
Biochemical and Biophysical Research Communications 314 (2004) 143–150

BBRC
www.elsevier.com/locate/ybbrc
Stat3 modulates heat shock 27 kDa protein expression
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Abstract

The constitutive activation of signal transducer and activator of transcription 3 (Stat3) is frequently detected in breast carcinoma

cell lines but not in normal breast epithelial cells. Stat3 has been classified as an oncogene because activated Stat3 can mediate

oncogenic transformation in cultured cells and tumor formation in nude mice. In this study, we investigated potential Stat3 reg-

ulated genes in breast cells. Upon expression of Stat3-C, a constitutively active Stat3 form, in nonmalignant telomerase immor-

talized breast cells (TERT), cell lysate was subjected to 2-dimensional (2-D) protein gel analysis. Our results showed that heat shock

27 kDa protein (HSP27) was markedly induced by Stat3-C expression. Further analysis demonstrated that phosphorylation of

HSP27 at serine residue 78 was induced by Stat3-C in TERT breast cells as well as in MCF-10A and MDA-MB-453 breast cells. RT-

PCR result confirmed that HSP27 mRNA was induced by Stat3-C in TERT cells. As the result of Stat3 knock-down by Stat3 short

interfering RNA oligonucleotides in MDA-MB-468 human breast carcinoma cells, HSP27 was markedly reduced consistent with

Stat3 reduction. Furthermore, we observed that Stat3 was physically associated with HSP27 and HSP90 in MDA-MB-468 breast

carcinoma cells. Taken together, our findings demonstrate that constitutively activated Stat3 up-regulates HSP27 and may facilitate

phosphorylation of HSP27 at serine residue 78. The up-regulation of HSP27 may be one of the underlying mechanisms with which

aberrant Stat3 signaling induces cell malignancies.

� 2003 Elsevier Inc. All rights reserved.
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Signal transducers and activators of transcription

(STATs) are a family of transcription factors consisting

of seven members: Stat1, 2, 3, 4, 5a, 5b, 6 [1–3]. Stat3 is a

90 kDa protein that plays important roles in cell differ-
entiation and proliferation. Stat3 is activated in response

to cytokines and growth factors [2,4] via upstream reg-

ulators, JAK2 and Src [5,6]. Upon activation, Stat3 is

phosphorylated at tyrosine 705 and forms homo-dimer

or hetero-dimer with other STAT family members [4,7].

Only dimerized Stat3 can translocate into nucleus and

bind with its regulated genes [8]. Such activated Stat3

serves as a functional transcriptional stimulator and
constitutive activation of Stat3 may induce cell malig-

nancies and tumorigenesis. In various types of human
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cancers, aberrantly constitutive activation of Stat3 is

sufficient to induce cell tumorigenesis [1,9]. A growing

number of tumor-derived cell lines and samples from

human cancers have been reported to contain constitu-
tively activated STAT signaling, very frequently Stat3

and Stat5 [10–12]. The constitutive activation of Stat3 is

frequently detected in breast carcinomatous cell lines

but not in normal breast epithelial cells [6,12,13]. Stat3

has been classified as an oncogene because activated

Stat3 can mediate oncogenic transformation in cultured

cells and tumor formation in nude mice [9,10,14].

Aberrant Stat3 signaling may participate in onco-
genesis by stimulating cell proliferation, promoting an-

giogenesis, and conferring resistance to apoptosis

induced by conventional therapies. The possible mo-

lecular mechanism of aberrant Stat3 signaling mediated

oncogenesis is related to up-regulation of the potential
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Stat3 targeted genes involved in cell cycle control and
anti-apoptosis [9,15–24]. To date, there are only a few

Stat3 regulated genes that have been reported. In order

to elucidate the molecular mechanism of Stat3 function

in promoting cell survival or cell growth, we expressed

constitutively activated Stat3 protein in telomerase im-

mortalized non-malignant breast cells (TERT) using

adenovirus-mediated Stat3-C expression system and

identified the potential Stat3 regulated proteins with 2-
dimensional gel (2-D gel) technology. Interestingly, heat

shock protein 27 (HSP27) was found to be markedly

induced in the Stat3-C expressed cells.

HSP27 is one of the small heat shock family proteins.

It is also known as 24, 28 or 29 kDa protein [25,26]. In

response to environmental stress, heat shock proteins

are largely induced in the cells [27]. A number of reports

indicate that HSP27 may have diagnostic and prog-
nostic value for a variety of human malignancies [28]

and is responsible for resistance to chemotherapy [29–

34]. Besides an increase of HSP27 total protein, our

further study demonstrated that phosphorylation of

HSP27 at serine residue 78 was markedly induced. RT-

PCR result supports that up-regulation of HSP27 by

Stat3 is initiated from transcriptional level. As the result

of Stat3 knock-down by Stat3 short interfering RNA
(siRNA) oligonucleotides in MDA-MB-468 human

breast carcinoma cells, HSP27 was markedly reduced

consistent with Stat3 reduction. Together, our results

suggest that HSP27 is one of the Stat3 regulated genes.

HSP27 may be involved in Stat3-mediated cell survival

and oncogenesis in breast carcinoma cells. In the study

of Stat3 signaling pathway, this is the first finding to

base on 2-D gel analysis to identify Stat3 regulated
genes. It is also the first report to demonstrate that

HSP27 is a Stat3 downstream gene.
Materials and methods

Cell lines and culture. Telomerase immortalized breast epithelial

cells (TERT) and spontaneous immortalized breast cells MCF10A

were cultured in F-12 medium containing 5% FBS (Invitrogen Life

Technologies, Carlsbad, CA), 5 lg/ml insulin, 10 lg/ml hydrocortisone,

5U/ml EGF (Sigma, St. Louis, MO), 100U/ml penicillin, and 100lg/
ml streptomycin (Invitrogen Life Technologies, Carlsbad, CA). Breast

carcinoma cell lines, MDA-MB-468 and MDA-MB-453, were cultured

in DMEM containing 10% FBS, 100U/ml penicillin, and 100lg/ml

streptomycin. All chemical reagents were purchased from Sigma and

Fisher Scientific Companies (Pittsburgh, PA) and were of analytic pure

grade unless otherwise indicated.

Infection of TERT, MCF10A, MDA-MB-453 cells by Stat3-C

adenovirus. Stat3-C cDNA [1,9] was cloned into an adenovirus vector,

pAdCMVpLpA(-)loxP-SSP (NCV, provided by the University of

Michigan Vector Core). The transcription of Stat3-C in this construct

is driven by the human cytomegalovirus promoter for high-level con-

stitutive expression. The recombinant adenovirus Stat3-C is defective

in the E1 region and was propagated in human 293 cells, which provide

E1A and E1B viral proteins for viral multiplication. The negative

control adenovirus NCV (empty vector alone which contains the same
backbone as the adenovirus Stat3-C), adenovirus anti-sense Stat3-C

(The Stat3-C cDNA was inserted in reverse orientation), and adeno-

virus Stat3-C were purified by CsCl–ethidium bromide gradients

method at the University of Michigan Vector Core. The 1.5� 106 cells

were plated into 10-cm culture plate two days prior to infection. The

cells were infected with NCV, anti-sense-Stat3-C adenovirus or Stat3-

C adenovirus, respectively, at a multiplicity of infection (MOI) of

50 pfu/cell. After 5 h incubation, culture medium was removed and

replaced with fresh medium. The cells were continued to be cultured

for another 24 h prior to harvest.

Immunoprecipitation and Western blot. The cells were lysed in RIPA

buffer containing 1mM PMSF, 1mM protease complete inhibitor,

1mMNa3VO4, and 1mMNaF.The lysateswere used at a concentration

of 10lg/ll. For immunoprecipitation, 500lg of cell lysates fromMDA-

MB-468 cells was incubatedwith 5lg anti-Stat3 (Cell Signaling,Beverly,
MA), anti-HSP 27 (cell Signaling), and anti-HSP 90 antibodies (BD

Transduction Laboratories, Lexington, KY) with gentle agitation, re-

spectively. After 2 h, 80ll protein A beads were added into the reaction

tubes. The mixtures were incubated for another 2 h and then the beads

were washed three times using RIPA lysis buffer. The proteins were

resolved in 2� gel loading buffer.

For Western blot analysis, 100lg of cell lysate was resolved on

SDS–PAGE and transferred to PVDF membrane. Anti-HSP90, anti-

HSP70 (BD Transduction Laboratories), anti-phospho-HSP27 (Ser-

ine78), anti-HSP27, anti-phospho-Stat3 (Tyrosine705), anti-Stat3 (Cell

Signaling Inc), and anti-GAPDH (BioChemistry Lab, Temecula, CA)

antibodies were used to detect corresponding proteins on the mem-

brane, respectively.

2-D gel analysis. For 2-D gel analysis, the cells were lysed using 8M

urea containing 1mM PMSF, 1mM protease complete inhibitor

(Roche, Mannheim, Germany), 1mM Na3VO4, and 1mM NaF. One

milligram of cell lysate was applied onto pI 4–7 gradient gel strip (Bio-

Rad, Hercules, CA) and subjected to isoelectric focusing following

standard procedures. After isoelectric focusing, the gel strip was re-

solved on SDS–PAGE. Each sample was run 2-D gel in triplicate,

independently. Compared with the controls, the differential interesting

spots were excised for in-gel digestion and subjected to peptide

fingerprint analysis to identify such proteins by querying protein

genomic database.

RT-PCR analysis. mRNA was prepared by using Invitrogen one-

step mRNA extraction kit. Primers for HSP27 mRNA; GGCAC

GAGGAGCAGAGTCAGC (sense) and TGGCGGGGGAGGCA

CAGC (anti-sense) were synthesized by Qiagen company (Valencia,

CA). RT-PCR was performed using one-step RT-PCR kit (Invitro-

gen Life Technologies, Carlsbad, CA) according to manufacturer’s

instruction.

Stat3 knock-down by siRNA. SMARTpool of Stat3 short interfer-

ing RNA (Stat3 siRNA) oligonucleotides was purchased from

Dharmacon (Lafayette, CO). Stat3 siRNA containing mixed sequences

(GACCUGCAGCAAUA, GAGAAGCAUCGUGA, UUUGGUGU

UUCAUA, and UCAGGUUGCUGGUC) was transfected in MDA-

MB-468 cells by electroporation approach according to manufacturer’s

instruction. After 72 h, the cells were harvested and lysed for

Western blot analysis. pEGFP-C1 vector (BD Clontech, Palo Alto,

CA) was used as a positive control to determine the transfection

efficiency.
Results

2-D gel analysis showed HSP27 was elevated in the Stat3-

C expressed TERT cells

In order to identify the potential Stat3 regulated genes,

TERT cells were infected with adenovirus Stat3-C.
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As negative controls, TERT cells were also infected
with NCV or adenovirus anti-sense Stat3-C. The cell

lysates were resolved on 2-D gels. Then, the gel was

stained with fluorescence dye to visualize peptide spots.

Based on the condition of pI 4–7 gradient gel isoelectric

focusing, most of the protein spots are identical in the

un-infected cells, the cells infected with adenovirus

Stat3-C, NCV, and adenovirus anti-sense Stat3-C

(Fig. 1). There are several differential spots, which
showed significant increase of intensity only in the cells

infected with adenovirus Stat3-C (Fig. 1). These inter-

esting spots were excised for in-gel digestion and sub-

jected to peptide fingerprint analysis procedure. The

peptide fingerprint data were submitted to protein ge-

nomic database and identify relevant proteins. The

results identified two of these spots are HSP27 and

HSP27 phosphorylated at serine residue 78 (Fig. 1D,
indicated by arrow at 27 kDa marker level). Other pro-

tein spots increased in the same molecule weight 27 kDa

region have yet to be identified. In addition, several
Fig. 1. Comparison of protein expression profile in TERT cells with or with

subjected to isoelectric focusing on pI 4–7 gradient gel first and then resolve

TERT cells. (C) Adenovirus anti-sense Stat3-C infected TERT cells. (D) ad

dicated by arrow at 90 kDa marker level), HSP27, and HSP27 phosphorylat

showed on the 2-D gel. Each sample was run 2-D gel in triplicate, independ
protein spots were excised from the 90 kDa area in 2-D
gel and identified as Stat3-C protein by Mass Spec-

trometer (Fig. 1D, indicated by arrow at 90 kDa marker

level), suggesting murine Stat3 (Stat3-C) was greatly

accumulated in the cells infected with adenovirus Stat3-

C. HSP90 protein was not induced by Stat3-C in our

study (Figs. 2 and 3). Therefore, it is the least possibility

of containing HSP90. However, it may possibly contain

different forms of phosphorylated Stat3-C or unidenti-
fied 90 kDa protein(s) in this 90 kDa protein area.

HSP27 was up-regulated by Stat3 in both MCF10A and

MDA-MB-453 cells

To confirm the 2-D gel result of which HSP27 and

phosphorylated HSP27 protein were up-regulated by

Stat3-C, spontaneous immortalized breast MCF10A

cells and breast carcinoma MDA-MB-453 cells were

infected by adenovirus Stat3-C and subjected to Wes-

tern blot analysis. MCF10A and MDA-MB-453 cells do
out expression of constitutively active of Stat3. TERT cell lysate was

d on 10% SDS–PAGE. (A) Untreated TERT cells. (B) NCV infected

enovirus Stat3-C infected TERT cells. The expression of Stat3-C (in-

ed at serine residue 78 (indicated by arrow at 27 kDa marker level) are

ently.



Fig. 2. Stat3 up-regulates HSP27 and HSP27 phosphorylation at ser-

ine78 in MCF10A cells. After infection by NCV, adenovirus Stat3-C

or adenovirus anti-sense Stat3-C, cell lysate was resolved on 10% SDS–

PAGE and subjected to Western blot analysis using anti-phospho-

HSP27 (Serine78), anti-HSP27, anti-phospho-Stat3 (Tyrosine705),

anti-Stat3, anti-HSP70, anti-HSP90, and anti-GAPDH antibodies,

respectively.

Fig. 3. Stat3 up-regulates HSP27 and HSP27 phosphorylation at

Serine78 in breast carcinoma MDA-MB-453 cells. After infection by

NCV, adenovirus Stat3-C or adenovirus anti-sense Stat3-C, cell lysate

was resolved on 10% SDS–PAGE and subjected to Western blot

analysis using anti-phospho-HSP27 (Serine78), anti-HSP27, anti-

phospho-Stat3 (Tyrosine705), anti-Stat3, anti-HSP90, and anti-

GAPDH antibodies, respectively.

Fig. 4. RT-PCR semi-quantity result showed that Stat3 regulates

HSP27 at transcriptional level. MCF10A cells were harvested after

24 h infection with NCV, adenovirus Stat3-C, or adenovirus anti-sense

Stat3-C. The mRNA was extracted and subjected to RT-PCR analysis

according to manufacturer’s instruction.
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not express constitutively active Stat3 [6,12]. In the cells

infected with adenovirus Stat3-C, high levels of Stat3

phosphorylation at tyrosine residue 705 were observed

(Figs. 2 and 3). Because Stat3-C was generated by

substituting cysteine residues for specific amino acids

within the C-terminal loop in the SH2 domain of the
Stat3 molecule [9], this is a constitutively dimerizable

Stat3. Therefore, Stat3 dimers were also observed in the

MCF10A cells infected by adenovirus Stat3-C (Fig. 2).

Protein levels of HSP27 and HSP27 phosphorylation at

serine residue 78 were markedly elevated in the cells

infected with adenovirus Stat3-C, parallelly. However,

these findings were not observed in the cells infected

with NCV and adenovirus anti-sense Stat3-C. Mean-
while, other heat shock proteins such as HSP70 and

HSP90 were not induced by Stat3-C. The data are

consistent with the 2-D gel result (Fig. 1).

HSP27 was up-regulated at transcriptional level

We next determined whether HSP27 was induced by

Stat3-C in protein or mRNA levels. MCF10A cell

mRNA extracts were subjected to RT-PCR semi-quan-

titative analysis. RT-PCR result showed that HSP27

mRNA was markedly elevated in MCF10A cells in-

fected with adenovirus Stat3-C (Fig. 4). These results
suggest that Stat3 up-regulates HSP27 from mRNA

transcriptional level.

HSP27 is involved in protein–protein interaction with

Stat3

HSPs have been shown to function as molecular

chaperones and form complexes with other endogenous



Fig. 5. HSP27 was involved in protein–protein interaction with Stat3.

Breast carcinoma MDA-MB-468 cells were harvested and cell lysate

was employed to immunoprecipitate HSP27, Stat3, and HSP90 using

anti-HSP27, anti-Stat3 or anti-HSP90 antibodies, respectively. After

resolving immuno-complexes on 10% SDS–PAGE and transfer to

PVDF membrane, the membrane was probed with anti-HSP27, anti-

Stat3, and anti-HSP90 antibodies, respectively. Lane 1, protein beads

alone; lane 2, immunoprecipitation (IP): non-specific antibody IgG;

lane 3, immunoprecipitation (IP): Stat3 and Western blot (WB): Stat3,

HSP27, and HSP90; lane 4, IP: HSP27 and WB: Stat3, HSP27, and

HSP90; and lane 5, IP: HSP90 and WB: Stat3, HSP27, and HSP90.

Fig. 6. Knock-down of Stat3 by siRNA. The 200 nM Stat3 siRNA

SMARTpool was introduced into MDA-MB-468 breast carcinoma

cells by electrical transfection. After 72 h, the cells were harvested for

Western blot. Lane 1, untreated cells; lane 2, cells treated by electro-

poration without Stat3 siRNA; and lane 3, cells treated by electro-

poration with Stat3 siRNA.
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proteins. To further understand the role of Stat3 in the
regulation of HSPs or possible interaction with HSPs,

we examined whether Stat3 may form complex with

HSP27 in MDA-MB-468 breast carcinoma cells which

express constitutively active Stat3 [12,35]. The Stat3 was

co-immunoprecipitated with HSP27 in this cell line

(Fig. 5, lane 4). As the control, neither Stat3 nor HSP27

was co-immunoprecipitated with protein A beads alone

or nonspecific antibody (Fig. 5, lanes 1 and 2). Inter-
estingly, Stat3 was also co-immunoprecipitated with

HSP90 (Fig. 5, lane 5), an indicative that Stat3 is bound

to HSP27 and HSP90. These results suggest that Stat3

is involved in protein–protein interaction with HSP27

and HSP90.

HSP 27 is down-regulated accompanied by the knock-

down of Stat3 expression in MDA-MD-468 breast

carcinoma cells

To further investigate the relationship between Stat3

and HSP27, Stat3 knock-down approach was applied in

our study. Since siRNA oligonucleotides are increas-
ingly interested in gene knock-down and cancer related

studies [36–45], we introduced Stat3 siRNA SMART-

pool for our investigation. Stat3 siRNA was introduced

into MDA-MB-468 breast carcinoma cells. To achieve

high transfection efficiency, electroporation approach

was employed to introduce Stat3 siRNA into the cells.

At least 90% transfection efficiency of GFP expression

vector was observed in the same cell line with this ap-
proach (data not shown). After 72 h transfection, Stat3
expression and phosphorylation were significantly re-
duced. As a result of Stat3 knock-down, HSP27 protein

expression and phosphorylation at serine 78 were

markedly reduced as well (lane 3, Fig. 6). As a control,

neither Stat3 nor HSP27 was affected by electrical

transfection alone (lane 2, Fig. 6). This is the first report

that demonstrated knock-down of Stat3 protein by

siRNA.
Discussion

For studying Stat3 regulated genes, we established an

adenovirus Stat3 expression system to identify its po-

tential downstream targets. Non-malignant breast cells

without Stat3 activation were employed for this study in

order to examine the effect of exogenous expression of
constitutively activated Stat3 on the regulation of its

direct targets. This system makes it possible to identify

Stat3 target genes from both mRNA transcriptional and

protein translational levels. Our 2-D gel analysis results

showed that in comparison to the un-infected cells, the

cells infected with NCV or adenovirus anti-sense Stat3-

C, the Stat3-C expressed cells showed significant in-

crease of HSP27 and HSP27 phosphorylation at serine
residue 78. The result was further confirmed in several

breast cell lines including benign cell lines and malignant

cell lines upon Stat3 activation. Both Stat3 and HSP27

are considered as oncoproteins and may play critical

roles in cell malignancies and tumorigenesis in a variety

of cancers, while HSP27 may have clinical value for

prognosis and treatment, accordingly [34,46,47]. It is of

interest to investigate how Stat3 could regulate HSP27
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and what biological consequences could result from this
regulation. Our RT-PCR semi-quantitative analysis of

Stat3 mRNA induction supports that Stat3 regulates

HSP27 at transcriptional level (Fig. 4). Furthermore,

HSP27 expression and activity were markedly reduced

accompanied by Stat3 knock-down simultaneously

(Fig. 6). All data indicate that Stat3, most likely, directly

regulates HSP27 expression and activity. Stat3 may di-

rectly bind to its regulated elements in HSP27 and lead
to HSP27 expression change. Our data showed that

HSP27 was involved in Stat3 protein–protein interaction

in MDA-MB-468 breast carcinoma cells (Fig. 5). In this

case, HSP27 acts as a molecular chaperon to protect

Stat3 degradation from environmental proteases and

phosphates.

HSPs functioning as molecular chaperones act on

guiding the transport, assembly, and degradation of
intracellular proteins [28]. Small HSPs (such as HSP27)

are ubiquitous and are greatly conserved in amino acid

sequence among all organisms [33]. These proteins can

form large multimeric structures and have a wide range

of cellular functions. In response to environmental

stress, heat shock proteins are largely induced in the cells

[25,27]. HSP27 is one of the small heat shock family

proteins. An increasing number of reports also demon-
strated that HSP27 might be associated with a variety of

human carcinomas with high resistance to chemother-

apy and poor prognosis [30,47,48]. Accordingly, HSP27

is involved in resistance or desensitization to cyto-

chrome c-mediated caspase activation [49–56]. All the

facts above demonstrated that HSP27 is destined to play

an important role in tumor development and resistance

to chemotherapy. It has been reported that heat-shock
proteins as molecule chaperones form complex with

many proteins. This molecule complex could stabilize

such bound proteins. In our study, we observed that

HSP27 physically bound with Stat3–HSP90 counterpart

in breast carcinoma MDA-MB-468 cells (Fig. 5). HSP90

has been shown to complex several proteins that are

involved in human oncogenesis including AKT and Her-

2 [57,58]. It is possible that HSP27 may further stabilize
Stat3–HSP90 complex.

HSPs appear to aid cell survival and contribute to

chemo-resistance [28,31,47]. It has been reported that

HSP27 could negatively regulate apoptosis through in-

hibition of caspase-3 activation [59,60]. In this regard,

HSP27 may also be considered to be potential antican-

cer drug targets [33]. HSP27 alongside HSP90 may act

as molecular chaperons, which protect Stat3 protein
folding, conformation, dimerization, and translocation

to nucleus. Human carcinomas with aberrant Stat3

signaling may induce high levels of HSP27 and become

highly resistant to chemotherapy. However, it remains

to elucidate how HSP27 interacts with Stat3 and whe-

ther or not it co-translocates to the nucleus with Stat3.

In addition, the detailed molecular mechanisms of which
HSP27 plays roles in cell malignancies deserve further
elucidation. Due to both Stat3 and HSP27 proteins as-

sociated with a variety of carcinomas, it is of interest to

investigate their relationship and potential roles during

the development of human breast carcinoma.
Acknowledgments

We thank Dr. Bromberg (Department of Medicine, Memorial

Sloan-Kettering Cancer Center, New York, NY 10021, USA) for

generously providing the Stat3-C vector. This work was supported by

the NIH Grant CA096714 to J. Lin.
References

[1] R. Buettner, L. Mora, R. Jove, Activated stat signaling in human

tumors provides novel molecular targets for therapeutic interven-

tion, Clin. Cancer Res. 8 (2002) 945–954.

[2] J.J. Darnell, I. Kerr, G. Stark, Jak-stat pathways and transcrip-

tional activation in response to IFNs and other extracellular

signaling proteins, Science 264 (1994) 1415–1421.

[3] T. Schaefer, L. Sanders, D. Nathans, Cooperative transcriptional

activity of jun and stat3 beta, a short form of stat3, Proc. Natl.

Acad. Sci. USA 92 (1995) 9097–9101.

[4] Z. Zhong, Z. Wen, J.J. Darnell, Stat3: a stat family member

activated by tyrosine phosphorylation in response to epidermal

growth factor and interleukin-6, Science 264 (1994) 95–98.

[5] J.F. Bromberg, C.M. Horvath, D. Besser, W.W. Lathem, J.E.J.

Darnell, Stat3 activation is required for cellular transformation by

v-src, Mol. Cell. Biol. 18 (1998) 2553–2558.

[6] R. Garcia, T. Bowman, G. Niu, H. Yu, S. Minton, C. Muro-

Cacho, C. Cox, R. Falcone, R. Fairclough, S. Parsons, A.

Laudano, A. Gazit, A. Levitzki, A. Kraker, R. Jove, Constitutive

activation of stat3 by the src and jak tyrosine kinases participates

in growth regulation of human breast carcinoma cells, Oncogene

20 (2001) 2499–2513.

[7] Z. Wen, Z. Zhong, J.J. Darnell, Maximal activation of transcrip-

tion by stat1 and stat3 requires both tyrosine and serine

phosphorylation, Cell 82 (1995) 241–250.

[8] Y. Gwack, S. Hwang, C. Lim, Y. Won, C. Lee, J. Choe, Kaposi’s

sarcoma-associated herpesvirus open reading frame 50 stimulates

the transcriptional activity of stat3, J. Biol. Chem. 277 (2002)

6438–6442.

[9] J. Bromberg, M. Wrzeszczynska, G. Devgan, Y. Zhao, R. Pestell,

C. Albanese, J.J. Darnell, Stat3 as an oncogene, Cell 98 (1999)

295–303.

[10] T. Bowman, R. Garcia, J. Turkson, R. Jove, Stats in oncogenesis,

Oncogene 19 (2000) 2474–2488.

[11] R. Garcia, R. Jove, Activation of stat transcription factors in

oncogenic tyrosine kinase signaling, J. Biomed. Sci. 5 (1998) 79–

85.

[12] R. Garcia, C. Yu, A. Hudnall, R. Catlett, K. Nelson, T. Smithgall,

D. Fujita, S. Ethier, R. Jove, Constitutive activation of stat 3 in

fibroblasts transformed by diverse oncoproteins and in breast

carcinoma cells, Cell Growth Differ. 8 (1997) 1267–1275.

[13] C. Watson, W. Miller, Elevated levels of members of the stat

family of transcription factors in breast carcinoma nuclear

extracts, Br. J. Cancer 71 (1995) 840–844.

[14] J. Bromberg, J.J. Darnell, The role of stats in transcriptional

control and their impact on cellular function, Oncogene 19 (2000)

2468–2473.

[15] S. Alas, B. Bonavida, Rituximab inactivates signal transducer and

activation of transcription 3 (stat3) activity in b-non-hodgkin’s



H. Song et al. / Biochemical and Biophysical Research Communications 314 (2004) 143–150 149
lymphoma through inhibition of the interleukin 10 autocrine/

paracrine loop and results in down-regulation of bcl-2 and

sensitization to cytotoxic drugs, Cancer Res. 61 (2001) 5137–5144.

[16] Y. Aoki, G. Feldman, G. Tosato, Inhibition of stat3 signaling

induces apoptosis and decreases survivin expression in primary

effusion lymphoma, Blood 101 (2003) 1535–1542.

[17] M. Funamoto, Y. Fujio, K. Kunisada, S. Negoro, E. Tone, T.

Osugi, H. Hirota, M. Izumi, K. Yoshizaki, K. Walsh, T.

Kishimoto, K. Yamauchi-Takihara, Signal transducer and acti-

vator of transcription 3 is required for glycoprotein 130-mediated

induction of vascular endothelial growth factor in cardiac

myocytes, J. Biol. Chem. 275 (2000) 10561–10566.

[18] H. Liu, Y. Ma, S. Cole, C. Zander, K. Chen, J. Karras, R. Pope,

Serine phosphorylation of stat3 is essential for mcl-1 expression

and macrophage survival, Blood 102 (2003) 344–352.

[19] M. Nielsen, C. Kaestel, K. Eriksen, A. Woetmann, T. Stokkedal,

K. Kaltoft, C. Geisler, C. Ropke, N. Odum, Inhibition of

constitutively activated stat3 correlates with altered bcl-2/bax

expression and induction of apoptosis in mycosis fungoides tumor

cells, Leukemia 13 (1999) 735–738.

[20] G. Niu, K. Wright, M. Huang, L. Song, E. Haura, J. Turkson, S.

Zhang, T. Wang, D. Sinibaldi, D. Coppola, R. Heller, L. Ellis, J.

Karras, J. Bromberg, D. Pardoll, R. Jove, H. Yu, Constitutive

stat3 activity up-regulates vegf expression and tumor angiogene-

sis, Oncogene 21 (2002) 2000–2008.

[21] G. Niu, T. Bowman, M. Huang, S. Shivers, D. Reintgen, A.

Daud, A. Chang, A. Kraker, R. Jove, H. Yu, Roles of activated

src and stat3 signaling in melanoma tumor cell growth, Oncogene

21 (2002) 7001–7010.

[22] D. Puthier, R. Bataille, M. Amiot, Il-6 up-regulates mcl-1 in

human myeloma cells through jak/stat rather than ras/map kinase

pathway, Eur. J. Immunol. 29 (1999) 3945–3950.

[23] P. Real, A. Sierra, A. De Juan, J. Segovia, J. Lopez-Vega, J.

Fernandez-Luna, Resistance to chemotherapy via stat3-dependent

overexpression of bcl-2 in metastatic breast cancer cells, Oncogene

21 (2002) 7611–7618.

[24] D. Wei, X. Le, L. Zheng, L. Wang, J. Frey, A. Gao, Z. Peng, S.

Huang, H. Xiong, J. Abbruzzese, K. Xie, Stat3 activation

regulates the expression of vascular endothelial growth factor

and human pancreatic cancer angiogenesis and metastasis, Onco-

gene 22 (2003) 319–329.

[25] C. Faucher, J. Capdevielle, I. Canal, P. Ferrara, H. Mazarguil, W.

McGuire, J. Darbon, The 28-kDa protein whose phosphorylation

is induced by protein kinase c activators in mcf-7 cells belongs to

the family of low molecular mass heat shock proteins and is the

estrogen-regulated 24-kDa protein, J. Biol. Chem. 268 (1993)

15168–15173.

[26] M. Mendelsohn, Y. Zhu, S. O’Neill, The 29-kDa proteins

phosphorylated in thrombin-activated human platelets are forms

of the estrogen receptor-related 27-kDa heat shock protein, Proc.

Natl. Acad. Sci. USA 24 (1991) 11212–11216.

[27] B. Piura, A. Rabinovich, V. Yavelsky, M. Wolfson, Heat shock

proteins and malignancies of the female genital tract, Harefuah

141 (2002) 969–972.

[28] S. Witkin, Heat shock protein expression and immunity: relevance

to gynecologic oncology, Eur. J. Gynaecol. Oncol. 22 (2001) 249–

256.

[29] H. Arts, H. Hollema, W. Lemstra, P.H. Willemse, E.G. De Vries,

H.H. Kampinga, A.G. van der Zee, Heat-shock-protein-27

(hsp27) expression in ovarian carcinoma: relation in response to

chemotherapy and prognosis, Int. J. Cancer 84 (1999) 234–238.

[30] L. Bubendorf, M. Kolmer, J. Kononen, P. Koivisto, S. Mousses,

Y. Chen, E. Mahlamaki, P. Schraml, H. Moch, N. Willi, A.G.

Elkahloun, T.G. Pretlow, T.C. Gasser, M.J. Mihatsch, G. Sauter,

O.P. Kallioniemi, Hormone therapy failure in human prostate

cancer: Analysis by complementary DNA and tissue microarrays,

J. Natl. Cancer Inst. 91 (1999) 1758–1764.
[31] D. Ciocca, L.M. Vargas-Roig, Hsp27 as a prognostic and

predictive factor in cancer, Prog. Mol. Subcell. Biol. 28 (2002)

205–218.

[32] S. Fuqua, S. Oesterreich, S. Hilsenbeck, D. Von Hoff, J. Eckardt,

C. Osborne, Heat shock proteins and drug resistance, Breast

Cancer Res. Treat 32 (1994) 67–71.

[33] M. James, C. Crabbe, H. Hepburne-Scott, Small heat shock

proteins (shsps) as potential drug targets, Curr. Pharm. Biotech-

nol. 2 (2001) 77–111.

[34] A. Ludwig, M. Dietel, H. Lage, Identification of differen-

tially expressed genes in classical and atypical multidrug-

resistant gastric carcinoma cells, Anticancer Res. 22 (2002)

3213–3221.

[35] G. Niu, K. Shain, M. Huang, R. Ravi, A. Bedi, W. Dalton, R.

Jove, H. Yu, Overexpression of a dominant-negative signal

transducer and activator of transcription 3 variant in tumor

cells leads to production of soluble factors that induce

apoptosis and cell cycle arrest, Cancer Res. 61 (2001) 3276–

3280.

[36] M. Matzke, A. Matzke, RNAi extends its reach, Science 301

(2003) 1060–1061.

[37] G. Yang, J. Thompson, B. Fang, J. Liu, Silencing of h-ras gene

expression by retrovirus-mediated sirna decreases transformation

efficiency and tumor growth in a model of human ovarian cancer,

Oncogene 22 (2003) 5694–5701.

[38] R. Tomar, H. Matta, P. Chaudhary, Use of adeno-associated viral

vector for delivery of small interfering RNA, Oncogene 22 (2003)

5712–5715.

[39] Y. Zeng, R. Yi, B. Cullen, Micrornas and small interfering rnas

can inhibit mrna expression by similar mechanisms, Proc. Natl.

Acad. Sci. USA 100 (2003) 9779–9784.

[40] R. Kretschmer-Kazemi Far, G. Sczakiel, The activity of sirna in

mammalian cells is related to structural target accessibility: a

comparison with antisense oligonucleotides, Nucleic Acids Res. 31

(2003) 4417–4424.

[41] S. Filleur, A. Courtin, S. Ait-Si-Ali, J. Guglielmi, C. Merle, A.

Harel-Bellan, P. Clezardin, F. Cabon, Sirna-mediated inhibition

of vascular endothelial growth factor severely limits tumor

resistance to antiangiogenic thrombospondin-1 and slows

tumor vascularization and growth, Cancer Res. 63 (2003)

3919–3922.

[42] V. Schramke, R. Allshire, Hairpin rnas and retrotransposon LTRs

effect RNAi and chromatin-based gene silencing, Science 301

(2003) 1069–1074.

[43] P. Lu, F. Xie, M. Woodle, Sirna-mediated antitumorigenesis for

drug target validation and therapeutics, Curr. Opin. Mol. Ther. 5

(2003) 225–234.

[44] C. Surridge, RNA interference: cereal adultery, Nature 423 (2003)

390.

[45] D. Semizarov, L. Frost, A. Sarthy, P. Kroeger, T.D. Halbet, S.

Fesik, Specificity of short interfering RNA determined through

gene expression signatures, Proc. Natl. Acad. Sci. USA 100 (2003)

6347–6452.

[46] B. Tetu, J. Brisson, Prognostic significance of her-2/neu oncopro-

tein expression in node-positive breast cancer. The influence of the

pattern of immunostaining and adjuvant therapy, Cancer 73

(1994) 2359–2365.

[47] B. Tetu, B. Lacasse, H. Bouchard, R. Lagace, J. Huot, J. Landry,

Prognostic influence of hsp-27 expression in malignant fibrous

histiocytoma: a clinicopathological and immunohistochemical

study, Cancer Res. 52 (1992) 2325–2328.

[48] L. Nakopoulou, A. Lazaris, D. Baltas, I. Giannopoulou, N.

Kavantzas, A. Tzonou, Prognostic evaluation of oestrogen-

regulated protein immunoreactivity in ductal invasive (nos) breast

cancer, Virchows Arch. 427 (1995) 33–40.

[49] J. Bruey, C. Ducasse, P. Bonniaud, L. Ravagnan, S. Susin,

C. Diaz-Latoud, S. Gurbuxani, A. Arrigo, G. Kroemer, E. Solary,



150 H. Song et al. / Biochemical and Biophysical Research Communications 314 (2004) 143–150
C. Garrido, Hsp27 negatively regulates cell death by interacting

with cytochrome c, Nat. Cell. Biol. 2 (2000) 645–652.

[50] C. Concannon, S. Orrenius, A. Samali, Hsp27 inhibits cytochrome

c-mediated caspase activation by sequestering both pro-caspase-3

and cytochrome c, Gene Expr. 6 (2001) 195–201.

[51] C. Garrido, J. Bruey, A. Fromentin, A. Hammann, A. Arrigo, E.

Solary, Hsp27 inhibits cytochrome c-dependent activation of

procaspase-9, FASEB J. 13 (1999) 2061–2070.

[52] P. Pandey, R. Farber, A. Nakazawa, S. Kumar, A. Bharti, C.

Nalin, R. Weichselbaum, D. Kufe, S. Kharbanda, Hsp27 func-

tions as a negative regulator of cytochrome c-dependent activation

of procaspase-3, Oncogene 19 (2000) 1975–1981.

[53] R. Rashmi, T.R. Santhosh Kumar, D. Karunagaran, Human

colon cancer cells differ in their sensitivity to curcumin-induced

apoptosis and heat shock protects them by inhibiting the release of

apoptosis-inducing factor and caspases, FEBS Lett. 538 (2003)

19–24.

[54] H. Sakamoto, T. Mashima, K. Yamamoto, T. Tsuruo, Modula-

tion of heat-shock protein 27 (hsp27) anti-apoptotic activity by

methylglyoxal modification, J. Biol. Chem. 277 (2002) 45770–

45775.
[55] A. Samali, J. Robertson, E. Peterson, F. Manero, L. van Zeijl, C.

Paul, I. Cotgreave, A. Arrigo, S. Orrenius, Hsp27 protects

mitochondria of thermotolerant cells against apoptotic stimuli,

Cell Stress Chaperones 6 (2001) 49–58.

[56] E. Solary, N. Droin, A. Bettaieb, L. Corcos, M. Dimanche-

Boitrel, C. Garrido, Positive and negative regulation of apoptotic

pathways by cytotoxic agents in hematological malignancies,

Leukemia 14 (2000) 1833–1849.

[57] S. Sato, N. Fujita, T. Tsuruo, Modulation of akt kinase activity by

binding to hsp90, Proc. Natl. Acad. Sci. USA 97 (2000) 10832–

10837.

[58] F. Zheng, S. Kuduk, G. Chiosis, P. Munster, L. Sepp-Lorenzino,

S. Danishefsky, N. Rosen, Identification of a geldanamycin dimer

that induces the selective degradation of her-family tyrosine

kinases, Cancer Res. 60 (2000) 2090–2094.

[59] E.Creagh,D.Sheehan,T.Cotter,Heat shockproteins—modulators

of apoptosis in tumour cells, Leukemia 14 (2001) 1161–1173.

[60] M. Kamradt, F. Chen, S. Sam, V. Cryns, The small heat shock

protein alpha b-crystallin negatively regulates apoptosis during

myogenic differentiation by inhibiting caspase-3 activation, J.

Biol. Chem. 277 (2002) 38731–38736.


	Linjia@med.umich.edu
	Stat3 modulates heat shock 27kDa protein expression in breast epithelial cells
	Materials and methods
	Results
	2-D gel analysis showed HSP27 was elevated in the Stat3-C expressed TERT cells
	HSP27 was up-regulated by Stat3 in both MCF10A and MDA-MB-453 cells
	HSP27 was up-regulated at transcriptional level
	HSP27 is involved in protein-protein interaction with Stat3
	HSP 27 is down-regulated accompanied by the knock-down of Stat3 expression in MDA-MD-468 breast carcinoma cells

	Discussion
	Acknowledgements
	References


