Suppression of heat shock protein 27 induces
long-term dormancy in human breast cancer
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The mechanisms underlying tumor dormancy have been elusive and
not well characterized. We recently published an experimental
model for the study of human tumor dormancy and the role of
angiogenesis, and reported that the angiogenic switch was preceded
by a local increase in VEGF-A and basic fibroblast growth factor. In
this breast cancer xenograft model (MDA-MB-436 cells), analysis of
differentially expressed genes revealed that heat shock protein 27
(HSP27) was significantly up-regulated in angiogenic cells compared
with nonangiogenic cells. The effect of HSP27 down-regulation was
further evaluated in cell lines, mouse models, and clinical datasets of
human patients with breast cancer and melanoma. Stable down-
regulation of HSP27 in angiogenic tumor cells was followed by long-
term tumor dormancy in vivo. Strikingly, only 4 of 30 HSP27
knockdown xenograft tumors initiated rapid growth after day 70,
in correlation with a regain of HSP27 protein expression. Signifi-
cantly, no tumors escaped from dormancy without HSP27 expres-
sion. Down-regulation of HSP27 was associated with reduced
endothelial cell proliferation and decreased secretion of VEGF-A,
VEGF-C, and basic fibroblast growth factor. Conversely, overexpres-
sion of HSP27 in nonangiogenic cells resulted in expansive tumor
growth in vivo. By dlinical validation, strong HSP27 protein expres-
sion was associated with markers of aggressive tumors and de-
creased survival in patients with breast cancer and melanoma. An
HSP27-associated gene expression signature was related to molec-
ular subgroups and survival in breast cancer. Our findings suggest
a role for HSP27 in the balance between tumor dormancy and tumor
progression, mediated by tumor-vascular interactions. Targeting
HSP27 might offer a useful strategy in cancer treatment.
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M ore than one-third of the world’s population is diagnosed
with cancer (invasive or in situ) during their lifetime (http://
seer.cancer.gov/). Somewhat surprisingly, autopsy studies have
demonstrated a higher prevalence (>90%) of microscopic cancer
(1). These findings suggest that small tumors can remain dormant
without progression into detectable disease (2, 3). Primary can-
cers or metastases usually present clinically after they become
angiogenic and expand in mass (4, 5). We previously reported an
experimental model for the study of human tumor dormancy and
the critical role of angiogenesis (or lack thereof) in maintaining
this disease state (6). Specifically, we reported that angiogenic and
nonangiogenic populations isolated from human breast cancer
cells were characterized by their ability to induce angiogenesis and
tumor growth in SCID mice or to remain as microscopic (dor-
mant) but actively proliferating tumors. Here we report that heat
shock protein 27 (HSP27) is highly up-regulated in angiogenic
breast cancer cells, and provide evidence that HSP27 plays a key
role in the balance between tumor dormancy and expansive tumor
growth associated with the onset of angiogenesis.

www.pnas.org/cgi/doi/10.1073/pnas.1017909109

Heat shock proteins are constitutively expressed at low levels in
all cells under physiological conditions (7). Their expression is
rapidly induced by various stress factors, including heat, hypoxia,
cytotoxic drugs, and radiation (7). HSP27 is a small heat shock
protein with functions not limited to thermotolerance. Previous
reports have suggested a role of HSP27 upstream of VEGF-A
through HIF-1a, STAT3, and NF«B transcription factors (8-12).
Furthermore, phosphorylated HSP27 has been shown to bind
basic fibroblast growth factor (bFGF) and facilitate its transport
over the plasma membrane (13, 14).

Studies indicate that HSP27 is also a downstream target of
VEGF-A through VEGFR?2 and the p38 signaling pathways (15).
Here we present evidence that HSP27 is a key regulator of tumor
dormancy, and that suppression of HSP27 induces long-term
dormancy in a model of human breast cancer. Further, we dem-
onstrate that the angiogenic switch is influenced by HSP27-de-
pendent changes in VEGF-A, VEGF-C, and bFGF secretion from
tumor cells. Expression analyses of dormant and angiogenic cells
uncovered HSP27-regulated genes and a signature that predicts
poor survival. Targeting this multifunctional cytoprotective pro-
tein might be a useful strategy in cancer treatment.

Results

HSP27 Is Overexpressed in Angiogenic Human Breast Cancer Cells
Compared with Nonangiogenic Human Breast Cancer Cells (MDA-MB-
436). We previously characterized angiogenic (MDA-MB-436-A)
and nonangiogenic (MDA-MB-436-NA) variants of human breast
cancer cell line MDA-MB-436 (6). Subsequently, we compared
gene expression profiles of angiogenic and nonangiogenic cells
in vitro, and found that HSP27 (HSPB1) was the most overex-
pressed gene (by 33-fold) in angiogenic cells (Table S1). Western
blot analysis revealed that angiogenic cells expressed higher levels
of HSP27 protein in vitro compared with nonangiogenic cells,
which expressed undetectable levels (Fig. 14). Two other cancer-
related heat shock proteins (HSP70 and HSP90) demonstrated
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Fig. 1. HSP27 is overexpressed in angiogenic human breast cancer cells
compared with nonangiogenic human breast cancer cells. Differences in
HSP27 expression between the angiogenic and nonangiogenic variants of the
MDA-MB-436 cell line were validated. (A) Western blot analysis of HSP90,
HSP70, and HSP27 protein expression in angiogenic (A) and nonangiogenic
(NA) variants of the human breast cancer cell line. (B and C) Immunohisto-
chemical staining for HSP27 protein in cell pellets containing angiogenic (B)
or nonangiogenic (C) cells, grown under in vitro conditions. (D-F) Immuno-
histochemical staining of HSP27 protein in tumor xenografts was quantified
using a staining index (D) and was significantly increased in angiogenic
tumors (E) compared with nonangiogenic tumors (F). The sample shown in F
is negative for HSP27 expression in tumor cells, representing one extreme end
of the expression spectrum. In F, note the strong expression of HSP27 protein
in some tumor-associated stromal (including endothelial) cells.

no clear difference in expression. Immunohistochemistry of cell
pellets revealed that >90% of angiogenic tumor cells were
HSP27-positive, whereas <5% of nonangiogenic cells stained
slightly positive (Fig. 1 B and C).

To confirm the difference in HSP27 expression in vivo, we an-
alyzed 17 angiogenic and nonangiogenic size-matched breast
cancer xenograft tumors harvested at various time points by im-
munohistochemistry (Fig. 1 E and F). Angiogenic tumors express-
ed 1.9-fold higher levels than nonangiogenic tumors (mean
staining index [SI]: angiogenic, 7.8 + 0.5; nonangiogenic, 4.2 + 0.6;
P < 0.001, ¢ test) (Fig. 1D). These findings support the microarray
data and indicate that HSP27 is overexpressed in angiogenic breast
cancer cells compared with nonangiogenic breast cancer cells both
in vitro and in vivo. In stromal cells, HSP27 protein expression did
not differ significantly in HSP27KD-3 tumors and nontargeted
(NT) control tumors (mean SI, 2.0 vs. 1.5).

Stable Down-Regulation of HSP27 in Angiogenic Human Breast Cancer
Cells Induces Long-Term Dormancy in Vivo. We hypothesized that if
HSP27 was regulating the angiogenic potential of these breast
cancer cells, then the angiogenic phenotype could be reverted to
a nonangiogenic or dormant phenotype by down-regulation of
HSP27. We further postulated that reverted, nonangiogenic tumors
would be microscopic in size (16). MDA-MB-436-A cells were
transduced with lentiviruses encoding three different shRNAs
against HSP27 (HSP27KD-1, HSP27KD-2, and HSP27KD-3).
Compared with the original angiogenic (MDA-MB-436-A) cell
line, expression of HSP27 protein was 20% lower in HSP27KD-1
cells, 70% lower in HSP27KD-2 cells, 84% lower in HSP27KD-3
cells, and similar in NT control cells (Fig. 24). NT control cells
expressed threefold higher HSP27 levels compared w1th
HSP27KD-3 cells (mean SI, 7.5 + 0.9 vs. 2.4 + 0.2; P < 0.001, x*

test) as assessed by immunohistochemical analysis of cell pellets
(Fig. 2 B-D).

To determine the effect of HSP27 suppression on tumor
growth, SCID mice (n = 10 per group) were inoculated s.c. with
NT control or HSP27KD cells. The mice were killed at early
(16 d) or late (70 d) time points for microscopic evaluation; four
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mice per group remained by the end of the experiment. Whereas
the control cells initiated exponential tumor growth at day 20 and
reached a mean size of roughly 2,000 mm? by day 77 (mean, 1,932 +
1,132 mm® n = 4) (Fig. 2 F, H, and 1), the mice inoculated with
HSP27KD 3 cells formed microscopic, nonpalpable tumors (<40
mm?) and persisted up to day 77 without switching to the angio-
genic phenotype and with no evidence of exponential growth (Fig.
2 F, J, and K). Mice injected with HSP27KD-1 cells initiated
tumor growth at around 10 d after the control group and dem-
onstrated ~50% inhibition of tumor growth by day 77 (SI Results).

We carried out a second, independent experiment with a larger
number of mice (n = 20 per group), which confirmed our original
findings (Fig. S14). In this experiment, 17 of the 20 mice in-
oculated with HSP27KD-3 cells had nonpalpable and microscopic
tumors for up to 112 d (Fig. S1B). Three HSP27KD-3 mice had
spontaneously initiated tumor growth, at days 70, 90, and 112. In
addition, one HSP27KD-3 mouse initiated tumor growth at day
77 in experiment 1 (Fig. 2 E, J, and O). Collectively, these four
tumors all spontaneously regained expression of HSP27 during
the in vivo experiment, to levels comparable to those seen in
control cells (Fig. 2Q). These results support the hypothesis that
HSP27 expression mediates the escape from tumor dormancy.

The in vivo stability of HSP27 knockdown in HSP27KD-3 cells
was determined by immunohistochemistry of HSP27 protein in
tumors from various time points. HSP27 expression was consis-
tently strong in NT control tumors (Fig. 2 M and N) and low or
absent in microscopic, dormant HSP27KD-3 tumors (Fig. 2 O
and P). The mean HSP27 SI was 2.6-fold higher for NT control
tumors compared with HSP27KD-3 tumors (8.6 + 0.4 vs. 3.3 +
1.3; P = 0.001, % test) (Fig. 2R).

Stable Up-Regulation of HSP27 in Nonangiogenic Human Breast
Cancer Cells Induces Expansive Tumor Growth in Vivo. To further
validate the role of HSP27 in tumor dormancy, we ectopically
expressed a GFP-tagged HSP27 (HSP27-GFP) in the nonangiogenic
MDA-MB-436NA cells with intrinsically low HSP27 (Fig. 14),
designated HSP270E cells (Fig. 2E). We injected SCID mice (n =5
per group) with HSP27OE cells s.c. and compared their growth with
that of the negative vector control cells and parental nonangiogenic
cells. HSP270E cells initiated exponentlal tumor growth at day 40
and reached a mean size of 1,586 mm® by day 70 (Fig. 2G). As
expected, mice inoculated with parental cells formed microscopic,
nonpalpable tumors (<40 mm?) and persisted up to day 70 without
switching to the angiogenic phenotype, whereas the control vector
cells reached a mean size of 209 mm~ by day 70. HSP27 protein
staining by immunohistochemistry was significantly greater in the
HSP270E tumors compared with the control vector tumors (me-
dian, 6 vs. 2; P = 0.006, y* test). In addition, the mean vascular
prohferatlon index was significantly higher in the HSP270E
tumors compared with control tumors (mean, 18.5% vs. 9%; P =
0.001, ¢ test).

Down-Regulation of HSP27 in an Angiogenic Human Breast Cancer
Cell Line Results in Gene Expression Patterns Similar to Those Seen in
Nonangiogenic Cells. To focus on potential targets of HSP27 re-
sponsible for affecting tumor progression, we performed gene
expression analysis on control and HSP27KD cells by a significance
analysis of microarrays. Significantly up-regulated or down-regu-
lated genes and a subset of angiogenesis-related genes are listed in
Table S1. HSP27 expression was suppressed 6.7-fold in HSP27KD-
3 cells compared with control cells. Furthermore, gene expression
of VEGF-A, VEGF-C, and bFGF was significantly reduced after
HSP27 down-regulation (Table S1). Comparing HSP27KD-3 cells
with angiogenic NT control cells using GSEA showed that HSP27
suppression resulted in a significant shift away from angiogenesis-
related expression signatures, such as hypoxia, hypoxia-inducible
factor 1 (HIF1) targets, and VEGF-A (Table S2).

Suppression of HSP27 Leads to Reduced Secretion of VEGF-A, VEGF-C,
and bFGF. Along with gene expression screening, we specifically
analyzed the secretion of important angiogenic factors by
ELISA. Secretion of VEGF-A was 3.3-fold greater in NT control
cells than in HSP27KD-3 cells (mean, 322.6 + 19.6 pg/mL vs.
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97.0 + 1.5 pg/mL; P < 0.001, ¢ test) (Fig. 34). Intracellular levels
of VEGF-A were 1.8 fold higher in control cells compared with
HSP27KD-3 cells (475 + 43 pg/mL vs. 267 + 21 pg/mL; P <
0.001, ¢ test) (Fig. 3B). RT-PCR revealed 2.1-fold higher levels of
VEGF-A mRNA in NT control cells compared with HSP27KD-3
cells (Fig. 3C). In addition, HSP27KD-3 cells secreted 2.6-fold
less VEGF-C protein compared with control cells (mean, 442.6 +
18.1 pg/mL vs. 1264 + 59.2 pg/mL; P < 0.001, ¢ test) (Fig. 3D).

On ELISA, bFGF secretion was 1.7-fold greater in control
cells compared with HSP27KD-3 cells (mean, 13.9 + 0.9 pg/mL
vs. 83 + 0.9 pgmL; P = 0.014, ¢ test) (Fig. 3E). However,
HSP27KD-3 cell lysates demonstrated a 2.3-fold increase in in-
tracellular bFGF compared with control cells (66.3 + 5.0 pg/mL
vs. 28.8 + 1.5 pg/mL; P = 0.002, ¢ test) (Fig. 3F). These data
demonstrate that down-regulation of HSP27 results in lower
levels of secreted VEGF-A, VEGF-C, and bFGF.

Growth under hypoxic conditions (1% O, overnight) resulted in
2.2-fold higher levels of VEGF-A secretion from both control cells
and HSP27KD-3 cells despite the reduced expression in the latter
(Fig. 3G) (SI Results). Secretion of bFGF was increased in control
cells under hypoxia, but not in HSP27KD-3 cells (Fig. 3H).

To explore the role of angiogenesis-related transcription factors
(8-12) as targets of HSP27, we quantified expression levels of
STAT3 and NFkB in xenograft tumors by immunohistochemistry.
The mean nuclear SI of phospho-STAT3 (ser727) was 2.3-fold
higher in NT control tumors compared with HSP27KD-3 tumors
(4.6 £ 0.4 vs. 2.0 + 0.9; P = 0.007, t test), whereas total STAT3
staining was unaffected. Similarly, nuclear NFxB staining was re-
duced by 1.6-fold in HSP27-KD3 cells (2.4 + 0.7 vs. 3.9 + 0.3; P =
0.044, ¢ test) (Fig. S2. A-F). Notably, STAT3 and NFxB activation
signatures were significantly associated with HSP27 expression
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and KEGG pathways related to VEGF-A signaling, ECM re-
ceptor interactions, and focal adhesion (Table S2).

Suppression of HSP27 Affects Proliferation of Endothelial Cells, but
Not of Tumor Cells. To determine whether tumor vascularity was
altered in HSP27KD-3 compared with control tumors, we quan-
tified microvessel density (MVD) and microvessel proliferation.
Mean microvessel counts by CD34 expression was 1.3-fold higher
in control tumors than in HSP27KD-3 tumors (45.7 + 4.2 vessels/
field vs. 33.8 + 7.2 vessels/field; P = 0.16, ¢ test) (Fig. 44). Vascular
proliferation was quantified by counting microvessels with evi-
dence of proliferating endothelial cells (17); the percentage of Ki-
67 positive vessels was 2.5-fold higher in control tumors compared
with HSP27KD-3 tumors (P = 0.001, ¢ test) (Fig. 4B) (SI Results).
Vessels in control tumors often had open lumens containing
erythrocytes (Fig. 4C), which were not seen in HSP27KD-3 tumors
(Fig. 4D).

We observed that migration of human umbilical vein endo-
thelial cells (HUVECs) was affected by the presence or absence
of HSP27. We exposed HUVECs to VEGF-A (3 ng/mL) or
conditioned media from NT control or HSP27KD-3 cells under
normoxic conditions and measured cell migration (18) com-
pared with baseline migration (Fig. 4E). We observed a 2.7-fold
decrease in endothelial migration in response to conditioned
media from the HSP27KD-3 cells compared with control tumor
cells (103 + 8.3 vs. 282.7 + 44; P = 0.016, ¢ test). Endothelial cell
migration stimulated by control cell medium had similar potency
as VEGF-A—containing positive control cells (mean migrated
cells, 251 + 24; basal HUVEC migration, 69 + 20 cells).

Notably, and in contrast to its effects on endothelial cells, we
observed no statistically significant difference in the proliferation
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by Ki-67 expression of HSP27KD-3 tumor cells versus control
NT cells either in vitro or in vivo (Fig. 4 F-I) (SI Results and
Fig. S3). Nonetheless, in dormant tumors (HSP27KD-3), which
remained at a microscopic size in vivo, tumor cells proliferated at
a lower mean rate compared with control tumors (70.6% =+
11.3% vs. 81.2% + 2.3%; P = 0.11, ¢ test) (Fig. 4 G-I). Con-
sistent with our observations on cellular proliferation, we found
no differences in cyclin A or cyclin D1 protein expression
(Fig. S4). In contrast to our findings with respect to proliferation,
we observed an ~50% higher mean apoptotic rate in HSP27KD-
3 tumor cells compared with NT control tumor cells (6.7% =+
1.7% vs. 4.5% + 0.4%; P = 0.09, t test) (Fig. 4 J-L). These data
suggest that down-regulation of HSP27 inhibits primarily the
angiogenic switch in our model, and that this is linked to growth
inhibition and tumor dormancy.

Low Expression of HSP27 Protein Is Associated with a Less Aggressive
Phenotype and Improved Survival in Human Patients with Breast
Cancer and Cutaneous Melanoma. To evaluate whether our in vitro
and xenograft results are clinically relevant, we analyzed tissues
from human patients with breast cancer and melanoma. In breast
cancer, tumor cell-associated HSP27 protein expression in tumor
cells was significantly lower in screening-detected cancers com-
pared with interval tumors (high expression, 16 of 59 vs. 36 of 74;

= 0.011), and in solitary tumors compared with multifocal
tumors (41 of 115 vs. 10 of 16; P = 0.03). Cases with lower HSP27
expression (23%) tended to have improved patient survival (P =
0.11, log-rank test) (Fig. 5 A-C). Applying the signature extracted
from HSP27-expressing breast cancer cells (109 genes by fold
change >2; Table S3) to available breast cancer datasets, HSP27
expression was positively correlated with significantly reduced
survival in 2 of 3 series (19-21) (Fig. 5 D-F). Positivity for the
HSP27 signature was significantly associated with estrogen re-
ceptor-negative tumors, tumors with a basal-like signature, and
HER2-positive tumors—that is, more aggressive tumor subsets
(Fig. S5 C and D). In addition, the prognostic impact of the
HSP27 expression signature was significant in estrogen receptor-
positive, progesterone receptor-positive, and HER2-negative
tumors in an independent dataset (20) (Fig. SSE).
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Fig. 3. Suppression of HSP27 leads to reduced secretion of
angiogenic factors. VEGF-A levels were quantified in the su-
pernatant obtained from NT control (high HSP27) and
HSP27KD-3 (low HSP27) cell lines. (A) The amount of human
VEGF-A secreted into the media was 3.3-fold higher from the
control cells compared with the HSP27KD-3 cells. (B) The con-
centration of intracellular VEGF-A was 1.8-fold higher in con-
trol NT cells. (C) Control NT cells contained twofold higher
levels of VEGF-A mRNA compared with the HSP27KD-3 cells, as
assessed by real-time qRT-PCR. (D) VEGF-C secretion was 2.6-
fold higher in NT control cells compared with HSP27KD-3 cells,
as assessed by ELISA. (E) bFGF secretion was 1.7-fold higher in
NT control cells compared with HSP27KD-3 cells, as quantified
by ELISA. (F) In contrast, bFGF concentration within the cell
lysates (intracellular) was 2.3-fold greater in HSP27KD-3 cells
compared with NT control cells. (G) Hypoxic conditions resul-
ted in a significant increase in VEGF-A secretion from control
cells and HSP27KD-3 breast cancer cells. (H) Hypoxic conditions
induced significantly increased secretion of bFGF from the
control cells, but not from HSP27KD-3 cells.

In melanoma, HSP27 expression was low (SI <6) in 36% of the
cases (Fig. 5 G and H). Increased staining was assomated with
strong expression of VEGF-A in tumor cells (P = 0.05, x test) and
strong expression of VEGFR2 in tumor cells (P = 0.016, y? test).
No significant associations between HSP27 and tumor thlckness
proliferation (by Ki-67), apoptotic index (by TUNEL assay), or
MVD were detected. Low HSP27 expression was associated with
improved patient survival (P = 0.012, log-rank test) (Fig. 5I). In
multivariate analysis, HSP27 expression was an independent
prognostic factor (Table S4).

Discussion

Current evidence suggests that some microscopic cancers may
persist in a state of dormancy without expansion for long periods;
however, little is known about the molecular mechanisms gov-
erning the maintenance and escape of dormancy (22). Here we
identify HSP27 as an important molecular regulator of tumor
dormancy in a model of human breast cancer. We demonstrate
that HSP27 expression is significantly higher in rapidly growing
angiogenic tumors, and that suppression of HSP27 induces long-
term tumor dormancy in vivo. These dormant tumors were
associated with reduced microvascular proliferation and lower
secretion of VEGF-A and bFGF. In contrast, tumor cell pro-
liferation and apoptotic rates were not significantly affected. By
clinical validation, low levels of HSP27 protein and the HSP27
signature were associated with less aggressive tumors and im-
proved patient survival in breast cancer and melanoma.

Ectopic overexpression of HSP27 in the parental nonan-
giogenic cell line mediated escape from tumor dormancy in
concert with an angiogenic switch. In addition, overexpression
was observed in all four HSP27KD-3 tumors that regained
HSP27 protein expression and initiated tumor growth after a
dormancy period of approximately 70 d or longer. These data
support our hypothesis that HSP27 mediates the escape from
tumor dormancy.

In a recent preclinical model of head and neck squamous cell
carcinoma, targeting of HSP27 protein expression led to de-
creased migration and invasion of metastatic cancer cells (23).
Moreover, a Phase I trial with OGX-427, a 2'methoxyethyl an-
tisense oligonucleotide against HSP27, has demonstrated the
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Fig. 4. Suppression of HSP27 affects proliferation of endothelial cells, but
not of tumor cells. (A) MVD, shown as microvessels per field of view (400x
objective). (B) The ratio between tumor-associated vessels positive for Ki-67
in endothelial cells and all vessels was 2.5-fold higher within the control
tumors. (C and D) CD34 (red) and Ki-67 (blue) dual immunostaining. In ad-
dition to high endothelial cell proliferation, the vessels found in the control
tumors presented more frequently with open lumens containing eryth-
rocytes (C), in contrast to compressed vessels within the HSP27KD-3 tumors
(D). (E) HUVECs were exposed to VEGF-A or conditioned media from control
cells or HSP27KD-3 cells grown under normoxia, and endothelial cell mi-
gration was quantified and compared with baseline migration. There
number of endothelial cells migrating in response to conditioned media
from control tumor cells was 2.7-fold greater. (F) There was no significant
difference between the in vitro proliferation growth curves of the NT con-
trol cells and the HSP27KD-3 cells. (G-/) Tumor samples from the in vivo
experiments showed no statistically significant difference in tumor cell
proliferation (Ki-67) when NT control tumors were compared with tumors
from HSP27KD-3 cells collected at comparable time points. Nonetheless, we
observed a trend toward reduced tumor cell proliferation in the HSP27KD-3
tumors (P = 0.11). (J-L) Tumor cell apoptosis (TUNEL staining) was compared
between NT-control cell line and HSP27KD-3 in tissue collected during the
xenograft experiment. No significant difference in apoptotic rate was
present, although a difference of borderline significance was found (P =
0.09) . (Original magnification: 400x for H, I, K, and L.)

clinical proof of concept for this target (24). OGX-427 was well
tolerated and reduced tumor markers in patients with breast,
prostate, lung, and ovarian cancers, and this experimental com-
pound is now in Phase II development.

Recent studies indicate that malignant cells might achieve
increased survival by an activated stress response involving heat
shock factor 1 and heat shock proteins (7, 25). It has been sug-
gested that the activation of these heat shock proteins is due to
a nonspecific response, although our present data indicate that
HSP27 plays a more direct role in the regulation of tumor an-
giogenesis and dormancy. Specifically, we have demonstrated in
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our model that specific silencing of HSP27 is sufficient to induce
tumor dormancy in vivo.

Of note, our present data support the conclusion that HSP27
functions as an upstream regulator of VEGF-A, with transcription
factors STAT3 and NF«B involved as mediators (8, 9). In addition
to other regulatory pathways, transcription of both VEGF-A and
bFGF is increased in response to hypoxia by an NFkB-dependent
mechanism (11). As reported previously, HSP27 increases the
proteasomal degradation of IkB, a cytosolic inhibitor of NFkB,
thereby increasing nuclear relocalization of NF«B and transcrip-
tional activity (12). Our data consistently support the reduced
nuclear expression of NFkB after HSP27 knockdown. Along with
HIF-1, STAT3 is a major transcription activator of VEGF-A (8),
and STAT3 activation leads to increased angiogenesis in vivo
(26). Importantly, downstream targets of STAT3 activation may
be modulated by interactions with HSP27 (9). Consistent with
these reports, we have demonstrated that nuclear expression of
phospho-STAT3 is reduced after HSP27 knockdown. Thus,
HSP27 might regulate the angiogenic potential of human tumor
cells by modulating the activity of STAT3 and NF«xB.

It has been reported that endothelial signaling by shear stress
might induce phosphorylation of HSP27 via p38 MAP kinase
(27), and that phosphorylated HSP27 binds bFGF and facilitates
its transport across the plasma membrane (13). We found that
secretion of bFGF was increased by hypoxic stress in the control
cells only, and that down-regulation of HSP27 was associated
with reduced secretion of bFGF and increased accumulation
inside tumor cells. Moreover, HSP27 protein more frequently
colocalized with bFGF within control NT cells, as evaluated by
confocal microscopy (Fig. S4 D-I). Thus, our findings implicate
interactions between HSP27 and bFGF at the protein level.

In the melanocytic system, HSP27 protects normal melano-
cytes from stressful influences (28), and HSP27 is phosphory-
lated in response to UVB radiation through p38 MAP kinase,
leading to cytoplasmic-nuclear translocation (28). The role of
HSP27 in human melanoma remains incompletely understood,
however (29). The present study is the first to identify an in-
dependent prognostic value of HSP27 protein expression in
patients with cutaneous melanoma. The association between
HSP27 expression and VEGF-A expression found in our breast
cancer model was present in the clinical melanoma samples as
well. Regarding breast cancer, HSP27 expression was stronger in
interval cancers than in low-grade screening-detected cancers.
This observation may be relevant in light of the recent claim that
some breast cancers detected by mammography might progress
very slowly or represent dormant tumors (30).

As reviewed recently (31), the complex nature of human tumor
dormancy is influenced by a multitude of regulatory steps, and
our findings indicate that down-regulation of HSP27 in human
breast cancer cells induces tumor dormancy in vivo. Significantly,
our findings indicate that dormancy is mediated to a greater
degree by impaired angiogenesis than by intrinsic alterations of
tumor cell proliferation or apoptosis. Decreased tumor cell se-
cretion of VEGF-A and bFGF might account for the reduced
endothelial cell proliferation observed between HSP27 down-
regulated tumors compared with controls. Thus, HSP27 appears
to play a key role in the angiogenic switch in this model. By
clinical validation, HSP27 expression levels were associated with
tumor presentation and disease progression. These data may be
relevant to the development of useful treatment strategies.

Materials and Methods

Cell lines, endothelial migration assays, xenografting and animal models are
described in more detail in S/ Materials and Methods. Immunohistochemistry,
ELISA, and Western blot analysis were conducted using standard procedures
detailed in S/ Materials and Methods. Down-regulation by shRNA, con-
structs, gene expression analysis, RT-PCR, bioinformatics, statistical analyses,
as well as collection of clinical samples followed established procedures as
described in more detail in S/ Materials and Methods.
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