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tion is controlled by MAPKAP kinases 2 and 3, which
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The small heat shock protein hsp27 is associated
ith aggressive tumor behavior in certain subsets of
reast cancer patients. Previously we demonstrated
hat hsp27 overexpression in breast cancer cells in-
reased in vitro and in vivo invasiveness, suggesting
hat hsp27 influences the metastatic process. To inves-
igate this role for hsp27, we have utilized MDA-MB-
31 breast cancer cells that overexpress hsp27 and
DNA expression array technology. We demonstrate
hat hsp27 overexpression up-regulates MMP-9 ex-
ression and activity and down-regulates Yes expres-
ion. Furthermore, our results suggest that Yes may be
nvolved in regulating MMP-9 expression, as well as
n vitro invasion. Reconstitution of Yes expression
y transfection into hsp27-overexpressing cells de-
reased MMP-9 expression, and increased in vitro in-
asiveness, abrogating the phenotype conferred by
sp27 overexpression. Therefore, our results provide a
ew potential mechanism by which hsp27 affects the
etastatic cascade—through regulation of MMP-9 and
es expression. © 2001 Academic Press

Key Words: hsp27; MMP-9; Yes; MDA-MB-231; cDNA
xpression array; breast cancer; heat shock protein;
nvasion; matrix metalloproteinase; src kinase.

Hsp27 belongs to the family of small heat shock
roteins, is expressed constitutively in a number of
issues, and is expressed at high levels after various
ypes of stress (1). In stressed cells, hsp27 modulates
ell survival (2), apoptosis (3–7), and microfilament
rganization (8). These functions are regulated by
hosphorylation of the hsp27 protein, which is induced
ot only by chemical or physical stresses, but also by
itogens, cytokines, and other agents that activate

ignal transduction pathways (1). Hsp27 phosphoryla-
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642. E-mail: sfuqua@breastcenter.tmc.edu.
186006-291X/01 $35.00
opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
re directly downstream of p38 in the MAP kinase
ignaling cascade (9).
In addition to its involvement in stress resistance,

sp27 may play a regulatory role in other cellular
rocesses. For example, it is well established that
sp27 regulates proliferation and differentiation (10,
1), but hsp27 may also modulate cell motility. Evi-
ence for hsp27’s role in motility comes from studies
nvolving endothelial cells, which normally express
igh levels of hsp27 (11–13). In these cells, hsp27 me-
iates vascular endothelial growth factor-induced mi-
rofilament reorganization and cell motility by affect-
ng the generation of lamellipodia microfilaments.
esides proliferation, differentiation, and cell motility,
sp27 may also play a role in signal transduction.
ecent studies have demonstrated a specific and direct
hysical interaction between hsp27 and protein kinase
/Akt serine/threonine kinase (PKB/AKT) (14, 15).
hile the precise relationship between PKB/AKT acti-

ation and hsp27 is not clear, these studies suggest
hat hsp27 might be necessary for the activation (or
nactivation) of certain kinases, and thus may play a
ole in signal transduction. Finally, hsp27 may have
ome as yet other unknown functions in the cell. Pre-
iminary evidence suggests that novel hsp27-binding
roteins may exist, and that some of these may exhibit
ell-specific expression (16).
Understanding the many functions of hsp27 in the

ell will contribute to our understanding of its role in
alignancy, since hsp27 is overexpressed in a number

f human tumors. In breast cancer, high hsp27 levels
re associated with a shorter disease-free survival and
higher proliferation rate in a subset of patients (17).

n vitro evidence indicates that hsp27 overexpression
onfers resistance to certain chemotherapeutic agents
requently used in the treatment of breast cancer (5,
8). Furthermore, in osteosarcoma and ovarian tu-
ors, hsp27 is a marker of poor prognosis, and in
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anced stage (19, 20).
It is not surprising that hsp27 is associated with poor

rognosis and resistance to therapy, since hsp27 regu-
ates proliferation and plays a protective role in cells
nder stress. However, hsp27 may also play a role in
he metastatic process, which is associated with poor
rognosis as well. Studies in our laboratory indicate
hat hsp27 overexpression increases the metastatic po-
ential of human breast cancer cells grown in nude
ice (21). These studies suggest that hsp27 may par-

icipate in metastasis by regulating several steps in the
etastatic process. We have shown that overexpres-

ion of hsp27 increases in vitro invasiveness and cell
dhesion, processes important in metastasis. Further-
ore, we hypothesized that hsp27 may affect metasta-

is by regulating signal transduction pathways control-
ing actin microfilament dynamics, and may also alter
he expression of other proteins that participate in
etastasis. In the present study, we examined the

elationship between hsp27 expression and breast can-
er metastasis using hsp27-overexpressing MDA-MB-
31 breast cancer cells and cDNA array technology.
his technology provided the opportunity to profile the
xpression of a large number of gene sequences, and
llowed us to identify differentially expressed genes
hat might be involved in hsp27’s effect on metastasis.

e show that hsp27 overexpression alters the expres-
ion of specific genes, in particular MMP-9 and the Src
inase Yes, known to be involved in cell adhesion,
otility, and invasion. Furthermore, we demonstrate

hat reconstitution of Yes expression can reverse the
nvasive phenotype of our hsp27-overexpressing cells.

ATERIALS AND METHODS

Materials. Anti-hsp27 monoclonal antibody was purchased from
eomarkers (Freemont, CA), anti-TIMP-1 and anti-MMP-2 antibod-

es were obtained from Oncogene Research Products (Cambridge,
A), anti-TIMP-2 was acquired from Chemicon (Temecula, CA),

nti-MMP-9 was purchased from R & D Systems (Minneapolis, MN),
nd anti-Yes antibody was obtained from Transduction Laboratories
Lexington, KY). All other chemicals were from Sigma.

DNA plasmids. The human MMP-9 promoter/SEAP reporter
lasmid (MMP-9) used in this study contains the SEAP gene
pSEAP2 basic; Clontech, Palo Alto, CA) under the transcriptional
ontrol of the 670 bp human MMP-9 promoter (22). A 1.8 kb Yes
DNA was obtained from Dr. Tadashi Yamamoto (University of
okyo, Japan), and subcloned into the EcoRV site of the pZeoSV2
xpression vector (YesZeo) (Invitrogen, Carlsbad, CA) (23).

Cells and cell culture. The MDA-MB-231 human breast cancer
ells used in this study, the pCDNA1 vector control transfectants C1
nd C2, and the stable hsp27-overexpressing clones 19 and 12(2),
ere generated as previously described (21), and maintained in
EM supplemented with 10% fetal bovine serum, 6 ng/ml insulin,

nd 25 mg/ml gentamicin sulfate. The pZeoSV2 vector control trans-
ectants C3 and C4, and three stable Yes-overexpressing clones
Clones 2, 22, and 25) were generated by stable transfection of the
sp27 overexpressing clones similarly maintained in MEM addition-
lly supplemented with 250 mg/ml Zeocin (Invitrogen, Carlsbad, CA).
187
% CO2 and periodically tested for Mycoplasma contamination (Bon-
que Laboratories, Saranac Lake, NY).

Microarray analysis. Cells were plated at a density of 2.5 3 106

ells per T-175 flask. After 72 h of growth, cells were harvested and
otal RNA prepared with RNeasy kits (Qiagen Inc., Valencia, CA) as
er the manufacturer’s instructions. Messenger RNA was isolated
rom the total RNA on Dynabeads (Dynal, Oslo, Norway), and used
o synthesize 32P-radiolabeled cDNAs for hybridization to the Atlas
uman Cancer cDNA expression array (CLONTECH, Palo Alto,
A), according to the manufacturer’s instructions. The Atlas cDNA
xpression arrays are positively charged nylon membranes (8 3 12
m) that are spotted in duplicate with 200- to 600-base-pair cDNA
ragments representing 588 genes of like function (i.e., oncogenes,
ssorted receptors, etc.) grouped together geographically. The hy-
ridization data were collected with a Molecular Dynamics Phospho-
mager (Molecular Dynamics, Sunnyvale, CA), and statistical anal-
sis using principle components analysis (PCA) of the data was
erformed as previously described (24).

Western blot analysis. For immunoblot analysis of hsp27 and Yes
evels in various transfectants, total cellular extracts were prepared
y solubilization in 5% SDS. Conditioned medium was prepared as
escribed in Materials and Methods for zymogram analysis and also
sed for the immunoblot analysis of MMPs and TIMPs. In all cases,
qual amounts of protein were subjected to electrophoresis in 10%
olyacrylamide gels, and transferred to nitrocellulose membranes
Schleicher & Schuell, Keene, NH). Equal protein loading was ascer-
ained by Ponceau S (Sigma, St. Louis, MO) staining of blotted
embranes, and immunoblots were developed using the Enhanced
hemiluminescence (ECL) system (DuPont, Boston, MA). Fold pro-

ein expression differences were determined by densitometric scan-
ing of immunoblots from two independent experiments.

Gelatin zymography. Cells were plated at a density of 1.25 3 106

ells per T-75 flask. After 48 h of growth, cells were washed twice
ith phosphate buffered saline and treated with serum-free Im-
roved MEM Zinc Option (Gibco BRL, Gaithersburg, MD) supple-
ented with 1 g/L glucose, 13 trace elements (Biofluids Inc., Rock-

ille, MD), 1 mg/ml fibronectin, 10 mM Hepes and 1 mg/ml transferrin
Gibco BRL, Gaithersburg, MD). After 48 h, conditioned medium was
ollected and concentrated using Amicon Centricon 10 columns (Mil-
ipore Corporation, Bedford, MA) as per the manufacturer’s instruc-
ions. Zymogram gels and reagents were obtained from Novex (San
iego, CA) and used according to the manufacturer’s instructions.
amples were mixed with an equal volume of 23 Tris-Glycine SDS
ample buffer, and incubated at room temperature for 10 min before
eing loaded onto a 10% Tris-Glycine gel containing 0.1% gelatin.
fter running, gels were renatured for 30 min in 13 renaturing
uffer, equilibrated for 30 min with 13 developing buffer at room
emperature, then incubated at 37°C in fresh 13 developing buffer
or 48 h. The gels were stained with Coomassie Brilliant Blue R-250,
nd zones of enzymatic activity visualized as clear areas were shown
y negative staining. Fold expression differences for zymography
ere determined by densitometric scanning of gels from a minimum
f two independent experiments.

Transient and stable transfections. Transfections were per-
ormed using FuGENE 6 transfection reagent (Boehringer Mann-
eim, Indianapolis, IN) following the manufacturer’s instructions.
or transient transfections, cells were plated at a density of 1 3 105

ells per well in 6-well cluster plates (Falcon, Franklin Lakes, NJ).
fter 24 h, cells were washed twice with phosphate buffered saline,
nd treated with serum-free Improved MEM Zinc Option (Gibco
RL, Gaithersburg, MD) supplemented with 1 g/L glucose, 13 trace
lements (Biofluids Inc., Rockville, MD), 1 mg/ml fibronectin, 10 mM
epes, and 1 mg/ml transferrin (Gibco BRL, Gaithersburg, MD).
ransfections of individual wells were performed using 2 mg of the
EAP reporter plasmid, pSEAP2 basic (vector control; Clontech, Palo
lto, CA) or MMP-9, and 200 ng of the pCMV-b-galactosidase plas-
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iency. After 48 h, assays for SEAP and b-galactosidase activity were
erformed.
Conditioned medium was withdrawn and used to assay for MMP-9

EAP promoter activity, as per the manufacturer’s instructions
CLONTECH Chemiluminescent Assay, CLONTECH, Palo Alto,
A). In addition, cells were washed twice with phosphate buffered
aline, and harvested using 13 cell culture lysis reagent (Promega,
adison, WI), and the lysate was used for the b-galactosidase as-

ays. b-galactosidase activity was determined using the method of
ouet et al. (1992) (25) with a Bio-Rad microplate reader (Bio-Rad
aboratories, Hercules, CA). Data shown are representative of two

ndependent experiments, each performed in triplicate wells.
For stable transfections, cells were plated at a density of 1 3 106

ells per 10 cm dish (Falcon, Franklin Lakes, NJ). After 24 h, cells
ere transfected with 20 mg of YesZeo or pZeoSV2 plasmids, and
fter 48 h, they were split into four 15 cm dishes (Falcon, Franklin
akes, NJ). Colonies were picked with cloning cylinders approxi-
ately two weeks after selection in MEM supplemented with 10%

etal bovine serum, 6 ng/ml insulin, 25 mg/ml gentamicin sulfate, and
50 mg/ml Zeocin (Invitrogen, Carlsbad, CA), then expanded and
aintained on Zeocin for two weeks before further experimentation.

Invasion assays. Invasion experiments were conducted using
lind Well Chambers (Neuro Probe Inc., Cabin John, MD) and
ucleopore 13 mm 8 mm PVP-free filters (Neuro Probe Inc., Cabin
ohn, MD) coated with Matrigel (Collaborative Biomedical Research,
edford, MA). Each well insert was layered with 50 ml of dilute
atrigel (50 mg). After drying, the filters were placed in a Blind Well
hamber previously loaded with 220 ml 3T3-conditioned medium.
eanwhile, cells were washed with Dulbecco’s phosphate buffered

aline without calcium chloride or magnesium chloride (Gibco BRL,
aithersburg, MD), harvested using Versene (Gibco BRL, Gaithers-
urg, MD), and resuspended at a concentration of 1 3 106 cells per ml
n Dulbecco’s modified Eagle medium (Gibco BRL, Gaithersburg,

D) containing 0.1% BSA. The cell suspension was immediately
dded to the upper compartment of the chamber, and the wells were
ncubated at 37°C for 24 h. The filters were then removed from the
hamber, and stained with Diff-Quick (Baxter Scientific, McGaw
ark, IL). Invasion was assessed by counting the cells that traversed
he filter and were attached to the bottom side. Results shown are
epresentative of three independent experiments.

Statistical analyses. As previously described (24), Principal Com-
onents Analysis (PCA) was used to analyze log-transformed expres-
ion data from the array experiments. A robust 95% confidence
nterval on the second principal component was used to identify
enes that exhibited over- or underexpression in an hsp27 overex-
ressing clone relative to a control transfected clone. Fold differences
n expression were estimated by back-transforming the second prin-
ipal component. P-values indicate the likelihood of such a value
ccurring by chance, using a normal distribution and a robust esti-
ator of variance.
Analysis of variance of log-transformed invasion cell-counts was

sed to compare the invasiveness of Yes transfected clones express-
ng low levels of MMP-9 to control clones, and in a separate analysis,
o compare the invasiveness of a high MMP-9 expressing Yes trans-
ected clone to control clones. Geometric means and 95% confidence
ntervals were computed by back transforming means and 95% con-
dence intervals of log-transformed data.

ESULTS

Regulation of MMP-9 expression by hsp27. We have
reviously shown that hsp27 overexpression increases
n vitro invasiveness and in vivo metastatic behavior
f breast cancer cells (21), using MDA-MB-231 cells
tably transfected with a human hsp27 cDNA. In an
ttempt to identify genes involved in invasion or me-
188
xpression, we utilized cDNA expression array technol-
gy. 32P-labeled cDNAs were synthesized by reverse
ranscription of mRNA isolated from control vector-
lone transfected (Clone C2), or hsp27-overexpressing
ells (Clone 19) (21), and hybridized to Atlas cDNA
rrays. The expression of specific genes was deter-
ined by densitometric scanning and Principal Com-

onents Analysis (PCA) of hybridized signals (24). Of
he 588 genes contained on the Atlas Human Cancer
DNA Expression Array, at least 121 are associated
ith the cellular processes of cell adhesion, motility,
nd invasion. Using a 5% cut-off, PCA identified 20
andidate genes from this group whose expression was
ffected by hsp27 overexpression, many of which were
ither MMPs or TIMPs (data not shown). These genes
ncluded MMP-9 and the tissue inhibitor of metallo-
roteinases-1, TIMP-1, which have been associated
ith breast tumor progression and metastasis (26).
rray analysis showed that there was a higher expres-
ion of MMP-9 RNA (1.75-fold, P , 0.01) and a lower
xpression of TIMP-1 RNA (0.61-fold, P , 0.03) in the
sp27-transfected cells compared to control cells.
here were no significant differences in expression of
wo other breast cancer metastasis-associated genes,
MP-2 (P , 0.08) and tissue inhibitor of metallopro-

einases-2, TIMP-2 (P , 0.09), in our cDNA array
nalysis.
We chose first to confirm the cDNA expression array

esults for MMP-9 and TIMP-1, as well as MMP-2 and
IMP-2, at the protein level using Western blot anal-
sis. We confirmed that MMP-9 was differentially ex-
ressed at the protein level (Fig. 1A, upper panel)
etween control-transfected (Clones C1 and C2) and
sp27-transfected (Clones 19 and 12(2)) MDA-MB-231
ells, with approximately a twofold higher expression
n hsp27-overexpressing cells. We also confirmed the
NA data, that neither MMP-2 nor TIMP-2 were dif-

erentially expressed at the protein level as a result of
sp27 overexpression, though there was a slight but
ot significant change in protein expression of TIMP-2
0.5-fold) in one of the hsp27-transfected clones (Clone
2(2)). In contrast to these validations, however, the
ower TIMP-1 levels predicted by our RNA array data
n hsp27-transfected cells were not confirmed using

estern blot analysis (Fig. 1A).
To evaluate the functional activity of MMP-9 in our

ontrol and hsp27-transfected cells, we next utilized
elatin zymography (Fig. 1B). Hsp27-overexpressing
ells (Clones 19 and 12(2)) secreted a 2- to 3-fold higher
evel of enzymatically active MMP-9 than control cells
Clones C1 and C2). In agreement with our protein
xpression results, we found no difference in MMP-2
ctivity (Fig. 1B), or in TIMP-1 or TIMP-2 activity
data not shown), concomitant with hsp27 overexpres-
ion. Therefore, we conclude that hsp27 overexpres-
ion specifically increases expression and activity of
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MP-9, but not MMP-2 in MDA-MB-231 breast cancer
ells, and that this increase is probably not due to
ecreased inhibitor expression, since levels of TIMP-1
nd TIMP-2 were unaltered.
Since hsp27 influences both MMP-9 RNA and pro-

ein expression, we next examined MMP-9 promoter
ranscriptional activity by transiently transfecting
ontrol and hsp27 stable transfectants with a 670 bp
ragment of the MMP-9 promoter. This region of the
roximal promoter, located directly 59 of the transcrip-
ional start site, regulates transcription of MMP-9 (22,
7–29). In these studies, control and hsp27-overexpres-
ing MDA-MB-231 cells were cotransfected with a
EAP reporter driven by the 670 bp MMP-9 promoter

ragment (MMP-9), or the empty SEAP reporter (vector
ontrol), and a b-galactosidase reporter. MMP-9 pro-
oter activity was increased 9.9- and 8.3-fold in the

ontrol clones C1 and C2, respectively, and 16.8- and
8.9-fold higher in the two hsp27-overexpressing
lones 19 and 12(2) (Fig. 1C). Therefore, overexpres-
ion of hsp27 in these cells yielded an approximate
wo-fold increase in transactivation of the MMP-9 pro-
oter. This suggests that the increased MMP-9 RNA

nd protein synthesis demonstrated in our array and

FIG. 1. Increased MMP-9 expression and activity with hsp27 over
ells were plated at a density of 1.25 3 106 cells per T-75 flask. Afte
n additional 48 h, the conditioned media was harvested and concent
lot and zymographic analysis. (A) Western blot analysis of MM
sp27-transfected (19, 12(2)) cells was performed in 10% polyacryla
ontrol (C1, C2) and hsp27-transfected (19, 12(2)) cells was perform

and B are representative of three independent experiments. (C)
ransfected (19, 12(2)) cells. Cells (triplicate wells) were cotransfecte
f the MMP-9 SEAP reporter (MMP-9) and 200 ng b-galactosidase re
nder Materials and Methods. After 48 h the conditioned media was
nd protein extracts assayed for b-galactosidase activity. Data shown
s fold expression over the empty reporter vector alone 6SE.
189
estern blot analysis may be due to increased
ranscriptional activity directly resulting from hsp27
verexpression.

Hsp27 overexpression decreases Yes expression. To
urther explore the mechanism of hsp27 overexpres-
ion on MMP-9 activity, we examined other differen-
ially expressed genes that were identified in our cDNA
rray analysis. We were especially interested in genes
articipating in signaling pathways involved in cell
dhesion, motility, and invasion. One potential candi-
ate we identified in the array analysis was Yes, a
ember of the Src family of tyrosine protein kinases.
here was an approximate 2.6-fold decrease in Yes
NA expression between control and hsp27-trans-

ected cells in an array analysis (results not shown).
hese results were confirmed at the protein level using
estern blot analysis (Fig. 2A); Yes protein expression

n control transfectants (HspC, Clones C1 and C2) was
pproximately 3- to 5-fold higher than in hsp27-
verexpressing cells (HspTf, Clones 19 and 12(2)).
To define the role of Yes on the phenotype conferred

y hsp27 overexpression, we next reconstituted Yes
xpression by stably transfecting a plasmid coding for

ression. (A and B) Control (C1, C2) and hsp27-transfected (19, 12(2))
h of growth, the media was replaced with serum-free media. After

ed as described under Materials and Methods, and used for Western
9, MMP-2, TIMP-1, and TIMP-2 levels in control (C1, C2) and
e gels. (B) Zymographic analysis of MMP-9 and MMP-2 activity in
n 10% polyacrylamide gels containing 0.1% gelatin. Data shown in
alysis of MMP-9 promoter activity in control (C1, C2) and hsp27-
ith 2 mg of the empty SEAP reporter vector (vector control) or 2 mg
ter plasmid using the FuGENE 6 transfection reagent as described
thdrawn and used to assay SEAP activity; the cells were harvested
C are representative of two independent experiments, and presented
exp
r 48
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uman Yes cDNA in the sense orientation into both of
ur original hsp27-overexpressing clones, Clones 19
nd 12(2). The resulting double-transfectant clones
ere screened by Western blot analysis for Yes and
sp27 protein expression (Figs. 2A and 2B, respective-

y). The range of Yes expression was increased 2- to
-fold (Clones 2, 22, and 25), as evaluated by densito-
etric scanning of the immunoblots as compared to

ontrol-transfected cells (Clones C3 and C4). The three
es-transfected clones were generated by transfection
f hsp27-overexpressing clone 12(2). The control cells
Clones C3 and C4) were generated by transfection of
he empty plasmid vector (pZeoSV2) into hsp27 trans-
ectant 12(2). Both the control and Yes transfectant
lones maintained high levels of hsp27 expression (Fig.
B). The Yes reconstituted clones 2, 22, and 25 ex-
ressed similar levels of Yes protein (Fig. 2A, Yes Tf)
ompared to the noticeably high levels of Yes in the
sp27 control C1 and C2 clones (Fig. 2A, Hsp C).

Reconstitution of Yes abrogates hsp27’s effect on
MP-9 activity. We next examined whether Yes re-

xpression could alter MMP activity in our cells, as
ssessed by gelatin zymography, since MMP activity
as altered by hsp27 overexpression. As shown in Fig.
, the level of MMP-9 activity was 2- to 3-fold lower in
he Yes-expressing transfectants (Yes Tf, Clones 2, 22,
5) compared to control cells (Yes C, Clones C3, C4),
hereas the levels of MMP-2 activity were relatively

imilar between these two transfectant groups. Fur-
hermore, MMP-9 expression in the Yes transfectants
Yes Tf) and controls (Yes C) mimics that seen in the
sp27 controls (Hsp C) and hsp27 transfectants (Hsp
f), respectively. These results suggest that increased
MP-9 expression and activity concomitant with

sp27 overexpression are mediated through the Yes
ignaling pathway.

FIG. 2. Decreased Yes expression with hsp27 overexpression. (A
nd B) Hsp27 control (C1, C2), hsp27-transfected (19, 12(2)), Yes
ontrol (C3, C4), and Yes-transfected (2, 22, 25) cells were plated at
density of 1.25 3 106 cells per T-75 flask. After 72 h of growth, cells
ere harvested and total cellular extracts prepared in 5% SDS. (A)
es, and (B) hsp27 Western blot analysis was performed in 10%
olyacrylamide gels as described under Materials and Methods.
ata shown are representative of two independent experiments.
190
Yes expression reverses hsp27’s effect on cell invasion.
o address the biological role of Yes reexpression fur-
her in breast cancer cells, we next examined the abil-
ty of Yes to influence properties associated with tumor

etastasis using Matrigel invasion assays. Two of the
es transfected clones (Clones 2 and 25) also had the

owest MMP-9 activity, as assessed by zymography
Fig. 3). These two clones with the lowest MMP-9 ac-
ivity (Clones 2 and 25) exhibited decreased invasive-
ess as compared to the control transfected clones
Clones C3 and C4; P 5 0.002), while the third clone
Clone 22; P 5 0.77) did not (Table 1). This suggests
hat hsp27’s effect on MMP-9 activity might be modu-
ated by Yes expression in human breast cancer cells.

ISCUSSION

Hsp27 is overexpressed in a number of malignancies,
ncluding breast cancer, although its exact role in me-
astasis is unknown. In the present study, we show for
he first time that hsp27 overexpression up-regulates
MP-9 expression and activity in human breast can-

er cells. These results extend our previous observa-

FIG. 3. Decreased MMP-9 enzymatic activity with Yes overex-
ression. Hsp27 control (C1, C2), hsp27-transfected (19, 12(2)), Yes
ontrol (C3, C4), and Yes-transfected (2, 22, 25) cells were plated at
density of 1.25 3 106 cells per T-75 flask. After 48 h of growth, the
edia was replaced with serum-free media. After an additional 48 h,

he conditioned media was harvested and concentrated as described
nder Materials and Methods, and used for zymographic analysis in
0% polyacrylamide gels containing 0.1% gelatin. Data shown are
epresentative of two independent experiments.

TABLE 1

Yes Expression Correlates with Invasion
of Breast Cancer Cells

Transfection Clone Mean (95% CI)*

ontrol transfected C3 301 (180–503)
C4 791 (430–1452)

es transfected 2 109 (49–247)
25 168 (62–452)
22 430 (180–1025)

* Geometric mean number of invading cells determined by Boyden
hamber assay, and corresponding 95% confidence interval for each
lone.
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orphology, increased in vitro invasiveness and adhe-
ion, and increased in vivo metastatic behavior (21).
urthermore, we demonstrate that hsp27 overexpres-
ion decreases Yes expression, and reconstitution of
es into hsp27-overexpressing cells reverses the inva-
ive phenotype of breast cancer cells. Cells overex-
ressing both hsp27 and Yes exhibited decreased
MP-9 activity, and decreased in vitro invasiveness.
herefore, our results provide a new potential mecha-
ism for hsp27 effects on the metastatic cascade
hrough Yes signal transduction processes in breast
ancer cells.

MMPs are a family of zinc-dependent endopepti-
ases that have been associated with tumor cell inva-
ion and metastasis due to their ability to hydrolyze a
ariety of extracellular matrix proteins (26). These en-
ymes have been correlated with metastasis in a large
ariety of systems, and in general, can be produced by
ither the tumor cells themselves or the stromal cells
urrounding the lesion. In breast tumors, two members
f the MMP family, MMP-2 and MMP-9, are highly
xpressed in both the stroma and cancer cells (22, 30,
1). MMP-2 and MMP-9 are thought to degrade a ma-
or structural protein in basement membrane called
ype IV collagen, and thus contribute to the invasive
bility of breast cancer cells (32), although the mecha-
isms regulating MMP expression in breast cancer
ells are largely unknown.

Our results demonstrate that hsp27 regulates
MP-9, but not MMP-2 RNA and protein expression in

he human breast cancer cell line MDA-MB-231. Sim-
lar to our study, another specific hsp, Chlamydial
sp60, was correlated with up-regulation of MMP-9
xpression in macrophages, while it had no effect on
MP-2 (33). Additional evidence for a role for hsps in
MP regulation comes from a study examining the

ffect of heat shock treatment on collagenase (MMP-1)
ene expression (34). Heat shock caused a rapid in-
rease in hsp expression, followed by a delayed in-
rease in MMP-1 mRNA levels in both normal human
ynovial and dermal fibroblasts. Transcriptional acti-
ation of MMP-1 due to heat shock was mediated
hrough an AP-1 binding site, in agreement with
arter (1997) (35) that hsps may play a modulatory

ole in the regulation of AP-1 responsive genes. The
MP-9 promoter, like that of MMP-1, contains an
P-1 binding site which is important for its expression

22), suggesting that hsp27 might up-regulate MMP-9
hrough increased AP-1 binding. Our unpublished ob-
ervations, however, indicate that hsp27 overexpres-
ion may not affect AP-1 activity, and may thus regu-
ate MMP-9 expression in breast cancer cells through
ther mechanisms.
Our results suggest that hsp27’s effect on MMP-9

xpression is mediated through the Src-family tyrosine
rotein kinase Yes. The Src family members are non-
191
lasma membrane. These kinases have been impli-
ated as essential signaling components in a diverse
rray of cellular functions, including extracellular
atrix-promoted adhesion and spreading, focal adhe-

ion formation and disassembly, formation of lamelli-
odia or membrane ruffles, and migration (36), al-
hough the precise role of various family members in
hese cellular events and in cancer is largely unknown.
n human tumors, increased Src kinase activity can
ccur, and it has been hypothesized that Src may play
n important role in the malignant progression of var-
ous types of cancer, including colon (37), bladder (38),
reast (39), and skin (40). In breast cancer, Src activity
s increased in both human primary breast tumor
ells and breast tumor cell lines, and has been corre-
ated with the tumorigenicity of human breast tumors
39, 41, 42).

We would like to suggest that Yes can modulate
MP-9 activity and the invasiveness of breast cancer

ells, implying a role for Yes in breast cancer progres-
ion. This is also supported by other studies that
ave associated Src family member expression with
MP activity. For instance, transformation of normal

hicken embryo fibroblasts with Src or Yes stimulates
MP activity and increases the invasiveness of these

ells (43). One mechanism for Src- or Yes-regulated
MP expression may involve altered protein binding

t MMP promoters, since Src stimulation of the
MP-9 promoter in human fibrosarcoma and hepa-

oma cells is mediated through an AP-1 site and a GT
ox (44). These elements are distinct from those re-
ponsible for induction by TNFa and TPA (22). Our
esults suggest that in breast cancer cells, Yes expres-
ion inhibits MMP activity, and that decreased Yes
xpression in our hsp27-transfected MDA-MB-231
ells may facilitate altered transcription factor binding
n the MMP-9 promoter, resulting in an increase in
MP-9 transcription.
This paper demonstrates an inverse relationship be-

ween Yes and hsp27 expression and function in breast
ancer cells. There are a number of functional ways Yes
nd hsp27 might be interrelated and affect signal
ransduction. First, hsp27 may modulate other kinase
ctivities (e.g., PKB/AKT) through its chaperone func-
ion, and thus might influence Yes expression. Second,
ncreased hsp27 expression may affect the dynamics of
ctin polymerization/depolymerization and microfila-
ent organization, and regulate the activities of the

iverse array of kinases found at the cellular mem-
rane such as Yes. Third, Yes may regulate hsp27
hosphorylation/dephosphorylation, since hsp27 is phos-
horylated by p38-regulated MAPKAP kinases 2 and 3
9), and is dephosphorylated principally by phospha-
ase PP2A (45). In fact, Yes is found complexed with a
8-kDa phosphoprotein (46), as well as PP2A (47).



In summary, our results suggest that the signaling
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athway(s) involving hsp27, Yes, MMP-9, and invasion
n breast cancer cells are interregulated and possibly
oregulated, and thus may operate as a dynamic sig-
aling network. Identification of other proteins that
articipate in this pathway, as well as those directly
egulating Yes and MMP-9 expression remains to be
one, but may provide further therapeutic targets for
linical intervention in the metastatic cascade of breast
ancer cells.

CKNOWLEDGMENTS

The authors of this paper would like to thank Albert Davalos for
is constructive comments and helpful discussions. This work was
upported by NIH CA58183.

EFERENCES

1. Arrigo, A. P., and Landry, J. (1994) Expression and function of
the low-molecular-weight heat shock proteins. in The Biology of
Heat Shock Proteins and Molecular Chaperones (Morimoto, R. I.,
Tissieres, A., and Georgopoulos, C., eds.), pp. 335–373, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

2. Landry, J., Chretien, P., Lambert, H., Hickey, E., and Weber,
L. A. (1989) Heat shock resistance conferred by expression of the
human hsp27 gene in rodent cells. J. Cell Biol. 109, 7–15.

3. Samali, A., and Cotter, T. G. (1996) Heat shock proteins increase
resistance to apoptosis. Exp. Cell Res. 223, 163–170.

4. Mehlen, P., Schulze-Osthoff, K., and Arrigo, A. P. (1996) Small
stress proteins as novel regulators of apoptosis. Heat shock pro-
tein 27 blocks Fas/APO-1-and staurosporine-induced cell death.
J. Biol. Chem. 271, 16510–16514.

5. Hansen, R. K., Parra, I., Lemieux, P., Oesterreich, S., Hilsen-
beck, S. G., and Fuqua, S. A. W. (1999) Hsp27 overexpression
inhibits doxorubicin-induced apoptosis in human breast cancer
cells. Br. Cancer Res. Treat. 56, 187–196.

6. Jaattela, M. (1999) Escaping cell death: Survival proteins in
cancer. Exp. Cell Res. 248, 30–43.

7. Xanthoudakis, S., and Nicholson, D. W. (2000) Heat-shock pro-
teins as death determinants. Nat. Cell Biol. 2, E163–E165.

8. Lavoie, J. N., Gingras-Breton, G., Tanguay, R. M., and Landry, J.
(1993) Induction of Chinese hamster hsp27 gene expression in
mouse cells confers resistance to heat shock. Hsp27 stabilization
of the microfilament organization. J. Biol. Chem. 268, 3420–
3429.

9. Guay, J., Lambert, H., Gingras-Breton, G., Lavoie, J. N., Huot,
J., and Landry, J. (1997) Regulation of actin filament dynamics
by p38 map kinase-mediated phosphorylation of heat shock pro-
tein 27. J. Cell Sci. 110, 357–368.

0. Minowada, G., and Welch, W. (1995) Variation in the expression
and/or phosphorylation of the human low molecular weight
stress protein during in vitro cell differentiation. J. Biol. Chem.
270, 7047–7054.

1. Piotrowicz, R. S., Weber, L. A., Hickey, E., and Levin, E. G.
(1995) Accelerated growth and senescence of arterial endothelial
cells expressing the small molecular weight heat-shock protein
hsp27. FASEB J. 9, 1079–1084.

2. Huot, J., Houle, F., Marceau, F., and Landry, J. (1997) Oxidative
stress-induced actin reorganization mediated by the p38
mitogen-activated protein kinase/heat shock protein 27 pathway
in vascular endothelial cells. Circ. Res. 80, 383–392.

3. Rousseau, S., Houle, F., Landry, J., and Huot, J. (1997) p38 map
192
actin reorganization and cell migration in human endothelial
cells. Oncogene 15, 2169–2177.

4. Konishi, H., Matsuzaki, H., Tanaka, M., Takemura, Y., Kuroda,
S., Ono, Y., and Kikkawa, U. (1997) Activation of protein kinase
B (Akt/RAC-protein kinase) by cellular stress and its association
with heat shock protein hsp27. FEBS Lett. 410, 493–498.

5. Rane, M. J., Coxon, P. Y., Powell, D. W., Webster, R., Klein, J. B.,
Ping, P., Pierce, W., and McLeish, K. R. (2000) p38 kinase-
dependent MAPKAPK-2 activation functions as PDK2 for AKT
in human neutrophils. in press, M005953200.

6. Welsh, M. J., and Gaestel, M. (1998) Small heat-shock protein
family: Function in health and disease. Ann. N. Y. Acad. Sci.
851, 28–35.

7. Oesterreich, S., Hilsenbeck, S. G., Ciocca, D. R., Allred, D. C.,
Clark, G. M., Chamness, G. C., Osborne, C. K., and Fuqua,
S. A. W. (1996) The small heat shock protein hsp27 is not an
independent prognostic marker in axillary lymph node-negative
breast cancer patients. Clin. Cancer Res. 2, 1199–1206.

8. Oesterreich, S., Weng, C. N., Qiu, M., Hilsenbeck, S. G., Osborne,
C. K., and Fuqua, S. A. W. (1993) The small heat shock protein
hsp27 is correlated with growth and drug resistance in human
breast cancer cell lines. Cancer Res. 53, 4443–4448.

9. Langdon, S. P., Rabiasz, G. J., Hirst, G. L., King, R. J., Hawkins,
R. A., Smyth, J. F., and Miller, W. R. (1995) Expression of the
heat shock protein hsp27 in human ovarian cancer. Clin. Cancer
Res. 1, 1603–1609.

0. Uozaki, H., Horiuchi, H., Ishida, T., Iijima, T., Imamura, T., and
Machinami, R. (1997) Overexpression of resistance-related pro-
teins (metallothioneins, glutathione-S-transferase pi, heat shock
protein 27, and lung resistance-related protein) in osteosarcoma.
Relationship with poor prognosis. Cancer 79, 2336–2344.

1. Lemieux, P., Oesterreich, S., Lawrence, J. A., Steeg, P. S.,
Hilsenbeck, S. G., Harvey, J. M., and Fuqua, S. A. W. (1997) The
small heat shock protein hsp27 increases invasiveness but de-
creases motility of breast cancer cells. Invasion Metastasis 17,
113–123.

2. Sato, H., and Seiki, M. (1993) Regulatory mechanism of 92 kDa
type IV collagenase gene expression which is associated with
invasiveness of tumor cells. Oncogene 8, 395–405.

3. Sukegawa, J., Semba, K., Yamanashi, Y., Nishizawa, M., Miya-
jima, N., Yamamoto, T., and Toyoshima, K. (1987) Characteriza-
tion of cDNA clones for the human c-yes gene. Mol. Cell. Biol. 7,
41–47.

4. Hilsenbeck, S. G., Friedrichs, W. E., Schiff, R., O’Connell, P.,
Hansen, R. K., Osborne, C. K., and Fuqua, S. A. W. (1999)
Statistical analysis of array expression data as applied to the
problem of tamoxifen resistance. J. Natl. Cancer Inst. 91, 453–
459.

5. Rouet, P., Raguenez, G., and Salier, J. P. (1992) Optimized
assays for quantifying transient expressions of cotransfected
beta-galactosidase and CAT reporter genes. Biotechniques 13,
700–701.

6. Benaud, C., Dickson, R. B., and Thompson, E. W. (1998) Roles of
the matrix metalloproteinases in mammary gland development
and cancer. Breast Cancer Res. Treat. 50, 97–116.

7. Gum, R., Lengyel, E., Juarez, J., Chen, J. H., Sato, H., Seiki, M.,
and Boyd, D. (1996) Stimulation of 92-kDa gelatinase B pro-
moter activity by ras is mitogen-activated protein kinase kinase
1-independent and requires multiple transcription factor bind-
ing sites including closely spaced PEA3/ets and AP-1 sequences.
J. Biol. Chem. 271, 10672–10680.

8. He, C. (1996) Molecular mechanisms of transcriptional activa-
tion of human gelatinase B by proximal promoter. Cancer Lett.
106, 185–192.



29. Watabe, T., Yoshida, K., Shindoh, M., Kaya, M., Fujikawa, K.,

3

3

3

3

3

3

3

3

3

pp60c-src in low grade human bladder carcinoma. Cancer Res.

3

4

4

4

4

4

4

4

4

Vol. 282, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Sato, H., Seiki, M., Ishii, S., and Fujinaga, K. (1998) The ets-1
and ets-2 transcription factors activate the promoters for
invasion-associated urokinase and collagenase genes in response
to epidermal growth factor. Int. J. Cancer 77, 128–137.

0. Monteagudo, C., Merino, M. J., San-Juan, J., Liotta, L. A., and
Stetler-Stevenson, W. G. (1990) Immunohistochemical distribu-
tion of type IV collagenase in normal, benign, and malignant
breast tissue. Am. J. Pathol. 136, 585–592.

1. Davies, B., Miles, D. W., Happerfield, L. C., Naylor, M. S., Bo-
brow, L. G., Rubens, R. D., and Balkwill, F. R. (1993) Activity of
type IV collagenases in benign and malignant breast disease.
Br. J. Cancer 67, 1126–1131.

2. Bae, S. N., Arand, G., Azzam, H., Pavasant, P., Torri, J., Frand-
sen, T. L., and Thompson, E. W. (1993) Molecular and cellular
analysis of basement membrane invasion by human breast can-
cer cells in matrigel-based in vitro assays. Breast Cancer Res.
Treat. 24, 241–255.

3. Kol, A., Sukhova, G. K., Lichtman, A. H., and Libby, P. (1998)
Chlamydial heat shock protein 60 localizes in human atheroma
and regulates macrophage tumor necrosis factor-alpha and ma-
trix metalloproteinase expression. Circulation 98, 300–307.

4. Hitraya, E. G., Varga, J., and Jimenez, S. A. (1995) Heat shock
of human synovial and dermal fibroblasts induces delayed up-
regulation of collagenase-gene expression. Biochem. J. 308, 743–
747.

5. Carter, D. A. (1997) Modulation of cellular AP-1 DNA binding
activity by heat shock proteins. FEBS Lett. 416, 81–85.

6. Thomas, S. M., and Brugge, J. S. (1997) Cellular functions reg-
ulated by src family kinases. Annu. Rev. Cell Dev. Biol. 13,
513–609.

7. Cartwright, C. A., Mamajiwalla, S., Skolnik, S. A., Eckhart, W.,
and Burgess, D. R. (1993) Intestinal crypt cells contain higher
levels of cytoskeletal-associated pp60c-src protein tyrosine ki-
nase activity than do differentiated enterocytes. Oncogene 8,
1033–1039.

8. Fanning, P., Bulovas, K., Saini, K. S., Libertino, J. A., Joyce,
A. D., and Summerhayes, I. C. (1992) Elevated expression of
193
52, 1457–1463.
9. Ottenhoff-Kalff, A. E., Rijksen, G., van Beurden, E. A., Hennip-

man, A., Michels, A. A., and Staal, G. E. (1992) Characterization
of protein tyrosine kinases from human breast cancer: Involve-
ment of the c-src oncogene product. Cancer Res. 52, 4773–4778.

0. Barnekow, A., Paul, E., and Schartl, M. (1987) Expression of the
c-src protooncogene in human skin tumors. Cancer Res. 47, 235–
240.

1. Jacobs, C., and Rubsamen, H. (1983) Expression of pp60c-src
protein kinase in adult and fetal human tissue: High activities in
some sarcomas and mammary carcinomas. Cancer Res. 43,
1696–1702.

2. Rosen, N., Bolen, J. B., Schwartz, A. M., Cohen, P., DeSeau, V.,
and Israel, M. A. (1986) Analysis of pp60c-src protein kinase
activity in human tumor cell lines and tissues. J. Biol. Chem.
261, 13754–13759.

3. Hamaguchi, M., Yamagata, S., Thant, A. A., Xiao, H., Iwata, H.,
Mazaki, T., and Hanafusa, H. (1995) Augmentation of metallo-
proteinase (gelatinase) activity secreted from Rous sarcoma
virus-infected cells correlates with transforming activity of src.
Oncogene 10, 1037–1043.

4. Sato, H., Kita, M., and Seiki, M. (1993) v-src activates the ex-
pression of 92-kDa type IV collagenase gene through the AP-1
site and the GT box homologous to retinoblastoma control ele-
ments. A mechanism regulating gene expression independent of
that by inflammatory cytokines. J. Biol. Chem. 268, 23460–
23468.

5. Cairns, J., Qin, S., Philp, R., Tan, Y. H., and Guy, G. R. (1994)
Dephosphorylation of the small heat shock protein hsp27 in vivo
by protein phosphatase 2A. J. Biol. Chem. 269, 9176–9183.

6. Grandori, C., Sudol, M., and Hanafusa, H. (1991) c-yes protein
kinase is associated with a 38 kD protein in cerebellum. Onco-
gene 6, 1063–1066.

7. Fuhrer, D. K., and Yang, Y. C. (1996) Complex formation of
JAK2 with PP2A, PI3K, and Yes in response to the hematopoi-
etic cytokine interleukin-11. Biochem. Biophys. Res. Commun.
224, 289–296.


	MATERIALS AND METHODS
	RESULTS
	FIG.1
	FIG. 2
	FIG. 3

	DISCUSSION
	TABLE 1

	ACKNOWLEDGMENTS
	REFERENCES

