldrich) were added, and the
membrane was incubated for 30 min at room temperature. After additional washes, proteins
were visualized using enhanced chemiluminescence (Amersham, Little Chalfont, UK).

Formazan Formation Assay
To measure cell proliferation, 4T1 cells were seeded at 1,000 cells/well and allowed to attach
for 18 h and treated with 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt (MTS) and an electron coupling reagent (phenazine
ethosulfate) for 4 h. The conversion of the tetrazolium salt MTS to a colored formazan by
mitochondrial dehydrogenases is a marker of cell viability. The color development was
measured spectrophotometrically at 490 nm using a Benchmark plus plate reader from Bio-
Rad (Bio-Rad, San Diego, Calif., USA) with Microplate Manager Software for analysis.

DNA Content and Cell Cycle Analysis
Freshly sorted 4T1 cells (105) transfected with GFPplasmid or siRNA-Hsp25 cells were fixed
in 80% ethanol and incubated with 10μg/ml propidium iodide plus 50μg/ml RNAse A. Cells
were incubated for 1 h at 37 °C to remove interference from RNA. DNA content and cell cycle
were performed using flow cytometric analysis. Briefly, samples were analyzed on a FACScan
with a CellQuest software program (Becton Dickinson, Mountain View, Calif., USA).
Individual nuclei were gated on the basis of FSC and SSC. The PMT for FL2-width/area was
set on a linear scale. Cell debris was excluded by raising the FSC-height PMT threshold. The
flow rate was adjusted to × 200 cells/s and at least 30,000 nuclei were analyzed for each sample.

Migration Assays
Cell migration was measured using the Matrigel invasion chambers (BD Biocoat Cellware,
San Jose, Calif., USA) according to the manufacturer’s instructions. Briefly, conditioned
medium was placed in the lower chamber as a chemoattractant. Single-cell suspensions were
placed on the upper chamber. Twenty-two hours later, cells that had not penetrated the filter
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were washed off and the membrane stained with 0.5% crystal violet, mounted on a microscope
slide, visualized and photographed. Fifteen different fields were visualized using a light
microscope at 10 × magnification.

Immunofluorescence Microscopy
After cell sorting, 4T1 breast adenocarcinoma cells (104) were seeded onto Falcon culture
slides (BD Labware, Franklin Lakes, N.J., USA) for 24 h. Slides were then washed to remove
non-adherent cells with ice-cold PBS and were simultaneously fixed, permeabilized using the
Cytofix/CytopermTM kit (BD Biosciences, San Diego, Calif., USA) according to the
manufacturer’s instructions and counter-stained with anti-Hsp25, and isotype-matched Texas
red secondary antibody was added and incubated for 30 min in cold and dark. After washing,
DAPI was added at a ratio of 1:2,000, incubated for 10 min, and then one drop of mounting
media (Vector, Burlingame, Calif., USA) was placed onto the glass slide before the cover slip
was sealed with nail polish.

Statistical Analysis
The data were analyzed using a two-tailed t test after applying ANOVA. Differences were
considered significant with p < 0.05.

Results
Inhibition of Hsp25 Expression in 4T1 Breast Adenocarcinoma Cells Using siRNA
Technology

To determine if we could successfully silence the hsp25 gene in a cell system, 4T1 cells were
transfected with siRNA-Hsp25 and sorted into GFP-positive (siRNA-Hsp25) and GFP-
negative (GFPplasmid) subpopulations (fig. 2). Immunofluorescent microscopy revealed that
sorted 4T1 cells transfected with siRNA-Hsp25 (GFP-positive cells) did not express significant
amounts of Hsp25 as compared with 4T1 cells transfected with plasmid (GFP-negative cells).
The transfection efficiency was consistently between 22 and 28% (fig. 2).

These results were confirmed by Western blot analysis, which demonstrated that silencing the
hsp25 gene in 4T1 cells using siRNA-Hsp25 resulted in significant inhibition of Hsp25
expression (p < 0.05) (fig. 3). However, the expression of the constitutively expressed Hsp70
(Hsc70) was not affected by siRNA-Hsp25 (fig. 3). Hsp25 is a stress-inducible gene that is
turned on in response to stress [7]. We demonstrated that at both ambient temperature (37 °C)
and in response to non-lethal heat shock treatment (43 °C, 30 min), there was no significant
up-regulation in total Hsp25 expression (fig. 4). 4T1 cells transfected with plasmid effectively
upregulated Hsp25 expression in response to non-lethal heat shock treatment.

Effect of Silencing the hsp25 Gene on 4T1 Breast Adenocarcinoma Cell Proliferation and Cell
Cycle Progression

An important characteristic of tumors is their high proliferation rate. We demonstrated that
siRNA-Hsp25 significantly inhibited proliferation of 4T1 cells as compared with plasmid
control or wild-type 4T1 cells (fig. 5). Since silencing the hsp25 gene results in the inhibition
of proliferation, it might be assumed that overexpression of Hsp25 would result in enhanced
proliferation. As expected, 4T1 cells transfected with Hsp25Neo resulted in the overexpression
of Hsp25 and enhanced proliferation, as compared with vector only (pLXSN) (fig. 5).

To examine the specific phase of the cell cycle that silencing the hsp25 gene affects, DNA
content of transfected 4T1 cells was measured using flow cytometry. Silencing the hsp25 gene
resulted in significant changes in the G0/G1 (57-29%) and G2/M (19-47%) phase, whereas the
S phase was not significantly affected (21-22%), as compared with GFPplasmid (fig. 6). 4T1
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cells transfected with Hsp25Neo exhibited significant changes in the G0/G1 phase (50-66%)
and the S phase (23-2%), whereas the G2/M phase was not significantly affected (22-25%), as
compared with pLXSN plasmid (p < 0.05) (fig. 6). Taken together, these results demonstrate
that silencing the hsp25 gene in 4T1 cells inhibits proliferation and induces cell cycle arrest at
G2/M.

Effect of Silencing the hsp25 Gene on 4T1 Breast Adenocarcinoma Cell Migration
Metastasis of tumors is the primary cause of death for solid tumors [8]. To date, the clinical
significance of micrometastasis is incompletely understood for most tumor types [8].
Therefore, inhibition of metastasis is an important step in fighting the disease. We demonstrated
that siRNA-Hsp25 treatment of 4T1 cells drastically inhibited migration as judged by the cell
invasion assay, as compared with 4T1 cells transfected with GFPplasmid (fig. 7 a, b). In
confirmation of the proliferation data, 4T1 cells transfected with Hsp25Neo migrated
significantly more than either GFPplasmid or siRNA-Hsp25 (p < 0.05) (fig. 7 a, b). Taken
together, these results demonstrate that silencing the hsp25 gene in 4T1 cells eliminates
migration.

Effect of Silencing hsp25 Gene on MMP-9 and TIMP-1 Expression
To understand the Hsp25-dependent mechanisms of 4T1 cell migration, we downregulated the
Hsp25 protein level in cells by siRNA-mediated gene silencing and determined the MMP-9
protein level. We hypothesized that MMP-9 could be affected, since it has been previously
reported as a protein involved in the progression of breast cancer. Western blot analysis
demonstrated that silencing Hsp25 downregulates the expression of MMP-9 (fig. 8).
Interestingly, the expression of TIMP-1, a known MMP-9 antagonist, was upregulated.

Discussion
Our experiments indicate that silencing the hsp25 gene has a profound effect on 4T1 breast
adenocarcinoma tumors by decreasing cell proliferation and inhibiting cell migration by a
mechanism that is dependent on the inhibition of MMP-9, a molecule previously shown to be
involved in tumor migration and adhesion. The spread of breast cancer from its primary site
to lymph nodes and distant organs continues to be the most important problem in the field of
cancer treatment and therapy. Patients who present with metastatic disease at diagnosis or those
who develop metastases after successful management of the primary tumor have a poor
prognosis. Therefore, a better understanding of the mechanisms that govern tumor metastasis
is necessary. In this study, we use RNAi technology to silence the hsp25 gene in 4T1 breast
adeno-carcinoma cells. We used the difference in GFP intensity to differentiate between cells
that have taken up both plasmids containing siRNA-Hsp25 and those without (fig. 2). The
possibility exists that high concentrations of GFP might cause a mild degree of cellular injury
that might result in an increase in Hsp25 levels. However, this is not the case using the
conditions and concentrations we employed in these experiments. We clearly demonstrate
reduced (not elevated) levels of Hsp25 in cells positive for siRNA-Hsp25, which exhibit a high
intensity of GFP as compared with siRNA-Hsp25-negative cells which do not express GFP
(fig. 3, 4). In addition, when cells were transfected with GFPplasmid alone using the same agent
and method and sorted on the basis of similar intensity to the GFP siRNA-Hsp25-positive cells
and tested for the expression of Hsp25 or cellular injury, there was no significant increase in
Hsp25 expression (as judged by Western blot analysis) or cellular damage (as judged by the
lactate dehydrogenase release assay) than cells transfected with plasmid only (GFP negative)
(data not shown).

Studies designed to determine the role of Hsp25/27 and Hsp70 during tumor progression [9,
10] and in response to current anti-cancer drugs [11,12] attribute a modest prognostic value of
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Hsp27 in breast cancer and have shown it to be implicated in drug resistance [12]. Several
studies report that enhanced or maintained expression of Hsp27 is an independent and accurate
predictor of poor clinical outcome for individuals with breast [10] or prostate cancer [13].
However, these studies measure total Hsp27 and Hsp70 expression. Studies specifically
designed to measure surface bound/expressed and total Hsp25 and Hsp70 on 4T1 tumors
suggest that tumor development and metastatic spread favor cells that express high levels of
Hsp25 on their plasma surface, while tumors that express Hsp70 on their plasma surface are
sensitive to anti-tumor effector cells [14]. These studies indicate that treatment protocols
designed to increase the surface expression of Hsp70 on tumors and downregulate Hsp27
expression could inhibit tumor growth and eliminate metastasis [14]. This is a very important
distinction because of the dichotomy that has been revealed between intracellular and
extracellular expressed Hsp [for a review, see 15]. Enhanced expression of intracellular Hsp70
has clearly been shown to be anti-inflammatory [16], antiapoptotic [17], induce cell cycle arrest
[18] and protect cells from stressful stimuli [for a review, see 19]. In contrast, enhanced
extracellular expression of Hsp70 either on the surface of tumors or in the extracellular milieu
either enhances natural killer cell-mediated lysis [20] or upregulates antigen presenting cell-
mediated acute-phase responses [21-24]. Thus, it might be expected that Hsp25 would exhibit
a similar differential pattern of activation depending on its cellular location. Contrary to these
predictions, tumor development and metastatic potential of 4T1 breast adenocarcinoma cells
were demonstrated to favor tumors that overexpress high levels of Hsp25 on their plasma
surface, while tumors that express Hsp70 on their plasma surface are sensitive to anti-tumor
effector cells [14]. We hypothesized that therapies which can upregulate Hsp70 surface
expression and concomitantly suppress Hsp25/27 surface expression on tumors might result
in the suppression of tumor growth and abrogate the metastatic potential of the tumors [14] .

Our studies show that the hsp25 gene has an effect on proliferation (fig. 5) and cell cycle arrest
(fig. 6) in 4T1 breast adenocarcinoma cells. In agreement with these studies, others have
demonstrated an increase in tumor growth by L929 murine fibrosarcoma transfected with
plasmids that induces the overexpression of hsp25, when transplanted into nude mice [25].
Lemieux et al. [26] demonstrated that overexpression of hsp27 in the human breast cancer cell
line MDA-MB increased cell invasiveness, adhesion and migration in Matrigel assays.
Conversely, these authors showed that antisense suppression of hsp27 gene significantly
inhibited cell invasiveness [26]. In contrast, studies by Eskenazi et al. [27] did not observe a
significant increase in the metastatic capacity of human B16 melanoma cells that overexpress
hsp27. In other studies, the overexpression of hsp27 inhibits in vitro proliferation and induces
a delay in tumor development and migration when A375 human melanoma cells were
transfected with hsp27 [28]. The reason for this discrepancy is unknown. A possible reason
could lie in the intrinsic differences between human and murine sequences when overexpressed
in a tumor mouse model. Studies looking at the effect of overexpression of Hsp25/27 have
shown that it plays an important role in the cycle by a mechanism that involves cycle arrest in
G1, S and G2/M [29,30]. In our studies, we show that 4T1 cells transfected with siRNA-Hsp25
induce suppression of cell cycle arrest at the G2/M phase (fig. 6). We hypothesize that this
might account for the anti-proliferative effect of the siRNA on 4T1 cells. However, further
studies are required to conclusively answer this question. The cell cycle distribution analyses
were performed 48 h after transfection. At this time, we did not observed significant apoptosis
in the resting cell population. Nevertheless, this does not negate the possibility that at a later
time point significant apoptosis might occur. However, this is beyond the scope of this present
article.

Our results do not exclude the possibility that other genes are important in metastases of tumors.
Indeed, at the submission of this manuscript, a study using RNAi technology to silence the
chemokine receptor CXCR4 in 4T1 cells prevented primary tumor formation in some mice,
and surviving mice did not develop macroscopic metastases [31]. In a second study, Liang et
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al. [32] demonstrate that silencing the chemokine receptor CXCR4, using siRNA, effectively
blocks metastasis of the human breast carcinoma cell line MDA-MB-231. In invasion studies,
these authors show that each siRNA-CXCR4 constructed (siRNA1 and siRNA2) suppresses
migration by approximately 60%. However, a combination of both siRNA1 and siRNA2 blocks
migration by 90% [32]. In our studies, we demonstrate that a single siRNA-Hsp25 effectively
blocks migration by > 90% (fig. 7). In vivo studies are currently underway to test the efficacy
of the siRNA-Hsp25 in a tumor animal model [Bausero et al., in preparation].

Our studies show that downregulation of Hsp25 affects the expression of both MMP-9 and
TIMP-1. Here, we describe for the first time an association between Hsp25 repression and the
downregulation of MMP-9. MMP-9 has been previously demonstrated to be involved in the
migration of tumor cells and their metastatic potential and is influenced by cell adhesion
molecules including cadherins [for a review, see 3]. In the present study, we demonstrate that
Hsp25 repression downregulates MMP-9 expression and concomitantly upregulates its
antagonist TIMP-1, suggesting an additional mechanism by which Hsp25 increases the
metastatic potential of 4T1 cells [14]. The MMP-9 antagonist TIMP-1 is able to activate Ras
involving the Tyk/mitogen-activated protein kinase pathway [33]. A specific blockade of the
extracellular signal-regulated kinase pathway suppresses the expression of MMP-9 and
markedly inhibits the invasiveness of tumor cells [34]. Our results show that TIMP-1 is actually
induced when Hsp25 is silenced, suggesting a complex regulation of these proteolytic enzymes
by mechanisms that may involve Hsp25.

In summary, our experiments indicate that silencing the hsp25 gene has a profound effect on
tumor proliferation and migration. This implies that therapies targeted at repression of the
hsp25/27 gene may be beneficial to patients with metastatic disease or those who develop
metastases after successful management of the primary tumor.
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Fig. 1.
Schematic representation of cloning of siRNA-Hsp25. pSuper vector was used to introduce a
64-base oligomer to form the hairpin with a Hsp25-specific sequence. This 21-base was
synthesized with defined sequences to provide two restriction sites (Bgl II and Hin d III) and,
on transcription, form a hairpin, in order to initiate gene silencing. Eight clones were screened
and three positive clones were sequenced. All experiments were performed with one of the
matched sequences.
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Fig. 2.
Effect of transfection of siRNA-Hsp25 on 4T1 breast adenocarcinoma cells. 4T1 cells were
transfected with GFPplasmid plus siRNA-Hsp25 plasmid as described in ‘Materials and
Methods'. After 48 h, cells were sorted using flow cytometry for either GFP-negative or GFP-
positive cells. Sorted cells were stained with anti-Hsp25 antibody and a secondary isotype-
matched antibody biotinylated with Texas red. Cells were counterstained for nuclei integrity
with DAPI (blue fluorescence). Immunofluorescent pictograms show GFP-negative cells
express Hsp25 (red fluorescence) and GFP-positive cells are negative for Hsp25. Data are
representative of at least three independently performed experiments with similar results.
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Fig. 3.
Suppression of Hsp25 expression in 4T1 breast adenocarcinoma cells. Freshly sorted
GFPplasmid or siRNA-Hsp25 transfectants were lyzed, and extracted proteins were analyzed
by 12% SDS-PAGE and immunoblotted with antibodies specific to Hsp25 or Hsc70 and
visualized with a coupled secondary antibody chemiluminescence method. Anti-β-actin
antibody was used as loading control on stripped Hsp25 membranes. The intensities of the
bands were analyzed by densitometry with a video densitometer (Chemilmager ™ 5500; Alpha
Innotech, San Leandro, Calif., USA) using the American Applied Biology software. Figures
represent relative density. Results are representative of three independently performed
experiments with similar results.
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Fig. 4.
Effect of siRNA-Hsp25 in response to heat stress in 4T1 breast adenocarcinoma cells.
Exponentially growing GFPplasmid or siRNA-Hsp25 transfectants were either exposed to non-
lethal heat shock (HS) treatment (43 °C, 30 min) and allowed to recover for 18 h or maintained
at 37 °C. Cells were then lyzed, and extracted proteins were analyzed by 12% SDS-PAGE and
immunoblot with antibodies specific to Hsp25 or Hsc70 and visualized with a coupled
secondary antibody chemiluminescence method. Anti-β-actin antibody was used as loading
control on stripped Hsp25 membranes. Results are representative of two independently
performed experiments with similar results.
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Fig. 5.
Effect of silencing the hsp25 gene on proliferation of 4T1 breast adenocarcinoma cells.
Exponentially growing wild-type 4T1 cells (wt) or 4T1 cells transfected with GFPplasmid,
siRNA-Hsp25, pLXSN or Hsp25Neo transfectants were seeded and treated with 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium, inner
salt (MTS) to determine the proliferation as described in ‘Materials and Methods’. Data are
the mean percent proliferation ± SD and represent the sum of three independently performed
experiments. * p < 0.05 versus control (Student’s t test).
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Fig. 6.
Effect of siRNA-Hsp25 on cell cycle distribution. Freshly sorted 4T1 cells (105) transfected
with GFPplasmid (a), siRNA-Hsp25 (b), pLXSN (c) or Hsp25Neo (d) were fixed in ethanol and
incubated with propidium iodide and RNAse A for 1 h at 37 °C. DNA content and cell cycle
were performed using flow cytometric analysis as described in detail in ‘Materials and
Methods'. Results are a representative of four independently performed experiments with
similar results. Abscissa, fluorescence intensity; ordinate, relative cell number.
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Fig. 7.
Suppression of migration of 4T1 cells upon transfection with siRNA-Hsp25. a 4T1 (105) cells
transfected with siRNA-Hsp25, GFPplasmid or Hsp25Neo were placed on Matrigel invasion
chambers (BD Pharmingen). Twenty-two hours later, cells were harvested and stained with
0.5% crystal violet solution and mounted in a microscope slide at 10 × magnification. Data are
representative of three independently performed experiments with similar results. b 4T1
(105) cells transfected with siRNA-Hsp25, GFPplasmid or Hsp25Neo were placed on Matrigel
invasion chambers (BD Pharmingen). Twenty-two hours later, cells were harvested and stained
with 0.5% crystal violet solution and mounted in a microscope slide under 10 × magnification
and 15 fields were counted. Bars are the mean percent migration ± SD and represent the sum
of three independently performed experiments. * p < 0.05 versus control (Student’s t test).
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Fig. 8.
Silencing of Hsp25 inhibits the expression of MMP-9 and upregulates TIMP-1 expression.
Freshly sorted GFPplasmid or siRNA-Hsp25 transfectants were lyzed. Protein concentration
was determined by the Bradford method and wells were equally loaded (5μg) with the extracted
proteins as shown by performed β-actin staining on stripped membranes. Proteins were
analyzed by 12% SDS-PAGE and immunoblots performed. Anti-Hsp25-, anti-MMP-9- or anti-
TIMP-1-specific polyclonal antibodies were used. Visualization of bands was done using
enhanced chemiluminescence reagent. Results are representative of two independently
performed experiments with similar results.
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Table 1
Effect of siRNA-Hsp25 on cell cycle distribution

4T1 transfection1 Cells in respective phases of cell cycle2, %

Sub-G0/G1 G0/G1 S G2/M

None 2.4±3 63.5±5 17.1±2 17.8±2
GFPplasmid 1.0±1 58.5±4 20.6±2 13.2±1
siRNA-Hsp25 2.8±2 29.6±3 21.6±1 47.2±2
pLXSN 3.4±2 50.3±4 22.8±2 21.6±2
Hsp25Neo 5.6±2 56.5±5 20.6±2 19.3±2

Results are expressed as mean ± SD.

1
Freshly sorted 4T1 cells (105) were transfected with GFPplasmid, siRNA-Hsp25, pLXSN or Hsp25Neo and were fixed in ethanol and incubated with

propidium iodide and RNAse A for 1 h at 37 ° C as described in detail in ‘Materials and Methods’.

2
Cell cycle analysis was performed using flow cytometric analysis as described in detail in ‘Materials and Methods’. Results are the percentage of cells

in respective phases of cell cycle ± SD and are the sum of two to three independently performed experiments with similar results.
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