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Heat-shock factor 2 is a suppressor of prostate cancer invasion
JK Björk1,2,4, M Åkerfelt1,2,4, J Joutsen1,3, MC Puustinen1,3, F Cheng1,3, L Sistonen1,3,4 and M Nees1,4

Heat-shock factors (HSFs) are key transcriptional regulators in cell survival. Although HSF1 has been identified as a driver of
carcinogenesis, HSF2 has not been explored in malignancies. Here, we report that HSF2 suppresses tumor invasion of prostate
cancer (PrCa). In three-dimensional organotypic cultures and the in vivo xenograft chorioallantoic membrane model HSF2
knockdown perturbs organoid differentiation and promotes invasiveness. Gene expression profiling together with functional
studies demonstrated that the molecular mechanism underlying the effect on tumor progression originates from HSF2 steering the
switch between acinar morphogenesis and invasion. This is achieved by the regulation of genes connected to, for example, GTPase
activity, cell adhesion, extracellular matrix and actin cytoskeleton dynamics. Importantly, low HSF2 expression correlates with high
Gleason score, metastasis and poor survival of PrCa patients, highlighting the clinical relevance of our findings. Finally, the study
was expanded beyond PrCa, revealing that the expression of HSF2 is decreased in a wide range of cancer types. This study provides
the first evidence for HSF2 acting as a suppressor of invasion in human malignancies.

Oncogene (2016) 35, 1770–1784; doi:10.1038/onc.2015.241; published online 29 June 2015

INTRODUCTION
Prostate cancer (PrCa) is the most commonly diagnosed male
cancer in Western countries.1 Gleason grading, which is based on
glandular differentiation patterns within tumor biopsies, remains
the standard for assessing prognosis and treatment.2 Although
primary PrCa is often indolent, advanced PrCa can metastasize
both locally and distantly. As PrCa progresses, it becomes resistant
to pharmacological and surgical treatments and castration-
resistant PrCa develops,1 which remains lethal.
The aggressiveness of cancer is connected to its invasive

properties, which are governed by signaling pathways regulating
dynamics of the cytoskeleton and turnover of cell–matrix and
cell–cell junctions.3 The dynamics of cytoskeletal microfilaments
is directed by plasma membrane receptors, including receptor
tyrosine kinases, G-protein coupled receptors, integrins, transform-
ing growth factor-β receptors, E-cadherins and Frizzled proteins.
The cognate receptors activate members of the RHO GTPase
family, which modulate effector protein activity.4 In PrCa studies,
G-protein signaling and downstream pathway dynamics coincide
with actin cytoskeleton reorganization, formation of invadopodia,
extracellular matrix (ECM) degradation, modulations in adhesion
and collagen contraction.4–7 Molecular characterization of the
transition from stable acinar morphology to local invasion, that is,
the invasive switch, is inconclusive but needed as it may provide
means to predict PrCa progression and facilitate discovery of
treatments.
Heat-shock factors (HSFs) are multifaceted transcription factors

that regulate the response upon proteotoxic stress, that is, the
heat-shock response. HSF1 is the master regulator of stress
responses and its targets include molecular chaperones, which
maintain protein homeostasis.8,9 HSF1 also regulates genes
involved in, for example, cell cycle, protein synthesis, ribosome
biogenesis and glucose metabolism.10–12 Importantly, HSF1
promotes cancer cell survival.10,13,14 The clinical significance of

HSF1 was highlighted in a cohort of breast cancer patients,
showing correlation between high HSF1 expression and
decreased survival.15 Recently, HSF1-regulated transcriptional
programs in malignant cells of several cancer types, and in tumor
stroma, were reported to be different from the classical stress
response.16,17

In contrast to HSF1, another HSF family member HSF2, which can
modulate HSF1-mediated stress responses,12,18–21 has hitherto not
been associated with cancer. Genome-wide analyses revealed that
HSF2 has an active role during mitosis, as it binds numerous loci in
the human genome, despite global repression of the chromatin
environment.12 Furthermore, decreased HSF2 expression during
mitosis was shown to protect cells against proteotoxicity and
apoptosis.22 Several cell lines, predominantly of tumorigenic origin,
downregulate HSF2 expression during mitosis, perhaps correlating
with the elevated levels of proteotoxic stress that cancer cells are
subjected to,22,23 thereby giving the cells a survival advantage.
Here, we demonstrate that HSF2 acts as a potent suppressor of

tumor progression and invasion in PrCa by regulating signaling
pathways steering epithelial plasticity. Furthermore, results from
patient material imply functions of HSF2 in several human
malignancies. Our findings strongly connect HSF2 to cancer and
invasion, and advocate the use of HSF2-mediated regulation in
therapeutics.

RESULTS
Decreased HSF2 expression corresponds to high Gleason score
and metastasis in PrCa patient samples
To explore a role of HSF2 in human malignancy, we analyzed
HSF2 mRNA expression in a transcriptomic data set from 216
clinical PrCa samples.24 Interestingly, reduced HSF2 expression
was found in PrCa samples compared with normal samples,
and the expression was further decreased in metastatic
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samples (Figure 1a). At closer examination, low HSF2 expression
correlated with high Gleason score tumors (Gleason scores ⩾ 8),
which are prone to progress to castration-resistant PrCa and form
distant metastases, as well as are associated with therapy failure
and overall poor patient outcome.1 Concurrently, low HSF2
expression was associated with lymph node invasion, positive
surgical margins and positive seminal vesicle invasion (Figure 1a),
all indicating suppressive capacity of HSF2 on invasion/metastasis.
The relevance of altered HSF2 expression was elucidated by

comparing the genomic profile with that of known tumor
suppressors or oncogenes in 85 PrCa samples displaying complete
mRNA, copy-number and sequencing data.24–26 HSF2 was
deregulated in 20% of the PrCa tumors, of which the majority
(88%) showed a reduction in HSF2 expression level (Figure 1b and
Supplementary Figure S1a). The expression of the well-known
tumor suppressors PTEN and p53 was altered to a comparable
degree as HSF2 in the same tumor set (18%, 29% and 20%,
respectively). The expression of HSF1, another HSF family member
and known transcriptional regulator in cancer cell survival,10,13–16

was also changed to the same extent as HSF2, although HSF1
mRNA was upregulated in the majority of cases (20%, Figure 1b).
Assessing putative copy-number alterations of HSF2, the

reduction in HSF2 expression was mostly associated with
heterozygous loss of HSF2 (Figure 1c). As a comparison, the
relationship between expression and copy-number alterations for
PTEN was typically associated with both heterozygous and
homozygous deletions. HSF1, showing increased mRNA expres-
sion (Figure 1b), exhibited a higher range ploidy status
(gain, amplification) (Figure 1c). Owing to the putative role of
HSF2 in suppressing metastatic behavior, we assessed the clinical
effect of deregulated expression levels in metastatic castrate
PrCa samples.24 Although the cohort size was relatively small
(23 metastatic biopsies), altered HSF2 expression correlated with
poor disease-free survival (Supplementary Figure S1b). This

validates the biological relevance of decreased expression
observed in high-grade Gleason primary tumors.

HSF2 levels decline as PrCa cells advance towards an invasive
phenotype and display dynamic expression during organotypic
development
To investigate the molecular function of HSF2 in PrCa, we
analyzed the mRNA expression in a panel of human prostate cell
lines with different malignant potential and invasive behavior.5

HSF2 levels were very low in basal and non-transformed prostate
epithelial cells (PrEC and EP156T) and high in malignant PrCa cell
lines of the luminal type (LNCaP and Du145) (Figure 2a).
Intriguingly, HSF2 expression was markedly lower in invasive
cancer cells compared with that in less aggressive cells when
comparing LNCaP and Du145 with PC3 cells, or PC3 cells with the
more aggressive PC3-M cells (Figure 2a). This pattern of expression
was concomitant with the divergent HSF2 protein levels observed
in basal, non-transformed EP156T, malignant but noninvasive
luminal LAPC4 and highly invasive PC3 cells (Figure 2b). In
contrast, the protein levels of HSF1 did not decrease in the
invasive PC3 cells (Figure 2b).
Next, the expression pattern of HSF2 was examined in three-

dimensional (3D) organotypic cell cultures. The 3D model
promotes organotypic acinar structures, that is, organoids, which
display physiologically relevant cell–cell and cell–matrix interac-
tions, epithelial polarization and differentiation, thus recapitulat-
ing human cancer histology in vivo (Figure 2c).5,27,28 In 3D ECM
culture, tumor-derived PC3 cells transiently differentiate into
hollow organoids around days 4 and 5, but spontaneously
dedifferentiate (around days 8–10) into invasive stellate structures
(days 11–13; Figure 2c).5 HSF2 mRNA expression peaked during
spheroid polarization and differentiation, and decreased simulta-
neously with the appearance of invasive structures (Figure 2d).

Ca
nc

er

No
rm

al

G
le

as
on

: 6

M
et

as
ta

sis
G

le
as

on
: 7

G
le

as
on

: 8
G

le
as

on
: 9

H
S

F2
 e

xp
re

ss
io

n 
(lo

g2
)

LN
 in

v 
no

rm
al

Ne
g 

SV
 in

v

Ne
g 

SM

LN
 in

v 
ab

no
rm

al

Po
s 

SV
 in

v

Po
s 

SM

200

150

100

HSF2 20%

Homozygous
deletion

mRNA
downregulationAmplification mRNA

upregulation Mutation

PTEN 18%
TP53 29%
MYC 60%
HSF1 20%

5
4
3
2
1
0

-1
-2
-3
-4

Hom
de

l
Amp

Hom
de

l

Hetl
os

s

Hetl
os

s

Hetl
os

s

Dipl
oid

Dipl
oid

Dipl
oidGain Gain

m
R

N
A 

ex
pr

es
si

on
Z-

sc
or

es
 v

s 
no

rm
al

s

m
R

N
A 

ex
pr

es
si

on
Z-

sc
or

es
 v

s 
no

rm
al

s

m
R

N
A 

ex
pr

es
si

on
Z-

sc
or

es
 v

s 
no

rm
al

s

Putative copy-number
alterations (RAE)

Putative copy-number
alterations (RAE)

Putative copy-number
alterations (RAE)

HSF2

8

6

4
2
0

-2

HSF1
4
2
0

-2
-4

-6
-8

PTEN

Figure 1. Low HSF2 expression correlates with aggressiveness of PrCa in human clinical samples. (a) Decreased HSF2 expression correlates
with advanced PrCa. Analysis of mRNA expression for HSF2 in data sets from human PrCa (MSKCC),24 indicating that HSF2 expression is
decreased in PrCa compared with normal tissue, and further decreased in advanced PrCa (Gleason score ⩾ 8), metastases, lymph node
invasion (LN inv abnormal), positive surgical margins (SM) and positive seminal vesicle invasion (SV inv). (b) Oncoprints of HSF2, PTEN, TP53,
MYC and HSF1 across 85 PrCa tumors,24 indicating genomic alterations. Individual genes are represented in each row, and individual tumors
are represented as columns. Genetic alterations are color coded: dark blue, homozygous deletion; red, amplification; light blue frame, mRNA
downregulation; pink frame, mRNA upregulation; green square, mutation. The oncoprints are based on data obtained from the cBioPortal for
Cancer Genomics (http://www.cbioportal.org/public-portal/). Z-score threshold± 2. (c) Box and whisker plots indicating the expression of
HSF2, PTEN or HSF1 mRNA across different subsets of PrCa tumors divided by the putative DNA copy-number status. Homdel, homozygous
deletion; hetloss, heterozygous deletion; diploid, no change; gain, moderate amplification; amp, high-level amplification. HSF2 mRNA
expression is as expected progressively lower across the different subgroups of PrCa with HSF2 ploidy status ranging from gain to
homozygous deletion. Note that the scales for copy-number status (x axis) and mRNA expression (y axis) differ between the three graphs. The
mRNA z-scores are compared with the expression in normal prostate samples. RAE, RAE algorithm.
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Figure 2. Expression patterns of HSF2 in PrCa cell lines and during organotypic PrCa development. (a) mRNA expression of HSF2 in basal,
non-transformed prostate epithelial cells (PrEC, EP156T), luminal noninvasive PrCa cell lines (LNCaP, Du145) and luminal invasive PrCa cell lines
(PC3, PC3-M), derived from Illumina arrays.5 The results are from two individual experiments. Error bars indicate s.e.m. (b) Western blot analysis
of HSF2 and HSF1 protein expression in basal, non-transformed prostate epithelial cells (EP156T), PrCa cells of a noninvasive type (LAPC4) and
PrCa cells of an invasive type (PC3). Hsc70 was used as a loading control. (c) Schematic illustration of PrCa cells grown as 3D culture in the
Matrigel or as 2D monolayer culture on plastic. The former allows organotypic organoid formation, acinar differentiation and invasion.
The basement membrane is depicted in blue. (d) HSF2 mRNA expression analysis of PC3 cells grown in 2D or allowed to differentiate in 3D for
the indicated days (d4, d8, d13 and d15). The results are from two individual experiments. Error bars represent ± s.e.m. (e) Western blot
analysis of HSF2 and HSF1 protein expression in PC3 cells grown in 2D or allowed to differentiate for the indicated days in 3D organotypic
culture. Tubulin was used as a loading control. inv, Invasive; non-inv, noninvasive.

Figure 3. Loss of HSF2 promotes PrCa organoid invasion. (a) Western blot of the silencing efficacy in PC3 cells 48 h after transfection with siRNAs
against a scrambled sequence (Ctrl), HSF1 or HSF2. Actin was used as a loading control. (b) Live-cell imaging of invasive PC3 cells transfected with
the indicated siRNAs and grown in 3D culture. Representative images from days 1 to 8 in 3D culture are shown. Scale bar, 100 μm. (c) Confocal
laser scanning microscopy images of PC3 cells grown in 3D for 2, 5, or 8 days after transfection with siRNAs. Alexa488-labeled phalloidin was used
to detect filamentous actin (F-actin; green) and DAPI (4',6-diamidino-2-phenylindole) to label nuclei (blue). Scale bar, 50 μm. (d) Representative
segmentation of live-cell spinning disk confocal images of PC3 organoids transfected with siRNAs as in panel a, and grown for 8 days in 3D culture.
Organoids were segmented and analyzed by the AMIDA.29 Apoptotic cells are displayed in red (Nucview) and live cells in green (SYTO62). (e)
Upper panel: heatmap and graphical P-value matrix, summarizing the altered morphometric parameters from the AMIDA analysis. The total
number of organoids measured were 1650 (Ctrl), 1134 (HSF1 siRNA) and 1791 (HSF2 siRNA). Values are color coded as red (increased) and blue
(decreased), in response to siRNA knockdown of HSF1 and HSF2, relative to control. P-values are Bonferroni corrected from t-tests and compared
with scrambled control. For explanations of morphometric parameters, see Supplementary Table 1. Lower panel: box and whisker plots of selected
parameters from the upper panel. Roundness is a measure of loss of the round organoid phenotype (Roundness), and is associated with invasive
properties, whereas roughness of the segmented structures (Roughness), and severity of cellular protrusions emerging from the core structure
(AppIndex), both relate to local invasion and cell motility. P=0 indicates P-values o0.001.
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At the protein level, this pattern was even more pronounced, and
in stark contrast to the uniform expression of HSF1 (Figure 2e).
Taken together, these results suggest that HSF2 maintains the
luminal phenotype and promotes epithelial maturation.

HSF2 suppresses invasive behavior of PrCa organoids
To study the functional consequences of the dynamic expression
of HSF2 in tumor progression, HSF2 was silenced in 3D
organotypic cell culture models. PC3 cells were chosen as they
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Figure 4. Rescue of HSF2 expression reverses the invasive phenotype of PrCa organoids. (a) Western blot of PC3 cells growing in 2D, 48 h after
transfection. Cells were transfected with shRNA-producing plasmids against a scrambled sequence (Ctrl) or HSF2, and the HSF2 expression
was restored by overexpression of an RNAi-resistant HSF2 construct (Mut HSF2). The exogenous HSF2 is marked with an asterisk. Tubulin was
used as a loading control. (b) Live-cell imaging of invasive PC3 cells grown in 3D and transfected with the indicated shRNA constructs at day 3
in organotypic culture. Representative images from days 0, 3, 5 and 7 in 3D culture are shown. Scale bar, 100 μm. (c) Confocal microscopy
images of immunofluorescence stainings in PC3 cells cultured in 3D for 8 days, and transfected as in (b). Upper panel: Alexa488-labeled
phalloidin was used to detect filamentous actin (F-actin; green), and DAPI (4',6-diamidino-2-phenylindole) to label nuclei (blue). Lower panel:
HSF2 staining was used to detect the silencing and rescue efficacy in PC3 organoids. No antibody staining (No Ab Ctrl) was used as a negative
control. Scale bar, 50 μm.

Figure 5. Altered gene expression patterns in the absence of HSF2 in PrCa organoids. PC3 cells were transfected with scrambled control siRNA
or siRNA against HSF2. Total RNA was purified at day 5 or 8 from triplicate cultures of PC3 organoids, RNA was hybridized to Illumina
micorarrays and the relative gene expression was analyzed. (a) Gene set enrichment analysis (GSEA) of mRNA expression data of PC3
organoids at day 5 or 8 in 3D culture. Values indicate relative enrichment of gene sets after HSF2 silencing compared with control. The
complete list of GO terms is shown in Supplementary Table 2. Enrichment plots for selected GO terms is shown in Supplementary Figure S3b.
(b) Venn diagram of the overlap of genes related to G-protein signaling (GTPase activity, small GTPase-mediated signal transduction and
regulation thereof ) and actin cytoskeleton (actin cytoskeleton, actin filament-based processes, actin cytoskeleton organization and biogenesis
and actin binding), differently expressed in PC3 organoids upon HSF2 silencing at day 5 or 8 in 3D culture. The number of altered genes, both
pathway specific and shared between the pathways, upon HSF2 silencing, is indicated inside the circles. The figure was constructed using
Biovenn bioinformatics tool.59 (c) Gene term heatmaps generated in the DAVID analysis tool from the top 300-ranked target genes. Focal
adhesion (left panel) gene clusters were enriched at day 5 and RHO GTPase (middle panel) and actin cytoskeleton-related gene clusters (right
panel) at day 8 upon HSF2 silencing. Green areas show common annotations between terms and genes. (d) Schematic illustration based on
Ingenuity Pathway Analysis of genes in actin cytoskeleton signaling. HSF2 silencing interfered with the actin cytoskeleton signaling by
regulating genes at various levels, as revealed by microarray analysis. Genes affected by HSF2 knockdown in invasive 3D structures at day 8
are shown in red (upregulated) and green (downregulated). The small molecular inhibitors used in Figure 6b are indicated in blue. Act,
activity; dep, dependent; GO, GO terms; KEGG, kegg pathways, KEY, keywords, reg, regulation.
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are widely used as an experimental model for castration-resistant
PrCa and metastasis. We monitored the effects on morphology,
polarization and growth of PrCa cells, which possess both a
striking differentiation capacity into organoids (acini), but that can
also acquire massive invasive properties, characteristic of aggres-
sive cancer cells. Cells were transfected with small interfering
RNAs (siRNAs) (Figure 3a), transferred into the Matrigel and
organoid morphology was monitored for 8 days. Cells transfected
with control siRNA initially matured into well-differentiated
organoids and spontaneously formed invasive, multicellular
structures around day 8, followed by overt invasion shortly
thereafter (Figure 3b and Supplementary Video S1a). Interestingly,
HSF2 silencing further increased the invasive properties, and the
onset of invasion was detected at an earlier time point (Figure 3b
and Supplementary Video S1b). In contrast, HSF1 silencing, used
as a control, perturbed acinar differentiation and increased the
frequency of cell death, thus prohibiting subsequent formation of
invasive structures (Figure 3b and Supplementary Video S1c). It is
notable that silencing of HSF2 or HSF1 did not markedly affect cell
proliferation or morphology, as measured in two-dimensional (2D)
cultures (Supplementary Figure S2).
We examined organoid morphology in more detail by staining

nuclei and F-actin for confocal microscopy (Figure 3c). Starting
around day 5, HSF2-depleted organoids already exhibited
pronounced collective invasive behavior, whereas organoids with
silenced HSF1 were smaller and remained round beyond day 8.
The phenotypes of over thousand organoids were analyzed by the
high-content, automated morphometric image data analysis
software (AMIDA).29 AMIDA allows segmentation and quantitative
measurements of large numbers of images containing hundreds
of organoids, with different shapes, sizes and textures (Figure 3d).
As summarized in Figure 3e, significant differences in many
parameters were found between control organoids and those
depleted of either HSF2 or HSF1 (Figure 3e (upper panel) and
Supplementary Table 1). Silencing of HSF2 promoted invasion as it
led to loss of the round shape of the organoids (Roundness), an
increase in the number of small filopodia-like cellular extensions
(Roughness) and in the severity (AppIndex) and length (MaxApp)
of invasive multicellular structures (Figure 3e). Invasion was
generally of the collective type, that is, as a string of connected
cells, with only a few single, migrating cells. In contrast, HSF1-
silenced organoids maintained their round shape, showed lower
numbers of small filopodia and less invasive structures. The size of
the organoids was decreased (Area) and apoptosis increased
(AreaRatioR, R = red channel). In summary, these results indicate
that the function of HSF2 is strikingly opposite to that of HSF1 in
growth and differentiation of PrCa organoids.
To validate the function of HSF2 on organoid morphology,

rescue experiments were performed in which HSF2 was silenced
using a short hairpin RNA (shRNA)-producing construct as
described previously.19 Thereafter, the expression of HSF2 was
restored by overexpressing an RNA interference (RNAi)-resistant
HSF2 construct. In accordance with the results obtained using
siRNAs against HSF2 (Figure 3), a significant increase in invasive-
ness was detected after silencing HSF2 using the shRNA-
producing plasmid (Figure 4). When the expression of HSF2 was
restored, the biological effect was reversed (Figure 4), thereby
demonstrating a function of HSF2 on invasiveness.

HSF2 is a regulator of cell movement and invasion by affecting
actin cytoskeleton signaling
The underlying mechanisms for the profound changes in tumor
organoid phenotypes in differentiating PC3 organoids in the
presence or absence of HSF2 were investigated. We silenced
HSF2 using RNAi in PC3 cells, transferred them into 3D culture and
performed gene expression profiling using whole-genome micro-
arrays. The silencing efficacy was assayed at different time points

(Supplementary Figure S3a). Gene expression was analyzed after 5
and 8 days in 3D culture, representing critical stages at which
organoids either undergo acinar differentiation (day 5) or transform
spontaneously into invasive structures (day 8).5 Significant up- and
downregulation of genes were detected at both time points. The
complete gene expression data set is available at Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo/; data set GSE48672).
Gene set enrichment analysis30 showed that genes affected by

HSF2 silencing were strongly related to gene ontology (GO) terms
associated with translation, energy metabolism, transmembrane
transport, RNA or chromatin (Figure 5a and Supplementary Table
2). Further down in the list were GO terms such as mitosis, lipid
homeostasis and metabolism (Supplementary Table 2). Most
interestingly, HSF2 silencing affected numerous GO terms linked
to invasion. At day 5, GTPase activity and GTP binding were
among the top-ranked terms (Figure 5a, Supplementary
Table 2 and Supplementary Figure S3b). Within these terms, 38
genes were differentially expressed upon HSF2 silencing
(Figure 5b), including members of the Rho family of GTPases
(e.g. RHOA, RND3) and stimulatory G proteins (e.g. GNA12/13,
GNAQ). Other enriched, invasion-associated GO terms included
collagen, adhesion and ECM (Figure 5a and Supplementary Table
2). Functional annotations on the top-ranked 300 genes investi-
gated with the DAVID analysis tool31 showed strong deregulation
of adhesion and ECM, including genes of the cadherin, integrin,
laminin and collagen families (Figure 5c, left panel). At day 8, when
organoids were transformed into the invasive morphology,
GO terms downstream of GTPase activity, such as small GTPase-
mediated signal transduction and actin cytoskeleton, showed
gene enrichment (Figure 5a, Supplementary Table 2 and
Supplementary Figure S3b). Among the genes were key GTPase
effector proteins ROCK2, WASF2 and several filamins and myosins
(Figures 5b and c, middle and right panels), which act as executors
of actin cytoskeleton function.4,32 Ingenuity pathway analysis
highlighted how HSF2 silencing interfered with the actin
cytoskeleton pathway at various levels, and that loss of HSF2
expression was prominently linked to increased cell movement and
invasiveness (Figure 5d). Our findings are in accordance with the
massive rearrangements of the actin cytoskeleton observed upon
transformation of mature acini into invasive PrCa organoids5,7 and
with the phenotype upon HSF2 silencing (Figure 3).
The above-mentioned results lay the ground for a hypothesis

that HSF2 acts as a regulator of normal acinar morphology versus
invasion. To test the hypothesis and to confirm the results of the
microarray analyses, the link between HSF2 and pathways
facilitating invasive properties, that is, GTPase activity and actin
cytoskeleton signaling, was explored. First, we investigated
GTPase regulation in PC3 cells in organotypic 3D culture, in the
presence or absence of HSF2. Silencing of HSF2 resulted in a
prominent increase in the protein level of the stimulatory
G-protein guanine nucleotide-binding protein α13, GNA13
(Figure 6a), which is in line with previous reports on its elevated
expression upon activation.33,34 Concomitantly, the protein levels
of Rho GTPase-activating protein 1, ARHGAP1, a converter of Rho,
Rac and Cdc42 proteins to the inactive GDP-bound state,35

decreased. As expected, owing to regulation via GTP-GDP
exchange,36 no significant changes were detected in the amount
of Cdc42 (Figure 6a), which is the preferred target of ARHGAP1.
Second, key modulators of the pathways facilitating invasive
properties were specifically blocked and the resulting effects
compared with those observed upon HSF2 silencing. Chemical
inhibition of the RHO-associated protein kinase ROCK by Y27632
(Figure 5d) led to a more pronounced invasive phenotype, as
detected by the formation of small filopodia, increase in the
length of invasive structures and loss of the round organoid shape
(Figures 6b and c and Supplementary Figure S4). This phenotype is
concomitant with that observed previously in 3D culture,7,29 and
interestingly, with the phenotype detected upon HSF2 silencing
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(Figure 3). Rac downstream activity, which counteracts the RHOA-
ROCK axis,32 was blocked by the PAK inhibitor IPA3. The treatment
with IPA3 led to a complete block of invasiveness (Figures 6b
and c and Supplementary Figure S4), in accordance with earlier
results.29 Most importantly, the invasive phenotype induced by
HSF2 silencing was effectively reversed by subsequent inhibition
of RAC/PAK with IPA3 (Figures 6b and c and Supplementary
Figure S4). These results support a role of HSF2 in PC3 organoids
undergoing invasive transformation via GTPase signaling and
regulation of actin cytoskeleton pathways.
Epithelial–mesenchymal transition (EMT) is a critical differentia-

tion program by which epithelial cells lose their cell polarity and
cell–cell adhesion, and simultaneously gain migratory and invasive
properties to become mesenchymal-like cells that contribute to

tumor progression.37,38 To address if the observed effects of HSF2
silencing on invasion can be attributed, at least in part, to EMT, we
examined the expression of a panel of EMT markers in organotypic
culture of PC3 cells upon HSF2 knockdown. Silencing of HSF2
markedly reduced both mRNA and protein expression of
E-cadherin (CDH1) (Figures 6d and e), which is considered a
hallmark of EMT.39 The EMT-inducing transcription factors SNAI2
(Slug/Snail 2) and Twist (TWIST1), as well as mesenchymal markers
fibroblast-specific protein 1 (S100A4), fibronectin (FN1) and
vimentin (VIM) were correspondingly upregulated at mRNA or
protein levels upon HSF2 silencing (Figures 6d and e). In addition,
the protein level of N-cadherin (CDH2) increased at day 5 in the
absence of HSF2 (Figure 6e). Taken together, these results suggest
that HSF2 silencing promotes EMT and plasticity of PC3 cells,
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which may be associated with the invasive behavior of HSF2-
depleted PrCa organoids.

Loss of HSF2 increases tumor growth and invasive properties
in vivo
To validate the functional role of HSF2 in tumor formation, growth
and invasion in vivo, we used the chorioallantoic membrane (CAM)
model.40,41 PC3 cells were transfected with shRNA-producing
plasmids to abrogate HSF2 expression19 (Figure 7a), and grafted
onto the exposed CAM of chicken embryos. HSF2 silencing
resulted in significantly larger tumors formed by PC3 cells
compared with controls, as evaluated by the tumor area
(Figures 7b and c). Histological examination on hematoxylin–
eosin (HE)-stained sections demonstrated that the implanted
tumor cells, both non-transfected and control cells, developed
into poorly differentiated adenocarcinomas (Figure 7d). Although

HSF2 silencing resulted in adenocarcinomas of similar histology,
single tumor cells seemed more often to escape the primary
tumor site (Figure 7d). Owing to the reduced susceptibility of
HSF1-knockout mice to tumor formation, we included HSF1
silencing in the analyses. Cells depleted of HSF1 formed only small
tumors that were hardly detectable and highly fibrotic
(Figures 7b–d). These results demonstrate strong tumor-
promoting and -suppressive effect of HSF1 and HSF2, respectively.
We investigated the invasive properties of HSF2-depleted tumors

further by staining sections against MMP14, which is a membrane-type
matrix metalloproteinase that facilitates local ECM degradation. In
cancer, MMP14 is crucial for cell migration and invasion, and high
expression levels correlate with advanced stages of PrCa.42,43

Intriguingly, tumors where HSF2 was silenced exhibited strong
MMP14 staining at the edge of the tumor mass, which was not the
case in control-transfected tumors (Figure 7e). In addition, cellular
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localization of MMP14 was more frequently membrane tethered in
HSF2-depleted cells compared with the diffuse cytoplasmic staining of
control-transfected cells. The proteolytic activity of MMP14 involves its
translocation to the cell surface, as seen in many neoplastic cells types
including PC3 cells,42,43 further supporting our finding that loss of
HSF2 promotes tumor invasion.

Correlation between HSF2 expression and its target genes in
clinical samples
As HSF2 affected expression of genes associated with invasion and
migration (Figures 5 and 6), mRNA levels of a selection of putative
HSF2 target genes related to GTPase activity, focal adhesion, small
GTPase-mediated signaling and actin cytoskeleton were assessed
in human clinical PrCa samples.24 Validating our data from 3D
cultures, many of the target genes, such as ITGA5 (integrin α5),
COL6A3 (collagen α6), FLNA (filamin A) and ROCK2 (RHO-
associated protein kinase 2 ), showed mRNA expression pattern
similar to that of HSF2 (Figure 1a), that is, reduced expression in
tumors versus normal tissue and further decreased expression in
high Gleason score tumors and metastatic samples (Figure 8a).
When comparing expression levels in individual tumors, approxi-
mately half of the putative HSF2 target genes showed tendency
toward co-occurrence with HSF2 (Figure 8b and Supplementary
Figure S5). Altered expression levels of target genes in comparison
with HSF2 in individual tumors were further visualized by
oncoprints (Supplementary Figure S6). These results suggest that
the function of HSF2 is directed via invasion-related genes also in
clinical human PrCa.

HSF2 expression is decreased in several human malignancies
Finally, we expanded the study to human malignancies other than
PrCa by assessing alteration frequency of HSF2 expression across a
large collection of cohorts.44 Intriguingly, low levels of HSF2 mRNA
were detected in many types of malignancies (Figure 9a),
including other epithelial cancers, for example, invasive breast
carcinoma, small-cell lung carcinoma and ovarian serous papillary
carcinoma (Figures 9a and b, upper panel). In addition, non-
epithelial cancers exhibited decreased HSF2 expression in
cancerous tissue when compared with normal tissue, and the
highest fold changes were detected in clear-cell renal cell
carcinoma, embryonal carcinoma and glioblastoma (Figures 9a
and b, lower panel). Thus, reduced HSF2 expression is not
restricted to PrCa or other epithelial cancer types, but is found in a
broad range of malignancies.

DISCUSSION
Unlike HSF1, which drives carcinogenesis, HSF2 had not been
connected to cancer before this study, where we addressed the
impact of HSF2 on PrCa. The expression of HSF2 varied in cell lines
representing different malignant potential, as well as during
maturation and spontaneous invasive transformation of PrCa
organoids. HSF2 is a short-lived protein, whose activity is
regulated via its abundance,20,22,45–47 and therefore, the expres-
sion dynamics detected here likely reflects the transactivating
capacity of HSF2. HSF2 was abundant in transformed cells with
weak invasive potential and during the acinar differentiation
phase of PrCa organoids, whereas in invasive cell types and during
dedifferentiation into invasive stellate organoids, HSF2 was
present in minute amounts. Moreover, HSF2 depletion stimulated
polarized epithelial PrCa cells to dedifferentiate and chose a more
aggressive invasive path. HSF2 silencing specifically increased the
collective invasion, which is characteristic for cancer cells in
organotypic 3D cultures.48 These results suggest that HSF2 is
involved in epithelial maturation and acts as a negative regulator
of cancer cell invasion. We propose that HSF2 has an important
role at the time of cell fate decision; determining whether the cells

remain in a glandular-epithelial state of differentiation or progress
through spontaneous transformation into highly invasive state.
Thus, HSF2 would be a key determinant at the invasive switch.
How does HSF2 mediate its profound effects on PrCa

progression? Gene profiling after silencing HSF2 in cancer
organoids revealed strong enrichment of GO terms related to
epithelial plasticity. In accordance, high degree of epithelial
plasticity is displayed during spontaneous invasive transformation,
as demonstrated by altered expression of gene sets related to cell
adhesion, cell–cell contacts, invasion/metastasis and ECM turnover
during PrCa organoids progression.5 The result also matches our
finding that HSF2 silencing promotes earlier onset of the invasive
switch and more pronounced invasive properties (Figure 3).
The 3D organotypic biomimetic platform allowed observations

of the silencing effects specifically at a time when cells are
differentiated (acinar stage), before the invasive switch (day 5),
when spontaneous dedifferentiation starts (days 7 and 8), and
when cells form overt, invasive structures (after day 8). At day 5,
HSF2-affected gene sets were related to collagen and adhesion,
which is coherent with the changes in collagen metabolism, the
ECM and cell–cell contacts as early indicators of invasion.49,50 In
addition, HSF2 silencing led to deregulation of GTP binding and
GTPase activity, including genes functioning as hubs in signaling
from the microenvironment.4 Further investigations revealed that
HSF2 downregulation also promoted tumor plasticity via EMT. At
day 8, RHO GTPase and small GTPase signaling pathways were
among the most enriched GO terms, both of which are linked to
actin cytoskeleton dynamics, downstream of G-protein-mediated
signaling. These results equal epithelial plasticity pathway kinetics
and dynamics.4 On the gene level, the interconnection between
HSF2-affected pathways was illustrated by a Venn diagram
(Figure 5b), where the single common denominator between
the GO terms was RHOA. The three genes deregulated at both
days 5 and 8 were RHOD, RRAGC and GNB1. RHOA is a small
GTPase that is primarily known as a central regulator of the actin
cytoskeleton via its effector protein ROCK, and has been
associated with essentially all stages of cancer progression.32

Previously, it was reported that the invasive switch of PC3 cells is
linked to repression of Gα/RHOA/ROCK1 and 2 signaling, and that
members of this pathway, for example, RHOA, ROCK and myosin,
are downregulated in invasive PC3 cells.7 These results suggest
that HSF2 promotes acinar morphology and represses the
spontaneous invasive switch by interfering with genes important
for, for example, adhesion, ECM, EMT and G-protein-coupled
signaling. In the absence of HSF2, the effect, from deregulation of
the above-mentioned pathways, is conveyed to downstream
targets and detected by increased invasion.
The finding that HSF2 silencing led to increased tumor growth

and invasion matches the low HSF2 levels observed in high
Gleason score patient tumors and the decrease in metastatic
samples. This indicates that low HSF2 levels permit invasive
behavior and propose a role for HSF2 as a suppressor. A notorious
tumor suppressor in PrCa is PTEN, for which heterozygous deletion
correlates with early stage and indolent tumors, and homozygous
deletion correlates with late-stage, aggressive PrCa.51 When
comparing the mRNA expression levels of PTEN and HSF2,
downregulation was detected in a similar percentage of tumors
within the cohort (Figure 1b). Another tumor suppressor is NME1,
which was identified based on its low expression in metastatic
cells. Albeit NME1 was the first gene recognized as a metastasis
suppressor, the mechanism underlying its metastatic potential
remains controversial.52,53 The metastasis suppressor CD82 is
expressed at low levels in PrCa, which, together with loss of p53,
announces poor patient survival.54,55 Similarities between HSF2
and tumor/metastasis suppressors, in terms of prevalence and
function, are obvious. A role of HSF2 as a suppressor is further
supported by the finding that a large portion of HSF2 target genes
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Figure 8. Correlation between HSF2 expression and its target genes in clinical samples. (a) Analysis of mRNA expression in human PrCa samples24

of a selection of putative HSF2 target genes identified by the microarray analysis (Figure 5). The target genes follow the same expression trend as
HSF2 (Figure 1a), that is, decreased levels in PrCa compared with normal tissue, and further decreased in advanced PrCa (Gleason score ⩾8) and
metastases. (b) HSF2 target genes associated with the gene set enrichment analysis (GSEA) GO terms GTPase activity, focal adhesion, small GTPase-
mediated signaling or actin cytoskeleton exhibiting co-occurrence (light or dark yellow) or mutual exclusivity (light or dark blue) with HSF2 when
comparing individual tumors using the cBioPortal database. The complete target gene lists are shown in Supplementary Figure S5. P-values
o0.05, as derived via Fisher's exact test, are outlined in red. P-values are not adjusted for false discovery rate.
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in clinical samples are important for invasion and metastasis
(Figure 8).
We propose a model in which HSF2 functions as a suppressor of

EMT, tumor plasticity and invasion in tumorigenesis (Figure 10).
Based on our results from 3D organotypic cultures combined with
clinical patient material, the expression of HSF2 peaks in
differentiated cells not yet having advanced through the invasive
switch. Decreased expression levels of HSF2 are a determinant of
PrCa progression, likely through deregulation of key infiltration-
associated pathways, resulting from altered transactivation
potential of HSF2.
PrCa often remains indolent, but if the disease progresses into

advanced stages, no cure is currently available.51 A therapeutic
option is therefore inhibiting invasion when instigated. The results

presented herein suggest that HSF2, together with associated gene
signatures, could constitute such therapeutic targets. This is
demonstrated in patients with metastatic tumors in which altered
HSF2 expression correlates with poor disease-free survival
(Supplementary Figure S1b). In-depth studies are warranted but
are challenging to perform owing to the aggressiveness of the
disease at this stage and consequential lack of samples. Further-
more, HSF2 is an upstream regulator of oncogenic mechanisms
relevant for tumor progression and invasion, which are attractive
therapeutic targets. Our study sets the stage for therapeutic
opportunities for intervening with aggressive PrCa early in the
signaling cascade leading to invasion. In addition, loss of HSF2
expression across many human malignancies indicates a funda-
mental role in tumorigenesis, which deserves future exploration.
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Figure 9. HSF2 expression is frequently decreased in several human malignancies. (a) HSF2 mRNA expression in cancer patient samples
compared with control tissue analyzed by the Oncomine database (https://www.oncomine.org). The origins of the cohorts are displayed in
the figure.60–75 Shown are fold change with a cutoff value of − 2. (b) Expression levels (log 2) of HSF2 mRNA in individual patient samples of
small-cell lung carcinoma vs lung, invasive breast carcinoma vs breast, clear-cell renal carcinoma vs kidney, embryonal carcinoma vs testis and
glioblastoma vs neural stem cells. The cohorts are the same as in panel a. Upper panel: epithelial cancer types; lower panel: non-epithelial
cancer types. Adenocarc, adenocarcinoma; Carc, carcinoma; FC, fold change; P, P-value.

Role of HSF2 in prostate cancer
JK Björk et al

1781

© 2016 Macmillan Publishers Limited Oncogene (2016) 1770 – 1784

https://www.oncomine.org


MATERIALS AND METHODS
Bioinformatics of mRNA expression in clinical samples
Expression and correlation of HSF2 with other genes and pathways were
analyzed in a clinical transcriptome study (Memorial Sloan Kettering
Cancer Centre, MSKCC),24 available through the cBioPortal for Cancer
Genomics (http://www.cbioportal.org/public-portal).25,26 The collection
contained 216 PrCa samples and metastases, of which 85 display complete
mRNA, copy-number and sequencing data, based on Affymetrix Human
Exon 1.0 ST Arrays and next-generation sequencing. Part of this data set,
the metastatic castrate samples, was used for survival studies. Furthermore,
gene expression data from curated and normalized values of the MSKCC
collection was analyzed in GeneSapiens.56 Normalized raw expression data
were extracted from the data set, median centered and analyzed through
an in-house HTML interface (REX), using R/Bioconductor-based algorithms.
Associations of gene expression patterns with clinical annotations (grade,
Gleason scores, invasion status) were processed with R/Bioconductor.
Finally, Oncomine, a cancer microarray database and web-based
data-mining platform, was used for comprehensive gene profiling of
patients across different cancer types (https://www.oncomine.org/
resource/login.html).44

Cell lines and monolayer cultures
Basal prostate epithelial cell line EP156T was cultured in keratinocyte serum-
free medium (Life Technologies, Paisley, UK), supplemented with 50mg/l
bovine pituitary extract and 5 μg/l epidermal growth factor. PrCa cell lines
were cultured in RPMI-1640 media (Life Technologies) supplemented with
10% fetal calf serum, L-glutamine (2mM) and penicillin/streptomycin
(100 μg/ml). Cells were grown in 5% CO2 at 37 °C. The EP156T cells were a
gift from Varda Rotter (Weizmann Institute, Rehovot, Israel),57 LAPC4 cells
were a gift from Charles Sawyer (University of California, La Jolla, CA, USA),58

whereas PC3 cells were from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The cells have been tested and authenticated by
comparative genomic hybridization.

Western blotting
See Supplementary Information.

Miniaturized 3D cultures
Minituarized 3D cultures were prepared as described previously5,29

(see Supplementary Information).

RNA interference
See Supplementary Information.

Live-cell imaging and confocal microscopy
Time-lapse images were acquired with Incucyte (Essen BioScience,
Hertfordshire, UK), and end point imaging using confocal microscopy as
described in Härmä et al.29 and Supplementary Information.

Quantitative real-time RT–PCR
See Supplementary Information.

RNA extraction and microarray hybridization
RNA extraction, labeling and hybridization were performed essentially as
described in Härmä et al5 (see Supplementary Information).

Microarray data analysis
See Supplementary Information.

Inhibitor treatments
The inhibitors Y27632 and IPA3 (Tocris Bioscience, Bristol, UK) were
dissolved in dimethyl sulfoxide. Treatments were performed in triplicates
at 10 μM concentration and initiated at day 4 in 3D culture and finished at
day 7. Multicellular structures were stained by calcein AM, imaged by
spinning disk confocal microscopy, and analyzed by AMIDA, as
described above.

Tumor growth assay and immunohistochemistry on the CAM
Fertilized white Leghorn chicken eggs were incubated at 37 °C under
constant humidity (embryo development day 0, EDD0). No method of
randomization was used. Separation of the developing CAM was induced
on EDD4. On EDD8, transfected PC3 cells were suspended in PBS and
Matrigel (1:1) and implanted on the CAM. On EDD11, the tumors were
photographed in ovo and excised. Tumor area was measured in blind on
photographs from four independent experiments, each with 3–5 eggs per
shRNA construct, using ImageJ (NIH, Bethesda, MD, USA). Tumor speci-
mens were placed in 4% paraformaldehyde, paraffin embedded and cut in
5 μm sections. Sections were deparaffinized and stained with HE. For
immunohistochemistry, antigen retrieval was carried out with 10mM

sodium citrate buffer (pH 6.0). Nonspecific binding was blocked with
bovine serum albumin and normal goat serum, and sections were
stained with anti-MMP14 primary antibody (MAB3328; Millipore,
Darmstadt, Germany) overnight at 4 °C. Sections were pretreated with
0.3% hydrogen peroxide and incubated with horse radish peroxidase-
conjugated secondary antibodies (Promega, Madison, WI, USA or GE
Healthcare, Buckinghamshire, England), followed by incubation with
3,3′-diaminobenzidine chromogenic substrate. Digital images were cap-
tured with Leica DM RXA light microscope (Wetzlar, Germany) and Nikon
Digital Sight DS-Fi2 (Tokyo, Japan).

Normal Low grade Intermediate
grade

High grade /
local invasion

Metastasis

HSF2

Collagen /
ECM

GTPase
activity

Small GTPase
signaling

Actin cytoskeleton
dynamics

Figure 10. Schematic model on how HSF2 expression levels may determine PrCa progression and invasion via interference with molecular
signaling pathways. High levels of HSF2 are associated with a differentiated state of prostate cells and with normal tissue in patient samples.
At this stage, HSF2 activity represses invasion-provoking pathways related to, for example, adhesion (ECM and collagen) and GTPase activity.
In malignant cells, the expression level of HSF2 decreases with a concomitant disruption of HSF2-regulated pathways, leading to the
formation of invasive structures. In highly invasive cells and metastatic tissues, a further decline in the expression level of HSF2 is apparent.
The dynamic expression level of HSF2 is illustrated by the green triangle.
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Statistical analysis
For RT–PCR and tumor area measurements two-tailed paired Student's
t-test were used to compare groups using the Excel software (Microsoft
Office). Data are presented as the mean± s.e.m. and n and the degree of
significance (p-value) are specified in the figure legends. Bonferroni-
corrected t-tests were used to compare groups in AMIDA analyses using
the R-software environment (www.r-project.org). Box and whisker plots
highlight median, data distribution, p-values, and confidence intervals. All
experiments shown were replicated for at least three times. Statistical
analysis for the microarray analysis of differential gene expression was
performed using the limma and lumi R/Bioconductor packages.
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