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C A N C E R

HSF2 drives breast cancer progression by acting as a 
stage-specific switch between proliferation 
and invasion
Jenny C. Pessa1,2, Oona Paavolainen2,3,4, Hendrik S. E. Hästbacka1,2, Mikael C. Puustinen1,2, 
Alejandro J. Da Silva1,2, Sandra Pihlström1,2, Silvia Gramolelli1,2,5, Pia Boström6,  
Pauliina Hartiala7,8, Emilia Peuhu2,3,4*, Jenny Joutsen1,2,9, Lea Sistonen1,2*

Breast cancer is hallmarked by phenotypic transitions enabling abnormal cell proliferation and invasion. The stress-
protective transcription factor heat shock factor 2 (HSF2) is associated with cancer, but its function in breast carci-
nogenesis remains poorly understood. Analysis of human breast tumor samples and mouse in vivo xenografts 
uncovered that HSF2 expression and activity undergo dynamic changes as a function of tumor progression. HSF2 
expression, nuclear localization, and coexpression with the proliferation marker Ki67 are increased in ductal carci-
noma in situ (DCIS), suggesting that HSF2 designates hyperplastic cells underlying tumor expansion. In mouse xe-
nografts, HSF2 localization switches from nuclear to cytoplasmic upon DCIS-to-invasive transition. Using cell-based 
models, we identify canonical transforming growth factor–β (TGF-β) signaling as the molecular mechanism regu-
lating HSF2. TGF-β–mediated down-regulation of HSF2 allowed acquisition of an invasive cell phenotype, which was 
counteracted by ectopic HSF2. Together, we propose that HSF2 acts as a stage-specific switch between prolifera-
tion and invasion in breast cancer.

INTRODUCTION
Breast cancer is a heterogeneous disease that follows a complex pro-
gression path where each stage is defined by unique cellular behav-
iors and dynamic molecular events. The most common preinvasive 
state of breast cancer, ductal carcinoma in situ (DCIS), is character-
ized by abnormal proliferation of epithelial cells within the breast 
ducts that are confined from the stroma by myoepithelial cells and 
an intact basement membrane (1). Although DCIS has a good prog-
nosis, it is also considered as the nonobligate precursor of invasive 
ductal carcinoma (IDC). Yet, the drivers of the invasive transi-
tion remain poorly characterized, obscuring the reliable identifi-
cation of high-risk lesions (1, 2). In IDC, neoplastic epithelial cells 
have breached through the basement membrane and evaded the 
ductal confinement into the surrounding stromal tissue (1–3). 
The transition from DCIS to IDC is initiated by a subset of trans-
formed cells that unlock the restricted capacity of phenotypic 
plasticity. The cell plasticity program epithelial-mesenchymal 
transition (EMT) plays a crucial role during invasive transition, 
facilitating the transition of epithelial cells into a more motile 
mesenchymal phenotype (4). The gradual changes in cellular 
characteristics during EMT involve the loss of cell-cell adhesions, 
disruption of the apicobasal polarity, and the gain of mesenchy-
mal markers, which allow cancer cells to detach from the primary 
tumor and invade to adjacent tissues (4). The early stages of breast 

cancer invasion, observed as an infiltrative component in DCIS, 
can continue to grow into the stroma and may lead to metastasis. 
Throughout the different stages of breast cancer progression, dys-
regulated cell proliferation, driven by genetic alterations and dis-
rupted signaling pathways, fuels tumor expansion. In addition, 
cancer cell properties that are antitumorigenic early on can pro-
mote cancer progression at later stages (5). Thus, understanding 
the interplay between key processes, such as cell proliferation, EMT, 
and invasion, is fundamental for elucidating the mechanisms driv-
ing breast cancer progression.

Many signals in the microenvironment, including cytokines and 
components of the extracellular matrix (ECM), can trigger EMT. 
Transforming growth factor–β (TGF-β) has emerged as a pivotal 
EMT-inducing cytokine, encompassing widespread functions, which 
guide development, immune modulation, cell fate decisions, and stem 
cell functions (4, 6). Because of its multifaceted roles, disturbances 
to the TGF-β pathway are strongly associated with human diseases, 
including cancer (7). Under physiological conditions, TGF-β acts as 
a tumor suppressor by inhibiting the cell cycle and cell proliferation 
through regulation of cyclin-dependent kinase (CDK) activity and 
by inducing cell differentiation programs and apoptosis (8, 9). How-
ever, mutations in various components of the TGF-β signaling path-
way impair its growth inhibitory function, leading to uncontrolled 
proliferation of both cancer cells and stromal cells. During cancer 
progression, TGF-β signaling promotes ECM remodeling and cell 
migration through EMT induction, which enables cancer cell inva-
sion and metastasis (7). In breast cancer, the aberrant activation of 
EMT orchestrated by TGF-β provides a mechanism underlying the 
acquisition of aggressive phenotypes and tumor dissemination. Ac-
tivation of TGF-β signaling in breast myoepithelial cells has been 
implicated in promoting the invasive progression of DCIS to IDC 
(3). The signaling effects of TGF-β are mediated through transmem-
brane serine/threonine kinase receptors type I and type II, which can 
activate either a canonical signaling pathway, consisting of SMAD 
family proteins, or a noncanonical pathway, composed of other 
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intermediators (6). Irrespective of the activated pathway, the cellular 
response to TGF-β is transmitted by specific downstream transcrip-
tion factors and gene expression programs.

Heat shock factors (HSFs) are the main transcriptional regula-
tors of the evolutionarily conserved heat shock response (10–12). 
Among the mammalian HSFs, HSF1 is the master stress-responsive 
transcription factor that can act either independently or synergisti-
cally with HSF2 (13). In addition to their fundamental roles in cell 
stress, HSFs are involved in multiple physiological and pathological 
processes, ranging from cell cycle regulation and differentiation to 
neurodevelopmental diseases and cancer (14–16). Specifically, HSF1 
is exploited during tumorigenesis to induce proliferation, survival, 
immune escape, and metastasis through cancer-specific transcrip-
tional programs (17–20). In breast cancer, HSF1 plays a pivotal role 
in disease progression by facilitating cell survival through up-regulation 
of molecular chaperones, cell invasion, metabolic reprogramming, 
inhibition of antitumor immune activity, and induction of a cancer 
stem cell–like state (17, 19–23). Elevated HSF1 expression and nu-
clear localization also correlate with metastatic potential and reduced 
overall survival in patients with breast cancer (17, 23, 24). In con-
trast to HSF1, the role of HSF2 in tumorigenesis is poorly understood. 
We have previously identified HSF2 as a tumor suppressor in prostate 
cancer, where a decrease in HSF2 expression correlates with EMT-
associated cell invasion (25). Other carcinoma models have revealed 
that HSF2 can either promote or suppress cancer cell growth (14), 
but our knowledge of its function in breast cancer is limited and the 
signaling pathways regulating HSF2 expression and its activity dur-
ing malignant transformation remain to be uncovered. Because pre-
vious research has either used cell line models or focused on mRNA 
expression in advanced breast cancer (19, 26), the role of HSF2 in 
the initial tumor stages, including DCIS and its early transition to 
IDC, is not known.

In this study, we analyzed human breast tumor samples and sam-
ples of a progressive mouse xenograft model mimicking the invasive 
transition of human DCIS. We found that HSF2 is dynamically reg-
ulated during breast cancer progression. In particular, we found that 
HSF2 expression, nuclear localization, and coexpression with the 
proliferation marker Ki67 increased strongly in human DCIS and 
DCIS-like mouse xenografts, suggesting that nuclear HSF2 desig-
nates the preinvasive cells with high proliferative capacity. In contrast, 
no changes in the coexpression of HSF1 and Ki67 were observed, 
indicating that HSF2 and HSF1 play divergent functions in the early 
stages of breast tumorigenesis. The progression from DCIS to in-
vasion, mimicked by the mouse xenografts, was accompanied by a 
marked change in the subcellular localization of HSF2, shifting from 
nuclear to cytoplasmic. Using in vitro cell-based models, we identi-
fied the canonical TGF-β signaling pathway as the cell-intrinsic 
mechanism down-regulating HSF2 during EMT activation. De-
creased levels of HSF2 enabled the acquisition of an invasive cell 
state upon TGF-β stimulation. These invasive cell properties were 
counteracted by ectopic HSF2 expression, highlighting the impor-
tance of HSF2 in preventing the cell state transition. Our data provide 
strong evidence that the expression and activity of HSF2 undergo 
profound changes as a function of tumor progression, where high 
levels mark a proliferative, noninvasive state, and low levels allow 
the shift toward invasion, identifying HSF2 as an important con-
tributor to breast carcinogenesis. Collectively, we propose that 
dynamic regulation of HSF2 acts as a stage-specific switch between 
proliferation and invasion in breast cancer.

RESULTS
HSF2 displays intratumoral heterogeneity in human 
DCIS tumors
HSF1 has been established as a critical factor in breast cancer pro-
gression, with its increased expression and nuclear localization con-
tributing to metastatic potential and poor patient survival (17, 23, 24). 
In contrast to HSF1, the role of HSF2 in breast tumorigenesis remains 
unexplored. Because previous research has used cell-based models 
(19), it is not known how HSF2 contributes to human breast cancer 
development and progression from in situ lesions to invasive carci-
noma. Prompted by this gap in knowledge, we analyzed the expres-
sion and subcellular localization pattern of HSF2 in healthy human 
breast tissue, preinvasive DCIS, and invasive IDC (Fig. 1A). Healthy 
breast tissue was obtained from patients undergoing breast reduction 
surgery. Fixed frozen tissue sections were stained with antibodies 
against HSF1 and HSF2. Keratin 8 (KRT8) was used to identify cells 
of epithelial origin and 4′,6-diamidino-2-phenylindole (DAPI) as a 
nuclear marker (Fig. 1, B and C). Recently, we reported that, in 
formalin-fixed paraffin-embedded (FFPE) healthy human breast tis-
sues, HSF1 is detected both in the cytoplasm and the nucleus, where-
as HSF2 is expressed predominantly in the cytoplasm (27). Here, we 
found that both HSF1 and HSF2 localize in the cytoplasm of KRT8-
positive breast epithelial cells in healthy breast tissue samples (Fig. 1, 
B and C). As expected, the expression and nuclear localization of 
HSF1 were substantially increased in DCIS and IDC samples when 
comparing to healthy tissue (Fig. 1, D to F). HSF1 was homogeneously 
expressed in all studied tissues (Fig. 1D), and the most abundant nu-
clear expression of HSF1 was observed in the IDC samples (Fig. 1F), 
confirming previous results (23, 24). Both the total levels and nuclear 
localization of HSF2 were also significantly elevated in DCIS and 
IDC in comparison to healthy tissue, but unlike HSF1, nuclear ex-
pression of HSF2 was abundantly increased already at the DCIS stage 
(Fig. 1, G to I). Outstandingly, HSF2 displayed a clearly distinct ex-
pression pattern in the DCIS tumors, forming areas of enriched nu-
clear HSF2 in a subset of breast ducts [Fig. 1G, region of interest 1 
(ROI1) versus ROI2]. The localized enrichment in HSF2 was in stark 
contrast to the homogeneous expression pattern of HSF1 (Fig. 1, D to 
G), emphasizing the difference between HSF1 and HSF2 expression 
patterns in DCIS. These data demonstrate that HSF2 expression in-
creases in breast cancer and that the subcellular localization of HSF2 
converts from cytoplasmic in healthy cells to nuclear in the preinva-
sive cells. Because nuclear localization is considered as a proxy for HSF 
activation (11, 13), our results also suggest that there is a substantial 
shift in the activity of HSF2 during early breast tumorigenesis.

Subcellular localization of HSF2 switches from nuclear to 
cytoplasmic during mouse xenograft progression
Because of the intriguing subcellular expression pattern of HSF2 in 
human DCIS, we next investigated its expression in breast tumori-
genesis using a mouse xenograft model. Considering that HSF2 has 
previously been connected to dynamic cell processes and pheno-
typic plasticity, including differentiation, development, and EMT 
(25, 28, 29), we wanted to use a model that is able to mimic the 
progressive changes in DCIS to IDC transition, which are difficult to 
capture in patient samples. The MCF10-DCIS.com (hereafter DCIS.
com) xenograft model consistently recapitulates human high-grade 
DCIS without forming excessive intraductal hyperplasia, which fre-
quently occur in genetically engineered mouse models (5, 30–33). 
Like human DCIS, the early stages of the xenografted tumors are 
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Fig. 1. HSF2 displays intratumoral heterogeneity in human DCIS tumors. (A) Schematic illustration of breast cancer progression and H&E staining of healthy breast, 
DCIS, and invasive ductal carcinoma (IDC). Scale bars, 200 μm. Left panel created in BioRender. Sistonen, L. (2025) https://BioRender.com/x4fqnd1. (B) Representative im-
ages from tissues immunolabeled for KRT8 and DAPI or HSF1. n = 3 to 4 patients. Scale bars, 100 μm. (C) Representative images from indicated tissues immunolabeled for 
KRT8 and DAPI or HSF2. n = 3 to 4 patients. Scale bars, 100 μm. (D) Representative images from tissues immunolabeled for HSF1 and DAPI. HSF1 is visualized with an 
intensity-coded look-up table. n = 3 to 4 patients. Scale bars, 100 μm (main) and 25 μm (ROIs). (E) Relative epithelial intensity of HSF1 presented as violin plots, ****P < 
0.0001; n.s., not significant. n = 3 to 4 patients. For each patient, 6 to 10 fields of view (FOVs) were quantified. Data point colors indicate the patient origin. (F) Relative 
nuclear intensity of HSF1 presented as violin plots, **P < 0.01; ****P < 0.0001. n = 3 to 4 patients. For each patient, 6 to 10 FOVs were quantified. Data point colors indicate 
the patient origin. (G) Representative images from tissues immunolabeled for HSF2 and DAPI. HSF2 is visualized with an intensity-coded look-up table. n = 3 to 4 patients. 
Scale bars, 100 μm (main) and 25 μm (ROIs). (H) Relative epithelial intensity of HSF2 presented as violin plots, ****P < 0.0001; n.s., not significant. n = 3 to 4 patients. For 
each patient, 6 to 10 FOVs were quantified. Data point colors indicate the patient origin. (I) Relative nuclear intensity of HSF2 presented as violin plots, ****P < 0.0001; 
n.s., not significant. n = 3 to 4 patients. For each patient, 6 to 10 FOVs were quantified. Data point colors indicate the patient origin.
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surrounded by a basement membrane and a layer of cells positive 
for myoepithelial markers (5, 31). DCIS.com cells were injected sub-
cutaneously into nonobese diabetic–severe combined immunodefi-
cient (NOD-SCID) female mice, and the animals were euthanized at 
indicated time points (Fig.  2A). The dissected xenograft tumors 
were processed for fixation and immunolabeling with HSF2. The 
histology of xenograft tumors resected after 10 and 25 days resembled 
human DCIS and invasive tumor morphology, respectively (Fig. 2B). 
Similarly to our data obtained from human tumor tissues (Fig. 1), 
the total intratumoral intensity of HSF2 was not altered between 
DCIS-like and invasive xenografts (Fig. 2, C and D). Instead, we 
found that HSF2 was expressed at high levels in the nucleus of 
cells in DCIS-like tumors (Fig. 2, C and E). Upon invasive progres-
sion, a notable change in the subcellular localization of HSF2 was 
detected, demonstrating that HSF2 switches from being predomi-
nantly nuclear in the DCIS-like tumors to almost exclusively cyto-
plasmic in the invasive xenografts (Fig. 2C). In addition, nuclear 
HSF2 exhibited similar intratumoral heterogeneity as in patient 
DCIS samples (Figs. 1G and 2C). Our findings provide evidence 
that the subcellular localization of HSF2 undergoes profound changes 
as a function of tumor progression, suggesting a stage-specific role 
for HSF2 as a mediator of cell phenotypic changes during the DCIS-
to-invasive transition.

HSF2 is down-regulated in response to TGF-β–induced EMT
The cell plasticity program EMT characterizes the transition from 
localized to invasive cancer (4). We have previously shown that 
down-regulation of HSF2 coincides with EMT and invasiveness in 
prostate cancer cells (25). However, the molecular mechanism un-
derpinning the loss of HSF2 during EMT, and whether it is a com-
mon regulatory step in the phenotypic transition of other carcinoma 
cells, is not known. Together with our findings from human tissue 
samples (Fig. 1) and mouse xenografts (Fig. 2), demonstrating a dy-
namic expression pattern for HSF2 in breast cancer progression, we 
asked whether HSF2 contributes to the cell phenotypic shift through 
EMT. We addressed this question by inducing EMT in human 
breast epithelial cells. Transformed (HS578T and MDA-MB-231) 
and nontransformed (MCF10A) human breast epithelial cells were 
treated with an EMT-inducing supplement containing recombinant 
human transforming growth factor–β 1 (TGF-β1, hereafter TGF-β), 
Wnt family member 5A, antibodies against human E-cadherin, se-
creted frizzled-related protein 1, and Dickkopf-related protein 1. A 
24-hour treatment with the EMT supplement significantly reduced 
the levels of HSF2 protein in all studied cell lines (fig. S1A). By using 
a selective small molecule inhibitor of the TGF-β type I receptor, 
SB431542, we demonstrated that the reduction of HSF2 is a specific 
downstream event of the TGF-β type I receptor activation (fig. S1A).

Upon EMT, tumor cells lose their epithelial characteristics and 
acquire a mesenchymal phenotype. To investigate whether the abil-
ity of TGF-β to down-regulate HSF2 is a specific property of the 
epithelial phenotype, we treated both breast epithelial cells and mes-
enchymal human dermal fibroblasts (HDFs) with TGF-β (Fig. 3A). 
The efficacy of TGF-β treatment was first confirmed in HS578T cells 
by analyzing the phosphorylation status of SMAD2 (34) and the 
protein levels of the EMT marker Snail (35). A 20-min treatment 
already caused a prominent phosphorylation of SMAD2 (fig. S1B), 
and Snail was substantially up-regulated in response to a 24-hour 
treatment (fig. S1C), showing that the TGF-β treatment was suffi-
cient to activate the signaling pathway. Intriguingly, HSF2 was not 

affected by TGF-β in HDFs, but a robust down-regulation was ob-
served in human breast epithelial cells (Fig. 3A and fig. S2A), indi-
cating that the TGF-β–induced down-regulation of HSF2 is unique 
for cells of epithelial origin. In sharp contrast to HSF2, the protein 
levels of HSF1 remained unchanged in all examined cell lines (Fig. 3A 
and fig. S2A). By treating MDA-MB-231 HSF1 knockout cells (HSF1-
KO) (19) with TGF-β, we confirmed that HSF2 is down-regulated in 
response to the treatment irrespective of HSF1 (fig. S2B). Thus, we 
identified the canonical TGF-β signaling pathway as the cell-intrinsic 
mechanism down-regulating HSF2 in breast cancer cells during EMT.

Forced HSF2 expression disrupts TGF-β–regulated 
gene programs
Down-regulation of HSF2 upon TGF-β treatment suggests that HSF2 
is one of the downstream effector transcription factors of the TGF-β 
signaling pathway. We next examined the TGF-β–induced gene pro-
grams that depend on HSF2 down-regulation and whether forced 
expression of HSF2 would disrupt this gene expression signature. 
HS578T cells were transiently transfected with plasmids encoding 
either green fluorescent protein (GFP) (MockT) or exogenous HSF2 
(HSF2oeT). The transient expression of HSF2 was sufficient to over-
ride the down-regulating effect of TGF-β on HSF2 without affecting 
HSF1 protein levels (Fig. 3B and fig. S2C). Overexpression of HSF2 
did not interfere with activation of the TGF-β signaling pathway, as 
indicated by induced SMAD2 phosphorylation and unchanged lev-
els of total SMAD2/3 in response to TGF-β treatment (fig. S2, D and 
E). The global gene expression profiles of MockT and HSF2oeT cells 
were analyzed by RNA sequencing (RNA-seq) in the presence and 
absence of TGF-β stimulation. In MockT cells, the treatment resulted 
in up-regulation of well-known TGF-β target genes, IL11, SNAI1, 
WNT1, and CDH2 (N-cadherin) (fig. S3A), confirming the function-
ality of our treatment. Next, we addressed the specific role of HSF2 in 
the TGF-β signaling pathway by identifying the TGF-β–responsive 
genes that are dependent on the loss of HSF2. In the presence of 
ectopically expressed HSF2, a set of 131 genes displayed impaired 
ability to respond to TGF-β (Fig. 3C and fig. S3B). These genes were 
divided into four different categories on the basis of their expression 
pattern (Fig. 3D and data S1): group I, genes up-regulated by both 
TGF-β and exogenous HSF2; group II, genes up-regulated by TGF-β 
but not in the presence of exogenous HSF2; group III, genes 
down-regulated by both TGF-β and exogenous HSF2; and group IV, 
genes down-regulated by TGF-β but not in the presence of exog-
enous HSF2.

The assigned groups were subjected to gene ontology (GO) term 
analysis, which showed that group I and II genes were associated 
with vascular functions and ECM remodeling (Fig. 3E, top), and 
groups III and IV were associated with DNA replication and cell 
cycle regulation (Fig. 3E, bottom). As examples of group I and II 
genes, ADAMTS10, ACTA2, ITGA1, COL8A2, and PDGFRB were 
markedly increased in control cells treated with TGF-β, and their 
up-regulation was abolished in cells expressing exogenous HSF2 
(Fig. 3F, top). ADAM metallopeptidase with thrombospondin type 
1 motif 10 (ADAMTS10) is a regulator of ECM composition (36, 37), 
and actin alpha 2 (ACTA2) affects the cellular ability to form cell-
cell and cell-matrix adhesions (38, 39). Extensive remodeling of the 
ECM and cell adhesion contacts are hallmarks of EMT-induced inva-
sion and required for cancer progression. In addition, the transmem-
brane receptor integrin subunit alpha 1 (ITGA1) is strongly connected 
to TGF-β–induced EMT and metastasis (40). As examples of group 
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III and IV genes, HELLS, DNA2, RAD51AP1, CDC45, and GINS1 
were decreased in TGF-β–treated control cells, and their down-
regulation was inhibited by overexpression of HSF2 (Fig. 3F, bottom). 
Cell division cycle 45 (CDC45) and proliferating nuclear antigen 
(PCNA) proteins are critical for DNA replication initiation and pro-
gression, respectively (41, 42). It has previously been shown that 

TGF-β inhibits the loading of CDC45 and PCNA onto chromatin, 
thereby preventing the activation of minichromosome maintenance 
complex (MCM), a DNA helicase vital for DNA replication (43). The 
TGF-β–mediated inhibition disturbs the assembly of both prerepli-
cation complexes (Pre-RCs) and preinitiation complexes (Pre-IRs), 
which leads to cell cycle arrest at G1-S (44). These results demonstrate 

Fig. 2. HSF2 subcellular localization changes from nuclear to cytoplasmic during mouse xenograft progression. (A) Schematic illustration of tumor progression stages in 
the MCF10-DCIS.com mouse xenograft model. DCIS-like tumors and invasive tumors form within 10 and 25 days, respectively, after subcutaneous inoculation of human DCIS.
com cells into NOD-SCID mice. Created in BioRender. Sistonen, L. (2025) https://BioRender.com/uh5gztl. (B) Representative H&E staining of tissue sections from DCIS-like (day 10) 
and invasive (day 25) mouse xenografts. Scale bars, 200 μm (main) and 100 μm (inset). (C) Representative immunofluorescence images from DCIS-like and invasive mouse xeno-
grafts tissue sections immunolabeled for HSF2 and DAPI. HSF2 labeling intensity is visualized with an intensity-coded look-up table (high values: yellow). n = 3 mice. Scale bars, 
50 μm (main) and 10 μm (inset). (D) Relative intensity of HSF2 labeling in the epithelial area (KRT8+) of mouse xenograft tumors dissected at indicated time points. Results are 
presented as violin plots, n.s., not significant. n = 3 mice. For each mouse, five to seven FOVs were quantified. Colors of data points (white, yellow, and red) indicate the mouse 
origin. (E) Relative intensity of HSF2 labeling in the nuclei (DAPI+) of the epithelial area (KRT8+) of mouse xenograft tumors dissected at indicated time points. Results are pre-
sented as violin plots, **P < 0.01. n = 3 mice. For each mouse, five to seven FOVs were quantified. Colors of data points (white, yellow, and red) indicate the mouse origin.
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Fig. 3. Ectopic HSF2 bypasses down-regulation by TGF-β and disrupts TGF-β–regulated gene programs. (A) Immunoblot analysis of HSF2 and HSF1 protein levels in 
HS578T, MDA-MB-231, and MCF10A cells as well as HDFs treated with TGF-β1 (10 ng/ml) or assay medium for 24 hours. HSC70 and β-tubulin were used as a loading control. 
(B) Immunoblot analysis of HSF2 and HSF1 protein levels in MockT and HSF2oeT HS578T cells treated with TGF-β1 (10 ng/ml) or assay medium for 24 hours. Arrowhead (◄) 
denotes exogenous HSF2. HSC70 was used as a loading control. (C) Venn diagram of differentially expressed (DE) genes. The overlapping region represents a subset of 131 
TGF-β target genes, whose expression was impaired by HSF2 overexpression. (D) Heatmap of the 131 DE genes identified in (C) and categorized into four groups: group I, 
genes up-regulated by both TGF-β and exogenous HSF2; group II, genes up-regulated by TGF-β but impaired response in the presence of exogenous HSF2; group III, genes 
down-regulated by both TGF-β and exogenous HSF2; and group IV, genes down-regulated by TGF-β and impaired response in the presence of exogenous HSF2. The 
z score was calculated on the basis of the log₂CPM values for each gene. The double columns for each condition represent the two biological replicates from the RNA-seq. 
(E) GO term analysis of the 131 DE genes identified in (C) and categorized in (D). The five most significant biological processes are shown. The analysis was performed with 
topGO. (F) Relative mRNA expression of a subset of the 131 DE genes associated with matrix remodeling and DNA replication. The relative difference in CPM between 
conditions was normalized to the CPM of the MockT Ctrl for each gene. The data represent two biological replicates, which are indicated by individual data points. CPM, 
counts per million.
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that ectopic HSF2 interferes with the expression of genes character-
istic for TGF-β–induced EMT.

Exogenous HSF2 counteracts TGF-β–induced cell migration 
and stabilizes cell-cell adhesions
TGF-β is well known for its multifaceted roles in the regulation of 
ECM composition and cell adhesion (6, 7). Thus, we expanded our 
gene expression analyses to include more components of the ECM 
and cell adhesion receptors, which revealed that a comprehensive 
selection of the genes was unable to respond to TGF-β in the pres-
ence of exogenous HSF2 (Fig. 4A). To investigate whether the ob-
served changes in mRNA expression were also detected on protein 
level, we performed immunoblotting of selected targets. Because of 
slower changes in the protein levels, we extended the TGF-β treat-
ment from 24 to 72 hours. As transiently expressed HSF2 declined 
already at 72 hours (fig. S4A), stable HS578T cell lines expressing 
either GFP (MockS) or HSF2 (HSF2oeS) were generated (fig. S4B). 
MockS cells maintained their responsiveness to TGF-β stimulation 
and HSF2oeS cells displayed sustained expression of HSF2 upon a 
72-hour TGF-β treatment (fig. S4C). Two ECM proteins, i.e., colla-
gen type III alpha chain 1 (COL3A1) and matrix metalloproteinase 
2 (MMP2), were markedly increased in MockS cells treated with 
TGF-β for 72 hours, but only low expression was observed in HS-
F2oeS cells (Fig. 4B and fig. S5A). Both proteins are direct TGF-β 
targets, and their elevated expression promotes tumorigenesis via 
enhanced ECM remodeling in a variety of cancers (45, 46). Simi-
larly, the integrin subunit alpha 1 (ITGA1) protein was markedly 
up-regulated in MockS cells but remained unchanged in HSF2oeS 
cells (Fig. 4B and fig. S5A). In contrast, the amount of cell-cell adhe-
sion receptor E-cadherin (CDH1), a classical epithelial state marker 
(4), was induced in HSF2oeS cells in comparison to MockS cells 
(Fig. 4B and fig. S5A). Moreover, immunofluorescence staining high-
lighted the diminished expression of COL3A1 and integrin sub-
unit beta 1 (ITGB1) in HSF2oeS cells (fig. S5, B to D), suggesting 
that HSF2 overexpression interferes with cell-matrix adhesion and 
ECM secretion.

Because of the robust changes in gene expression and protein 
levels of ECM modifiers and cell-matrix adhesion receptors, we ex-
plored the functional impact of HSF2 on cell migration and inva-
sion. First, in vitro vasculogenic mimicry assay was used to study 
the ability of MockS and HSF2oeS cells to modulate the ECM and 
reorganize into tube-like structures in three dimensions, in the presence 
and absence of TGF-β (fig. S6A). The MockS cells formed complex and 
interconnected networks, and treatment with TGF-β further aug-
mented network formation as measured by the number of master 
segments (fig. S6, B and C). In stark contrast, HSF2oeS cells dis-
played impaired organization into tube-like networks despite the 
treatment as measured by several parameters (fig. S6, B to D). Spe-
cifically, the difference in number of segments, total meshes area, 
and total branching length between the MockS and HSF2oeS cells 
(fig. S6B) established that HSF2 attenuates the cellular ability to 
modify the ECM.

Using a wound healing assay, we investigated whether the down-
regulation of HSF2 in response to TGF-β is sufficient to induce cell 
migration. MDA-MB-231 cells, with high migratory capacity (47), 
were transfected with either HSF2oeT or MockT plasmids, and the 
expression of exogenous HSF2 was verified by immunoblotting 
(Fig. 4C and fig. S7A). TGF-β was added 3 hours before initiation of 
the assay to ensure that the cells had activated the TGF-β signaling 

pathway. Analysis of the relative wound closure revealed that the 
TGF-β treatment stimulated migration of MockT cells, whereas 
HSF2oeT cells displayed a substantial reduction in cell motility (Fig. 4, 
D and E). These results indicate that TGF-β–mediated down-regulation 
of HSF2 facilitates increased migration of breast cancer cells.

Deterioration of cell-cell adhesion contacts is a hallmark of 
TGF-β–induced EMT (4). We have previously shown that HSF2 lo-
calizes at cell-cell adhesion sites in several human tissues (27) and 
interacts with the focal adhesion adapter protein talin 1 (48). Ac-
cordingly, the loss of HSF2 leads to disrupted cell-cell adhesion 
(49, 50). Prompted by these findings, we examined whether the 
TGF-β–mediated decrease in HSF2 influenced cell-cell adhesion of 
breast cancer cells and whether the functional consequences could 
be reversed by overexpression of HSF2. The capacity of MDA-MB-231 
MockT and HSF2oeT cells to maintain cell-cell adhesion contacts was 
analyzed using ultralow attachment (ULA) round-bottom plates, 
where a covalently bonded hydrogel surface of the wells stimulates the 
formation of spheroid-like structures. Transfected cells were treated 
with TGF-β alone or in combination with the selective TGF-β type I 
receptor inhibitor, SB431542, for 24 hours in ULA plates. MockT cells 
formed compact spheroid-like structures under control conditions, 
and the TGF-β treatment diminished this capacity (Fig. 4, F and G), 
which is indicative of destabilized cell-cell adhesions. Addition of 
SB431542 to the TGF-β–treated cells restored their potential to form 
spheroid-like structures (Fig. 4F). Intriguingly, HSF2oeT cells formed 
compact structures even in the presence of TGF-β (Fig. 4F), which 
denotes preserved cell-cell adhesions. Quantification of the spheroid 
areas corroborated our results (Fig. 4G), demonstrating that TGF-β– 
mediated down-regulation of HSF2 leads to impaired cell-cell adhe-
sion and forced expression of HSF2 counteracts the TGF-β–induced 
destabilization of cell-cell contacts.

HSF2 overrides the TGF-β–mediated inhibition of 
cell proliferation
Under physiological conditions and early phases of tumorigenesis, 
TGF-β is an important cell cycle regulator and inhibits cell growth by 
modulating the expression of CDKs and CDK inhibitors (8, 9, 51). 
Our RNA-seq analysis indicated that the major gene groups that 
were down-regulated by TGF-β signaling but lost their responsive-
ness upon HSF2 overexpression are related to cell cycle progression 
(Fig. 3, E and F). To gain more insight into how HSF2 affects the 
TGF-β–mediated regulation of the cell cycle, we expanded our analysis 
to include more genes important for DNA replication and cell pro-
liferation, such as members of the MCM complex, the GINS gene 
family, and cell cycle–associated kinases. Intriguingly, the expression 
of the examined genes was decreased by TGF-β, whereas overexpres-
sion of HSF2 dysregulated the TGF-β–dependent transcriptional 
changes (Fig. 5A). These results are in line with a recently published 
study reporting that HSF1 and HSF2 regulate the expression of 
cell cycle–associated genes across multiple human cancer cell 
lines, including those derived from breast, prostate, lung, and co-
lon cancer (19).

We next analyzed the protein levels of selected targets in MockS 
and HSF2oeS cells that were either treated with TGF-β or left un-
treated for 72 hours. Origin recognition complex 1 (ORC1), a factor 
that promotes initiation of DNA replication by maintaining MCM 
helicases at the origin sequence (52), increased substantially in cells 
expressing exogenous HSF2 in comparison to MockS cells (Fig. 5B 
and fig. S7B). Similarly, minichromosome maintenance protein 2 

D
ow

nloaded from
 https://w

w
w

.science.org at T
urku U

niversity on Septem
ber 22, 2025



Pessa et al., Sci. Adv. 11, eady1289 (2025)     3 September 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 20

Fig. 4. HSF2 interferes with the expression of ECM and cell-matrix receptor proteins. (A) Heatmap illustrating expression changes of genes in MockT and HSF2oeT 
HS578T cells treated with TGF-β1 (10 ng/ml) or assay medium for 24 hours. The z score was calculated on the basis of log₂CPM values for each gene. Double columns 
represent two biological replicates. (B) Immunoblot analysis of COL3A1, MMP2, ITGA1, and CDH1 levels in MockS and HSF2oeS cells treated with TGF-β1 (10 ng/ml) or 
assay medium for 72 hours. β-Tubulin and HSC70 were used as loading controls. (C) Immunoblot analysis of HSF2 levels in MockT and HSF2oeT MDA-MB-231 cells treated 
with TGF-β1 (10 ng/ml) or assay medium for 24 hours. Arrowhead (◄) denotes exogenous HSF2. HSC70 was used as a loading control. (D) Representative images of 
wound closure at 0 and 4 hours (h). MockT and HSF2oeT cells were treated with TGF-β1 (10 ng/ml) or assay medium (Ctrl). The rate of wound closure was monitored with 
live-cell imaging using a 5-min frame interval. Scale bar, 100 μm. (E) Quantitative analysis of wound healing assay. The percentage of wound closure was calculated by 
normalizing the wound area of each time point to the initial scratch area. Results were plotted as means ± SD, *P ≤ 0.05. The data represent three biological replicates. 
(F) Representative images of spheroid-like structure formation. MockT and HSF2oeT cells were incubated in assay medium (Ctrl) or treated with TGF-β1 alone (10 ng/ml) 
or in combination with 10 μM SB431542 for 24 hours. Scale bars, 200 μm. (G) Quantification of spheroid size. The average area between biological replicates was calcu-
lated, and the relative area for each condition was normalized to the average area of MockT Ctrl. Results were plotted as means ± SEM, ****P ≤ 0.0001. The data represent 
three biological replicates.
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Fig. 5. HSF2 promotes proliferation in vitro and in vivo. (A) Heatmap illustrating expression changes of genes in MockT and HSF2oeT HS578T cells treated with TGF-β1 (10 ng/
ml) or assay medium for 24 hours. The z score was calculated on the basis of log₂CPM values for each gene. Double columns represent two biological replicates. (B) Immunoblot 
analysis of ORC1, MCM2, CDK1, and CDK7 proteins in MockS and HSF2oeS cells treated with TGF-β1 (10 ng/ml) or assay medium for 72 hours. β-Tubulin was used as a loading 
control. (C) Proliferation analysis of MockS and HSF2oeS cells treated with TGF-β1 (10 ng/ml) or assay medium (Ctrl) for 24 or 72 hours. Results are presented as means ± SEM, 
*P < 0.05; **P < 0.01; n.s., not significant. The data represent three biological replicates. (D) Representative images of MockS and HSF2oeS organotypic 3D cultures. Formation 
of organotypic tumoroids was followed up to 16 days. Scale bars, 200 μm. The data represent three biological replicates. (E) Bright-field and fluorescence images of MockS and 
HSF2oeS zebrafish xenografts. Red arrowheads indicate the primary tumor, and yellow arrowheads indicate disseminated cancer cells. Asterisk (*) denotes unspecific fluores-
cence. Scale bars, 1 mm (main) and 500 μm (inset). (F) Quantification of tumor area and invaded cells in MockS and HSF2oeS xenografts. Results are presented as means ± SD, 
*P < 0.05. For MockS 16 and for HSF2oeS 19, xenografts were analyzed. (G) Representative images of MockS and HSF2oeS zebrafish xenografts immunolabeled with DAPI (cyan) 
and Ki67. White square indicates areas of insets. Scale bars, 100 μm (main) and 25 μm (inset). (H) Relative Ki67 area in MockS and HSF2oeS xenograft tumors. Results are pre-
sented as means ± SEM, ****P < 0.0001. For MockS 12 and for HSF2oeS 11, xenografts were analyzed.
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(MCM2), a key component of the Pre-RC involved in the initiation 
of eukaryotic genome replication (53), was elevated in HSF2oeS cells 
(Fig. 5B and fig. S7B). The expression levels of CDKs 1 and 7 (CDK1 
and CDK7), both well-known regulators of cell cycle progression 
(54, 55), were also increased in HSF2oeS cells (Fig. 5B and fig. S7B).

TGF-β signaling affects cell proliferation in normal and tumor 
cells, and the mode of action can vary depending on the phase 
in which the cell is in its life cycle or stage of tumorigenesis (56). 
To examine the effect of HSF2 on cell proliferation, MockS and 
HSF2oeS cells were subjected to TGF-β for either 24 or 72 hours. 
Using the Cell Counting Kit-8 (CCK-8) assay, we quantified the 
differences in cell amounts that are indicative of cell proliferation. 
In line with previous findings demonstrating that Snail inhibits cell 
cycle progression (57), the TGF-β treatment decreased cell prolif-
eration of MockS cells when compared to untreated cells (Fig. 5C). 
Cell proliferation was markedly higher in HSF2oeS cells, and there 
was no notable change between the untreated and TGF-β–treated 
cells (Fig. 5C). On the basis of these results, we propose that the 
loss of HSF2 is a requirement for the TGF-β–mediated inhibition 
of cell proliferation.

To further assess the proliferation and invasion capacity of 
MockS and HSF2oeS cells, we analyzed three-dimensional (3D) 
Matrigel cultures where the formation of organotypic tumoroids 
was followed up to 16 days. MockS cells started developing invasive 
structures already at day 4, which gradually increased toward the 
end point of the assay (Fig. 5D). HSF2oeS cells failed to form inva-
sive structures despite the rapid growth (Fig. 5D), thereby support-
ing our data on induced proliferation of HSF2oeS cells (Fig. 5C). 
Upon activation of invasive behavior, malignant cells reduce their 
proliferation to enable enhanced migration (58). Thus, our results 
showed that MockS cells stopped proliferating to induce cell migra-
tion, whereas the ability of the rapidly proliferating HSF2oeS cells 
to become invasive was inhibited.

HSF2 promotes proliferation and secondary tumor 
formation in in vivo zebrafish xenografts
After performing cell-based in vitro assays, we wanted to know 
whether the obtained results were applicable also in vivo. For this 
purpose, we examined the capacity of MockS and HSF2oeS cells to 
promote tumor growth and invasiveness using the zebrafish xeno-
grafts (59, 60). Cells were nanoinjected into the pericardial cavity of 
2-day-old zebrafish embryos, and the xenografts were imaged at 1 day 
postinjection (1 dpi) and 4 dpi (Fig. 5E). In comparison to MockS, 
HSF2-overexpressing cells displayed larger tumor area and impaired 
invasion capacity (Fig. 5F), reinforcing the anti-invasive effect of 
HSF2 in breast cancer cells. To more closely examine the prolifera-
tion rate of MockS and HSF2oeS cells, we analyzed the expression of 
proliferation marker Ki67 in the formed xenograft tumors by immu-
nofluorescence. The cells were again nanoinjected into the pericardial 
cavity of zebrafish embryos, and after 24 hours, the animals were fixed 
and stained with DAPI and Ki67 (Fig. 5G). Immunofluorescence 
analysis revealed that the HSF2oeS xenografts displayed clearly more 
abundant Ki67 expression than the MockS xenografts (Fig. 5G). Fur-
thermore, analysis of the relative Ki67 area within the tumors dem-
onstrated that a significantly larger proportion of the HSF2oeS cells 
were Ki67 positive (Fig. 5H), corroborating that HSF2 drives cell 
proliferation and tumor expansion in vivo. Together, our results 
from cell-based in vitro and in vivo assays demonstrate that whereas 
TGF-β–mediated down-regulation of HSF2 occurs concomitantly 

with EMT, elevated levels of HSF2 are critical for supporting malig-
nant cell proliferation and tumor growth.

Nuclear coexpression of HSF2 and Ki67 increases in 
DCIS-like mouse xenografts and human DCIS tumors
We have identified that HSF2 displays a highly heterogeneous ex-
pression pattern in human DCIS tumors (Fig. 1) and that exogenous 
HSF2 drives the expression of cell cycle–associated genes (Fig. 3) 
and accelerates proliferation in cell-based in  vitro models and 
in vivo zebrafish xenografts (Fig. 5). On the basis of these results, we 
hypothesized that nuclear HSF2 contributes to a hyperplastic cell 
phenotype and tumor growth in DCIS. To explore this hypothesis, 
we immunolabeled proliferating tumor cells with Ki67 and exam-
ined the proportion of proliferative cells that showed nuclear HSF2. 
In the progressive breast cancer xenograft model, the coexpression 
of HSF2 and Ki67 was significantly increased in the DCIS-like tu-
mors (Fig. 6, A and B), showing that HSF2 could contribute to the 
preinvasive tumor expansion. Although coexpression of HSF2 and 
Ki67 varied among the samples of invasive xenografts, the areas 
displaying prominent coexpression resembled DCIS-like tumor mor-
phology (Fig. 6B).

Last, we analyzed the expression pattern of HSF2 and Ki67 in the 
proliferative cells of healthy breast, DCIS, and IDC human tumor 
samples (Fig.  6C). Our results revealed that the coexpression of 
HSF2 and Ki67 in the nucleus increased significantly in the DCIS 
tumors and remained elevated in the invasive IDC tumors (Fig. 6, C 
and D). Combined with the results demonstrating markedly in-
creased nuclear HSF2 expression in both DCIS and IDC samples 
(Fig. 1, G and I), our data suggest that nuclear HSF2 is a specific 
feature of actively proliferating tumor cells in breast cancer. These 
results demonstrate that HSF2 designates the preinvasive cells with 
high proliferative capacity and suggest that the areas with enriched 
HSF2 may function as the central sites of tumor expansion. Notably, 
no alterations were observed in the coexpression pattern of nuclear 
HSF1 and Ki67 across the examined tissue samples (Fig. 6, E and F). 
Collectively, we conclude that, unlike HSF1, which mainly supports 
malignancy in advanced breast cancer, HSF2 acts as a stage-specific 
switch between the proliferative and invasive phenotypes at the ini-
tial steps of breast cancer progression.

DISCUSSION
The functional role of HSF2 in breast cancer and the signaling path-
ways regulating its activity have remained largely unknown. Here, 
by using a selection of in vitro and in vivo assays combined with 
analysis of patient samples, we show that dynamic regulation of 
HSF2 contributes to distinct stages of breast cancer progression 
(Fig. 7). Our results uncover that elevated levels of nuclear HSF2 
designate the epithelial cells with high proliferative capacity in hu-
man breast tumors. In mouse xenografts, the early transition from 
DCIS to invasion is accompanied by a switch in the subcellular lo-
calization of HSF2 from nuclear to cytoplasmic, suggesting a change 
in its activity. Furthermore, using cell-based models, we identify the 
canonical TGF-β signaling pathway as the cell-intrinsic mechanism 
underpinning HSF2 down-regulation in breast cancer cells during 
EMT. The TGF-β–mediated decrease in HSF2 allowed acquisition 
of an invasive phenotype, which was counteracted by ectopic ex-
pression of HSF2. On the basis of our results, we present a model 
in Fig. 7, where high levels and nuclear accumulation of HSF2 drive 
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Fig. 6. Nuclear localization of HSF2 increases in the proliferating cells of DCIS-like mouse xenografts and human DCIS tumors. (A) Representative images from 
DCIS-like and invasive MCF10-DCIS.com mouse xenografts immunolabeled for HSF2 and Ki67. Nuclei positive for both HSF2 and Ki67 are visualized as white (indicated by 
yellow arrowheads). White square indicates areas of insets. n = 3 mice. Scale bars, 50 μm (main) and 25 μm (inset). (B) Quantification of HSF2-positive (HSF2+) nuclei 
among proliferating cells (Ki67+). Results are presented as violin plots, *P < 0.05. n = 3 mice. For each mouse, four to seven FOVs were quantified. Data point colors (white, 
yellow, and red) indicate the mouse origin. Images from day 25 xenografts demonstrate the heterogeneity of DCIS-like and invasive tumor areas and the association of 
nuclear HSF2 with Ki67+ proliferative and DCIS-like areas. (C) Representative images from human tissues immunolabeled for KRT8 and DAPI or HSF2 and Ki67. Nuclei 
positive for both Ki67 and HSF2 are visualized as white (indicated by yellow arrowheads). n = 3 to 4 patients. Scale bars, 100 μm (main) and 25 μm (ROIs). (D) Quantification 
of HSF2-positive (HSF2+) proliferative cells within the epithelium. Results are presented as violin plots, **P < 0.01; ****P < 0.0001; n.s., not significant. n = 3 to 4 patients. 
For each patient, 6 to 10 FOVs were quantified. Data point colors (white, yellow, cyan, and red) indicate the patient origin. (E) Representative images of human tissues 
immunolabeled for KRT8 and DAPI or HSF1 and Ki67. n = 3 to 4 patients. Scale bars, 100 μm (main) and 25 μm (ROIs). (F) Quantification of HSF1-positive (HSF1+) prolif-
erative cells within the epithelium. Results are presented as violin plots. n.s., not significant. n = 3 to 4 patients. For each patient, 6 to 10 FOVs were quantified. Data point 
colors indicate the patient origin.
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cell proliferation in the preinvasive DCIS. In contrast, a temporal 
down-regulation of HSF2 through protumorigenic TGF-β signaling 
activates EMT, thereby allowing cancer cell invasion. At the invasive 
cancer stage, elevated HSF2 expression supports stress tolerance and 
sustains proliferation of cancer cells (Fig. 7). Our findings provide 
clear evidence that the expression and activity of HSF2 undergo pro-
found changes as a function of tumor progression, identifying HSF2 
as a critical contributor of breast cancer progression. Collectively, 
we propose that dynamic regulation of HSF2 acts as a stage-specific 

switch in breast cancer, where high levels of HSF2 drive cell prolif-
eration and preinvasive tumor expansion, and low levels promote 
the phenotypic changes required for invasive transitioning and met-
astatic potential.

Previous studies have recognized HSF1 as a nononcogenic driver 
in cancer, steering tumor-supportive transcriptional programs in both 
cancer cells and the adjacent cancer-associated fibroblasts (CAFs) 
(17–20, 61). Moreover, because of its prominent disease-supporting 
role, several inhibitors targeting HSF1 have been developed (62–64). 

Fig. 7. Stage-specific function of HSF2 in breast cancer progression. Summary of experimental models used to analyze the function of HSF2 in breast cancer progres-
sion (Top). A schematic model of the stage-specific function of HSF2 during different states of breast cancer progression (Bottom). In the normal breast epithelium, 
physiological HSF2 expression contributes to the maintenance of cell and tissue homeostasis. In the preinvasive stage of breast cancer, DCIS, increased expression, and 
nuclear accumulation of HSF2 activate the transcription of genes regulating the cell cycle, leading to induced proliferation of ductal epithelial cells. At the early stage of 
invasive ductal carcinoma, protumorigenic TGF-β signaling leads to a transient down-regulation of HSF2 to enable expression of TGF-β target genes and activation of the 
EMT program in a subset of transformed cells (turquoise). Subsequently, cells undergoing EMT acquire induced migratory abilities and invade through the basement 
membrane, forming microinvasions around the breast ducts. At the late stage of invasive ductal carcinoma, high stress burden in the tumor microenvironment leads to 
elevated levels of HSF2 expression and nuclear localization to promote proliferation, stress tolerance, and cancer cell survival. Created in BioRender. Sistonen, L. (2025) 
https://BioRender.com/1wrn1ie.

D
ow

nloaded from
 https://w

w
w

.science.org at T
urku U

niversity on Septem
ber 22, 2025

https://BioRender.com/1wrn1ie


Pessa et al., Sci. Adv. 11, eady1289 (2025)     3 September 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

13 of 20

To date, no HSF2-specific pharmacological inhibitors are available. 
HSF2 has been reported as a critical cofactor of HSF1 in driving a 
transcriptional program to support the malignant state of several 
human cancer cell lines, including breast, prostate, colon, and lung 
cancer cells (19). In this study, however, we could not observe any 
changes in HSF1 expression upon TGF-β treatment, and HSF1 was 
not directly involved in the TGF-β–mediated regulation of HSF2 
levels. The robust down-regulation of HSF2 was evident already 
within 24 hours of TGF-β stimulation, mimicking the primary steps 
of the invasive transition. These findings support the divergent func-
tions of HSF1 and HSF2 explicitly at the initial phases of malignant 
transformation. TGF-β is one of the main cytokines mediating the 
interplay between tumor cells and CAFs (65), and it is secreted by 
CAFs in an HSF1-dependent manner (18). In colon cancer, HSF1 is 
up-regulated in CAFs where it regulates the expression and secretion 
of TGF-β and stromal cell–derived factor 1, another important cyto-
kine supporting tumor growth (18). In addition, HSF1 contributes to 
stromal heterogeneity by modulating the ratio of immune-regulatory 
clusterin-positive CAFs in pancreatic ductal adenocarcinoma with 
germline mutations in the BRCA gene (61). In the MCF10-DCIS.
com xenograft model, TGF-β is initially expressed by the cancer 
cells during early tumor formation and its expression is gradually 
increased in stromal cells during cancer progression (66), further 
supporting the role of TGF-β as a proinvasive signaling cue. Con-
sidering the previous reports and the results obtained in this study, 
it is tempting to speculate that the intercellular signaling between 
CAFs and cancer cells occurs through cross-talk mediated by HSFs. 
Accordingly, HSF1 in CAFs stimulates TGF-β secretion allowing 
adjacent cancer cells to initiate prometastatic cell processes due to 
TGF-β–induced down-regulation of HSF2. This would describe an 
unprecedented non–cell-autonomous regulation of HSFs, exempli-
fying that their impact on cancer progression is more multifaceted 
than previously anticipated. Thereby, future studies should focus on 
the mechanisms by which CAF-secreted TGF-β affects HSF2 in ma-
lignant cells and elucidate the possible cross-talk of HSF1 and HSF2 
in tumorigenesis.

The initiation and early invasive growth of epithelial carcinomas 
is characterized by the activation of EMT. During EMT, cells lose 
their epithelial-specific cell-cell junctions and acquire a more motile 
mesenchymal phenotype with the ability to modify the local micro-
environment (4). TGF-β is one of the key cytokines promoting EMT, 
and it acts through a selection of transcription factors, which repress 
the expression of E-cadherin, control the reorganization of cytoskeletal 
proteins, and enable the production of ECM components (4, 6). Our 
data using the selective TGF-β type I receptor inhibitor (SB431542) 
(fig. S1A) showed that the down-regulation of HSF2 is prevented dur-
ing EMT stimulation in the presence of the inhibitor (fig. S1A), sug-
gesting that the down-regulation of HSF2 is mediated through the 
canonical TGF-β signaling pathway. However, we cannot exclude the 
possibility that other noncanonical EMT signaling pathways, such as 
MAPK, PI3K/AKT, and JAK/STAT (4), might be involved in regu-
lating HSF2 levels and activity. Here, we observed that HSF2 over-
rides this regulatory pathway as HSF2-overexpressing cells displayed 
substantially elevated protein levels of E-cadherin and were able to 
stabilize cell-cell adhesions even in the presence of TGF-β. In addi-
tion, forced expression of HSF2 blocked the TGF-β–mediated up-
regulation of several key invasion-associated matrix proteins and 
diminished the ability of in vitro vasculogenic mimicry. The Hannon 
laboratory recently showed that the transcription factor FOXC2 

promotes vasculogenic mimicry in several solid tumors (67), where-
as we identified HSF2 as a suppressor of vasculogenic mimicry in 
breast cancer cells. Furthermore, by investigating cell migration in 
both in vitro 3D cell cultures and in vivo zebrafish xenografts, we 
identified that the presence of HSF2 markedly impairs cellular inva-
siveness. These results indicate that HSF2 prevents epithelial cells from 
acquiring a mesenchymal phenotype. We have previously reported 
that the lack of HSF2 leads to down-regulation of cadherin-mediated 
cell-cell adhesions in osteosarcoma cells (49). More recently, the im-
portance of HSF2 in neuroepithelial integrity was highlighted in 
organoids modeling the Rubinstein-Taybi neurodevelopmental 
disorder, where destabilization of HSF2 caused dysregulation of 
N-cadherin in neuronal cells (50). On the basis of these results, we 
connect high levels of HSF2 to the maintenance of an epithelial phe-
notype, whereas activation of EMT and the transition toward a 
quasimesenchymal cell state is accompanied by TGF-β–mediated 
down-regulation of HSF2. Because ectopic HSF2 was sufficient to 
maintain epithelial properties, i.e., increased levels of E-cadherin, 
reduced migration, and stabilization of cell-cell adhesions even in 
the presence of TGF-β, we propose that loss of HSF2 is required for 
the acquisition of an invasive phenotype during TGF-β–induced 
EMT. Cells that undergo EMT-linked phenotypic switching are typ-
ically considered as cells eventually entering the invasion-metastasis 
cascade. Once metastasized, cells have the possibility to revert to a 
more epithelial phenotype by using the reverse process of EMT, i.e., 
mesenchymal-epithelial transition (68). Hence, it is plausible that 
HSF2 expression is restored in the established secondary tumor to 
promote growth.

The dynamic regulation of HSF2 expression has been described 
in multiple developmental and differentiation-related processes, in-
cluding cell cycle, spermatogenesis, and embryonal development 
(12, 16). An example is mouse embryogenesis, where HSF2 levels 
fluctuate markedly (28,  29). Our findings in cell-based models, 
mouse xenografts, and human tissue samples portray an equally dy-
namic expression and activation pattern of HSF2 during breast cancer 
progression (Fig. 7). We demonstrated that HSF2 is up-regulated, and 
its nuclear localization increased in DCIS and IDC. Curiously, HSF2 
showed a distinct expression pattern with a strong nuclear accumu-
lation in DCIS, where it was coexpressed with the proliferation 
marker Ki67. Recently, mice xenografted with MDA-MB-231 cells 
lacking HSF2 displayed reduced tumor size and increased survival 
in comparison to control xenografts (19). Moreover, chromatin im-
munoprecipitation sequencing results from the same study revealed 
that HSF2 binds to several cell cycle– and proliferation-associated 
genes. Although we did not detect an overlap with the targets in our 
RNA-seq data, this further supports the tumor growth–promoting 
function of HSF2 in breast cancer.

Ki67 is commonly used as a prognostic marker for invasive breast 
cancer, and its high levels are associated with an elevated risk of DCIS 
recurrence (2, 69, 70). Yet, the drivers of the invasive transition from 
DCIS to IDC are poorly characterized and current biomarkers are 
unable to reliably distinguish the high-risk lesions (2). On the basis 
of our results, we speculate that the areas with enriched nuclear HSF2 
are hubs for accelerated cell proliferation that might function as the 
underlying sites for preinvasive tumor expansion. How these HSF2-
high areas relate to the invasive transition could be described by two, 
not mutually exclusive hypotheses. First, it is possible that the sites 
with enriched nuclear HSF2 are also more prone to invasive transi-
tion, potentially due to additional factors, including alterations in 
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the tumor microenvironment or proinvasive signals such as aber-
rant TGF-β signaling. Accordingly, the invasive transition would be 
marked by a notable but transient down-regulation of HSF2 in a 
subset of cancer cells that undergo invasion. This hypothesis is fur-
ther supported by clinical data from the Human Protein Atlas, 
which shows that high levels of HSF2 mRNA correlate with poor 
survival outcomes in patients with breast cancer (https://protein-
atlas.org/ENSG00000025156-HSF2/cancer). In addition, our re-
sults demonstrate that HSF2 is coexpressed with Ki67, one of the 
few prognostic markers used in breast cancer diagnostics, further 
strengthening the idea of HSF2 as a potential biomarker. According 
to the second hypothesis, it is plausible that persistent nuclear HSF2 
expression would restrain invasive progression, functioning as a 
gatekeeper for invasiveness. In this case, HSF2 could instead help 
define the low-risk DCIS lesions and serve as a prognostic biomarker 
for tumors that remain noninvasive. Ultimately, whether high nu-
clear HSF2 identifies DCIS tumors at high- or low-risk of invasion 
depends on resolving the fate of HSF2-high DCIS cells. Either out-
come would provide clinically valuable information. A majority 
of currently used clinical biomarkers are, however, used as on-off 
switches, where the diagnostic readout is the expression of the pro-
tein of interest, e.g., the status of HER-2, ER, and PR (2). Our results 
strongly indicate that not only the expression level per se but also 
the localization pattern of a protein, such as HSF2, might be a rele-
vant prognostic determinant. Taken that intratumoral heterogeneity 
poses one of the major challenges for developing efficient cancer di-
agnostic and therapeutic approaches, attention should be directed 
to interrogate local changes within a tumor. Hence, further charac-
terization of the HSF2-rich areas in DCIS, using advanced spatial 
proteomics in combination with systematic DCIS patient analyses, 
is required to fully assess the prognostic and therapeutic potential 
of HSF2.

In this work, we found that HSF2 expression and activity under-
go profound changes as a function of tumor progression. In com-
parison to healthy breast tissue, the expression, nuclear localization, 
and coexpression of HSF2 with Ki67 were increased already at the 
DCIS stage, indicating that HSF2 designates the hyperplastic cell 
phenotype that underlies tumor expansion. Notably, HSF2 exhibit-
ed intratumoral heterogeneity in distinct areas of DCIS tumors. The 
DCIS-to-invasive transition, as mimicked by mouse xenografts, was 
accompanied by a marked shift in HSF2 localization from nuclear in 
DCIS to cytoplasmic in invaded xenografts. By using human breast 
cancer cells, we identified the canonical TGF-β signaling pathway as 
the underlying molecular mechanism down-regulating HSF2 during 
EMT activation. The TGF-β–mediated reduction of HSF2 facilitated 
acquisition of an invasive cell phenotype, which could be reversed by 
ectopic HSF2. Together, our results reveal HSF2 as a stage-specific 
switch between proliferation and invasion in breast cancer.

Limitations of the study
Our study reports that HSF2 is dynamically regulated and acts as a 
stage-specific switch between the proliferative and invasive states 
during early breast carcinogenesis. By combining analyses of patient 
breast tissue samples with cell-based in vitro and in vivo assays, we 
demonstrate that HSF2 expression and localization change as a 
function of tumor progression. Unexpectedly, we did not observe 
changes in HSF1 expression upon TGF-β treatment nor did HSF1-
KO affect the TGF-β–mediated down-regulation of HSF2. Although 
our results suggest that HSF1 might not directly regulate HSF2 in 

this specific context, we cannot preclude the possibility that HSF1 
and HSF2 would act in a coordinated or antagonistic manner during 
later stages of breast cancer progression. Forthcoming studies should 
address the potential functional interplay between HSF1 and HSF2 
during the EMT-mediated transition to invasive breast cancer. Al-
though in vivo xenograft models provide valuable insights into tumor 
growth and invasion, immunocompromised mice do not fully re-
capitulate the complexity of the human tumor microenvironment. 
Nevertheless, the molecular, cellular, and histopathological changes 
in DCIS-like mouse xenografts resemble human high-grade DCIS, 
making it a suitable model to study DCIS progression to invasion. 
Conditional deletion or activation of HSF2 using tissue-specific 
Cre-loxP systems would further characterize the detailed stage-
specific function of HSF2. In addition, lineage tracing would allow 
tracking of the progeny of HSF2-high cells to establish whether they 
are the source of the invasive transition. Although our results from 
patient samples present a strong correlation between high levels of 
nuclear HSF2, increased cell proliferation, and tumorigenesis, future 
research should analyze larger clinical cohorts to identify whether 
the nuclear accumulation of HSF2 specifically corresponds to cer-
tain breast cancer subtypes.

MATERIALS AND METHODS
Cell culture, treatments, and transient transfections
Cells were grown at 37°C in a humidified 5% CO2 atmosphere. 
Human transformed breast epithelial MDA-MB-231 cells, human 
embryonic kidney (HEK) 293T cells, and HDFs were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich), 
supplemented with 10% fetal bovine serum (FBS; Serena), 2 mM l-
glutamine (Biowest), and penicillin-streptomycin (100 μg/ml; Biowest). 
Human HS578T transformed breast epithelial cells were cultured in 
DMEM supplemented with 10% FBS, 2 mM l-glutamine, penicillin-
streptomycin (100 μg/ml), and insulin (10 μg/ml; A11382II, Gibco). 
Human MCF10A and MCF10-DCIS.com breast epithelial cells 
were cultured in DMEM/F12 (DMEM/Nutrient Mixture F-12, 
Gibco) supplemented with 5% fetal horse serum (Gibco), insulin 
(10 μg/ml), hydrocortisone (0.5 μg/ml; Sigma-Aldrich), epider-
mal growth factor (20 ng/ml), cholera toxin (100 ng/ml; Sigma-
Aldrich), and penicillin-streptomycin (100 μg/ml). All used cells 
were immortalized cell lines and routinely tested to ensure nega-
tive mycoplasma status.

For treatments, the medium was supplemented with 2% serum 
(referred to as assay medium). Cells were treated with assay medium 
supplemented with TGF-β1 (10 ng/ml; hereafter referred to as 
TGF-β, 240-B-002, R&D Systems) for 24 or 72 hours (35). For the 
longer treatment, the medium was replaced after 48 hours. To induce 
canonical and noncanonical TGF-β signaling, cells were treated with 
assay medium supplemented with StemXVivo EMT Inducing Media 
Supplement (EMT supplement, CCM017, R&D Systems). To inhibit 
TGF-β signaling, cells were treated with 10 μM SB431542 (S4317, 
Sigma-Aldrich), a TGF-β receptor type 1 inhibitor.

All transient transfections were performed with the Neon Trans-
fection System (MPK5000, Invitrogen) according to the manufacturer’s 
instructions. In brief, 1.8 × 106 HS578T or 2.2 × 106 MDA-MB-231 
cells were suspended in 100 μl of Buffer R containing either 25 μg of 
plasmid and/or 3 μM small interfering RNA. Next, HS578T and 
MDA-MB-231 cells were subjected to electroporation (1050 V, 20 ms, 
three pulses and 1350 V, 10 ms, four pulses, respectively) in the 
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transfection tube containing 3 ml of Buffer E2. Transfected cells 
were allowed to recover for 24 hours before the treatments.

Generation of stable cell lines
HEK-293T cells were cultured in a T25 flask to a confluency of 70 to 
80%. The next day, cells were transfected using Lipofectamine 3000 
(Thermo Fisher Scientific) in accordance with the manufacturer’s 
instructions. Briefly, 14 μl of Lipofectamine reagent was mixed with 
500 μl of Opti-MEM in a 1.5-ml microcentrifuge tube, and in a sep-
arate tube, viral vectors pLP1 (1.7 μg), pLP2 (1.1 μg), PLP/VSVg 
(1.7 μg), and the expression vector (1.5 μg) were mixed in 500 μl of 
Opti-MEM containing 12 μl of p3000 reagent. Expression vectors 
containing either GFP alone (MockS) or HSF2 and GFP (HSF2oeS, 
connected with a T2A sequence) were designed and purchased from 
VectorBuilder. Each microcentrifuge tube was carefully mixed by 
pipetting and incubated for 15 min at room temperature (RT). 
Meanwhile, 4 ml of fresh DMEM was added to each T25 flask and 
following the incubation period the transfection mix was added 
dropwise to the cells. Thereafter, cells were incubated at 37°C with 
5% CO2 overnight. The next day, the medium was replaced in each 
flask. The supernatant containing the virus was collected 72 hours 
posttransfection and centrifuged for 10 min at 1000g. The pool of 
viral medium was filtered through a 0.45-μm pore size filter, supple-
mented with polybrene (8 μg/ml) and applied on HS578T cells in a 
6-well plate. Next, spinoculation was performed at 450g for 30 min 
at RT. The medium was changed 48 hours posttransduction, and anti-
biotic selection with puromycin was started 72 hours posttransduc-
tion. Following 2 weeks of culturing, the negative lentiviral status 
was confirmed for each cell line using the HIV-1 p24 DuoSet ELISA 
rom kit (DY7360-05, R&D Systems).

Plasmid construction
The plasmid encoding exogenous HSF2 was generated by inserting 
a fragment containing the protein coding sequence of HSF2 and a 
myc-tag. In addition, a Strep-Tag II, purchased from Eurofins Ge-
nomics, was placed downstream of the myc-tag. Polymerase chain 
reaction was used to amplify the whole fragment containing a cyto-
megalovirus (CMV) promoter, HSF2-myc-StrepII, and an SV40 
(polyA) tail, which was inserted into a pEGFP-N2 vector (GenBank 
accession no. U57608). The final construct (HSF2oe) enabled exog-
enous expression of both HSF2-myc-Strep II and GFP via separate 
CMV promoters. The pEGFP-N2 plasmid was used as Mock. All 
primer sequences used for plasmid constructions are listed in table S2.

Immunoblotting
Cells were washed in cold phosphate-buffered saline (PBS) (Biow-
est), after which they were lysed and boiled in 3x Laemmli lysis buf-
fer (30% glycerol, 187.5 mM SDS, 3% tris-HCl, 0.015% bromophenol 
blue, and 3% β-mercaptoethanol), resolved on a self-cast 8% SDS–
polyacrylamide gel or on 7.5% or 4 to 20% Mini-PROTEAN TGX 
Stain-Free Precast Gels (Bio-Rad), and transferred onto a Amersham 
Protran 0.45 nitrocellulose membrane (Cytiva). For detecting HSF2, 
the membranes were boiled in Milli-Q H2O for 20 min and blocked 
with 5% milk–PBS–Tween 20. Membranes blotted with phospho-
specific antibodies were blocked with 2% bovine serum albumin 
(BSA)–tris-buffered saline (TBS)–Tween 20. The following antibodies 
were used for immunoblotting with a 1:1000 dilution: anti-HSF2 
(HPA031455, Sigma-Aldrich), anti-HSF1 (ADI-SPA-901, Enzo 
Life Sciences), anti-HSC70 (ADI-SPA-815, Enzo Life Sciences), 

anti-β-Tubulin (T8328, Sigma-Aldrich), anti-Snail (C15D3, Cell Sig-
naling Technology), anti-SMAD2/3 (3102, Cell Signaling Technology), 
anti-pSMAD2 (138D4, Cell Signaling Technology), anti-ORC1 (7A7, 
BioNordika), anti-MCM2 (D7611, BioNordika), anti-ITGA1 (22146-
1-AP, Proteintech), anti-COL3A1 (22734-1-AP, Proteintech), anti-
MMP2 (10373-2-AP, Proteintech), anti-CDK1 (A17, ab18, Abcam), 
anti-CDK-7 (sc-7344, Santa Cruz Biotechnology), and anti-E-cadherin 
(24E10, Cell Signaling Technology). Horseradish peroxidase–conjugated 
secondary antibodies were purchased from Promega and GE Health-
care and used with a 1:10,000 dilution. Immunoblots were quantified 
with FIJI software using the gel analysis tool, and the measured values 
were normalized to respective loading controls. All immunoblots rep-
resent three biological replicates unless otherwise indicated.

Immunofluorescence of cultured cells
For immunofluorescence, 2 × 105 GFPS and 4 × 105 HSF2oeS HS578T 
cells were seeded on MatTek plates (P35GC-1.5-14-C, MatTek Cor-
poration) 48 hours before fixation. After 24 hours, the medium was 
changed to assay medium only for control samples or to assay sup-
plemented with TGF-β (10 ng/ml) for treatments. Following a 24-hour 
treatment, cells were fixed with 4% paraformaldehyde (PFA) for 
10 min, washed three times with PBS, permeabilized with 0.5% Triton 
X-100 and 3 mM EDTA in PBS for 30 min, and washed again three 
times with PBS. The cells were then blocked with 10% FBS in PBS 
for 1 hour at RT and incubated with primary antibodies overnight at 
4°C. The following primary antibodies were diluted in 10% FBS-PBS: 
1:200 anti-COL3A1 (22734-1-AP, Proteintech) and 1:100 anti-ITGB1 
(12G10, Abcam). After primary antibody incubation, cells were 
washed three times with PBS and incubated with secondary anti-
bodies for 1 hour at RT. The following secondary antibodies were 
diluted in 10% FBS-PBS: 1:500 Alexa Fluor 546 goat anti-rabbit 
(A11035, Life Technologies), 1:500 Alexa Fluor 555 donkey anti-
mouse (A31570, Life Technologies), and 1:500 Alexa Fluor 633 goat 
anti-mouse (A21052, Invitrogen). Next, the cells were washed once 
with PBS, incubated with 300 nM DAPI in PBS for 5 min, washed 
again once with PBS, and covered with VECTASHIELD mounting 
medium (H-100, Vector Laboratories). Images were taken with a 3i 
CSU-W1 spinning disk confocal microscope using a 20x objective 
(Intelligent Imaging Innovations). Acquired images are shown as 
maximum intensity projections (MIPs). The images were analyzed 
with FIJI software. First, the background was subtracted from MIPs 
using a rolling ball radius of 50 pixels. Next, the area of COL3A1 and 
ITGB1 signals were segmented by manual thresholding and the in-
tensities within these segmented areas were measured. The relative 
intensities of COL3A1 and ITGB1 in the cells were then calculated 
for each sample by dividing the obtained integrated density value 
with the measured area. Last, the relative intensity value for each 
sample was normalized to the mean of MockS control.

RNA sequencing
HS578T cells were transiently transfected with plasmids encoding 
GFP (MockT) or HSF2 (HSF2oeT). After a 24-hour recovery, the 
cells were incubated in assay medium supplemented with TGF-β 
(10 ng/ml) or assay medium (Ctrl) for 24 hours. Cells were collected, 
and RNA was purified from the samples using the AllPrep DNA/RNA/
miRNA Universal Kit (80224, QIAGEN) according to the manu-
facturer’s instructions. The amount of RNA was quantified using a 
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). Before 
sequencing, the RNA library was prepared according to Illumina 
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stranded mRNA preparation guide (1000000124518). Briefly, poly- 
A–containing mRNA molecules were isolated using poly-T oligo 
magnetic beads and fragmented with divalent cations under elevated 
temperatures. The first-strand cDNA synthesis was performed where-
in RNA fragments were copied using reverse transcriptase and 
random primers. In the second-strand cDNA synthesis, dUTP 
(deoxyuridine triphosphate) replaced dTTP (deoxythymidine tri-
phosphate) to achieve strand specificity. Unique dual indexing adapters 
were ligated to each sample, and the quality and concentration of 
cDNA samples were analyzed with Advanced Analytical Fragment 
Analyzer and Bioanalyzer 2100 (Agilent) and Qubit Fluorometric 
Quantitation (Life Technologies). Samples were sequenced with 
NovaSeq 6000 S1 v1.5. All the experimental steps after the RNA 
extraction were conducted at the Finnish Functional Genomics 
Centre core facility (Turku, Finland). RNA-seq was performed 
from two independent sample series.

Analysis of RNA-seq data
FastQC v0.11.9 was used to confirm the quality of the raw reads, and 
the paired-end reads were aligned to the human genome (primary 
assembly GRCh38.p13, GENCODE) with STAR version 2.7.9a (71), 
using the default settings. The number of read pairs mapped to each 
genomic feature in release 38 of the GENCODE annotation was de-
termined by featureCounts from subread v2.0.1 (72). Only read pairs 
with both ends aligned were counted. Differential gene expression 
analysis was performed using the Bioconductor R package edgeR 
(version 3.34.1) (73). Lowly expressed genes were filtered out (using 
filterByExpr defaults), and the samples were normalized using the 
trimmed mean of M-values (TMM) method. The threshold for 
differentially expressed genes was set to FDR (false discovery rate) < 
0.05, and the gene expression data were visualized as an MA plot, 
produced by the Bioconductor R package Glimma v2.2.0 (74). Z-
score transformed log2CPM values were used by the CRAN R package 
pheatmap v1.0.12 to produce the heatmaps. The GO term analysis was 
performed with topGO v2.44.0.

ULA assay
MDA-MB-231 cells transiently transfected with plasmids encoding 
GFP (MockT) or HSF2 (HSF2oeT) were collected in assay medium 
24 hours posttransfection. After counting, 2.7  ×  103 cells were 
placed in each well of a 96-well ULA plate (#7007, Corning). The 
total volume in each well was 200 μl. Cells were imaged with a Zeiss 
Axio Vert.A1 microscope after 24 hours and using a 5x objective, 
numerical aperture (NA) 0.4. All images were analyzed with ImageJ 
software (version: 1.53f51) using the BioVoxxel Toolbox plugin (75). 
Briefly, the images were converted from 16 to 8 bit, and a Gaussian 
blur filter with a sigma (radius) of 13.00 was applied to reduce back-
ground. The perimeter of the spheroids was segmented with the 
thresholding algorithm of ImageJ choosing the black background 
option, and the extended particle analyzer option of the BioVoxxel 
Toolbox plugin was run with default settings.

Wound healing assay
MDA-MB-231 cells transiently transfected with plasmids encoding 
GFP (MockT) or HSF2 (HSF2oeT) were collected in DMEM after a 
24-hour recovery, and 0.5 × 106 cells were placed in a 12-well plate. 
After 21 hours, a pretreatment was started by switching to assay me-
dium supplemented with TGF-β (10 ng/ml) or normal assay medium 
for the control cells. Following the 3-hour pretreatment, a scratch was 

made into the confluent cell sheet by using a 10-μl pipette tip. The 
rate of wound closure was followed by live-cell imaging with a frame 
interval of 5 min for 24 hours using Cell-IQ (Chip-Man Technolo-
gies). All images were analyzed with the ImageJ software (version: 
1.53f51) using the magnetic resonance imaging (MRI) wound healing 
tool from https://github.com/MontpellierRessourcesImagerie/imagej_
macros_and_scripts with the following settings: method = variance, 
variance filter radius = 10, threshold = 50, radius open = 4 min, and 
size = 10,000. The GitHub link was only used as an additional 
resource, as the source for the “MRI wound healing tool” ImageJ 
macro. After running the MRI wound healing tool, we filtered 
the results to keep the biggest area of each image in the time frame. 
The wound closure percentage compared to the initial wound 
area (0-hour measurement = 0%) was calculated for all time points. 
Last, to correct differences in the time of image acquisition and re-
duce the segmentation-associated variability, we interpolated the 
values of wound area with a second-degree polynomial equation.

Cell Counting Kit-8
The proliferation capacity of MockS and HSF2oeS cells was assessed 
using CCK-8 according to the manufacturer’s instructions (Dojin-
do, CK04). In brief, cells were seeded at a density of 2 × 103 cells per 
well in a 96-well plate and let to attach for 24 hours before treating 
with assay medium supplemented with TGF-β (10 ng/ml) for 24 and 
72 hours. For the longer treatment, the fresh medium was changed 
after 48 hours. Following treatments, 10 μl of CCK-8 solution was 
added to each well of the plate and incubated for 2 hours. The ab-
sorbance was measured at 450 nm with a Hidex Sense Microplate 
Reader (Type 425-301, Hidex).

In vitro vasculogenic mimicry assay
Analysis of in vitro vasculogenic mimicry assay was used to exam-
ine the ability of MockS and HSF2oeS to form cellular networks in 
three dimensions. The cells were pretreated with TGF-β for 24 hours. 
The wells of a 96-well plate were coated with 50 μl of Corning Matrigel 
LDEV-Free Growth Factor Reduced Basement Membrane Matrix 
(7 mg/ml; REF 354230, lot 0266001, Corning) and incubated for 
30 min at 37°C to solidify the coating. Next, cells were counted, cen-
trifuged, and resuspended in assay medium only (Ctrl) or in assay 
medium supplemented with TGF-β (10 ng/μl). A cell suspension of 
100 μl containing 4 × 104 cells was added to each Matrigel-coated 
well. The plate was incubated at 37°C with 5% CO2, and each well 
was imaged after 0 and 6 hours with a Zeiss Axio Vert.A1 micro-
scope (NA 0.4) using a 5x objective. The formation of capillary-like 
structures was analyzed and quantified from the 6-hour images with 
the ImageJ Software (version: 1.53f51) using the Angiogenesis Ana-
lyzer toolset (invert filter, HUVEC Phase Contrast analysis) (76).

Organotypic 3D cultures
Organotypic 3D cultures were performed using μ-Slide 15 Well 3D 
plates (#81506, Ibidi). In brief, 10 μl of Matrigel (7 mg/ml) was added 
to the bottom of each well and incubated at 37°C for 1 hour. After 
incubation, 1 × 103 GFPS or HSF2S cells were seeded in the wells in 
a total medium volume of 20 μl. The slide was then incubated at 37°C 
for 60 min to allow cell attachment to substrate. Next, the medium 
was aspirated and 20 μl of Matrigel (7 mg/ml) was added on top of 
the cells. After a 30-min incubation, 30 μl of medium or medium 
supplemented with TGF-β (10 ng/ml) was added to each well. 
The medium was changed every 2 days, and organotypic tumoroid 
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formation was followed by imaging the wells at days 4, 8, 12, and 16 
with a Zeiss Axio Vert.A1 microscope using a 20x objective, NA 0.4.

Zebrafish xenografts
Experiments were performed as previously described in (59) under 
the license ESAVI/31414/2020 (granted by the Project Authoriza-
tion Board of the Regional State Administrative Agency for Southern 
Finland) according to the regulations of the Finnish Act on Animal 
Experimentation (62/2006). Casper zebrafish strain (77) adults were 
placed in mating tanks and let to spawn overnight. The following 
day, embryos were collected and cultured in E3 medium (5 mM 
NaCl, 0.17 mM KCl, 0.33 mM CaCl2 and 0.33 mM MgSO4) supple-
mented with 0.2 mM phenylthiourea (PTU; Sigma-Aldrich) at 
28.5°C. Pronase E was added to culture dishes after 24 hours to aid 
hatching. After 48 hours of cultivation, embryos were anesthetized 
with MS-222 (200 mg/liter; Sigma-Aldrich) and placed on agarose 
for cell transplantation. GFPS and HSF2oeS HS578T cells were tryp-
sinized, washed twice with PBS, and resuspended in PBS at a con-
centration of 1 × 106/10 μl. For immunofluorescence labeling, cells 
were detached in 5 ml of trypsin supplemented with 5 μM Cell-
Tracker Green CMFDA (Thermo Fisher Scientific), incubated for at 
least 5 min, washed twice with PBS, and resuspended at a concentration 
of 1 × 106/10 μl. Nanoinjection into the pericardial cavity of embryos 
was performed using the Nanoject II (Drummond Scientific) and 
in-house–produced capillary glass needles. For each nanoinjection, 
4.6 nl of cell suspension was used. Following transplantation, embryos 
were removed from agarose, placed back on culture dishes, and cul-
tured in E3-PTU at 33°C overnight.

At 1 dpi, successfully microinjected embryos were selected for 
experiments, anesthetized as previously described, and moved into 
a 96-well plate (one embryo per well). Embryos were imaged using 
a Nikon Eclipse Ti2 microscope equipped with a Plan UW 2x objec-
tive. Imaging was repeated at 4 dpi. The GFP intensity of the tumor 
was measured with FIJI software after background subtraction (roll-
ing ball radius = 25, ImageJ version 1.49k) (78) with manual correc-
tion. The relative growth of the primary tumor was calculated by 
dividing the GFP intensity at 4 dpi with the GFP intensity at 1 dpi. 
Invading cells in the lens of embryos were not counted due to fre-
quent autofluorescence. The number of invaded cells was counted 
manually at 1 and 4 dpi, and the fold change was calculated by dividing 
the obtained value at 4 dpi with that of 1 dpi. Data were analyzed in 
GraphPad Prism 8.3.0 using the unpaired two-tailed t test for statisti-
cal analyses, and results were plotted as means ± SD. For MockS 16 and 
for HSF2oeS 19, zebrafish xenografts were analyzed. Malformed, dead, 
poorly oriented embryos, wells with two embryos, and wells where no 
GFP signal was detected were excluded from the analysis. Samples 
were not blinded for imaging or subsequent analyses.

For immunofluorescence labeling, zebrafish xenografts were fixed 
24 hours postinjection in 4% PFA–PBS–0.2% Tween 20 for 2 hours at 
RT. After fixation, animals were washed 4 x 5 min in PBS–0.2% 
Tween 20, permeabilized in PBS–2% Triton X-100 for 3 hours at RT, 
and blocked in PBS–0.2% Triton X-100–5% FBS on rotation at 4°C 
overnight. The following day, primary antibody anti-Ki67 (8D5, Cell 
Signaling Technologies) was diluted in blocking solution (1:800) 
and the zebrafish were incubated in the primary antibody solution 
on rotation at 4°C overnight. The animals were then washed 6 x 30 min 
in PBS–0.2% Tween 20 at RT, after which the secondary antibody so-
lution containing 1:400 Alexa Fluor 633 goat anti-mouse (A21052, 
Invitrogen) and 300 nM DAPI in blocking solution was added and 

incubated similarly as the primary antibody. The next day, animals 
were washed in PBS–0.2% Tween 20 6 x 30 min at RT and mounted 
on glass-bottom dishes using low-melting point agarose. Fixed and 
immunolabeled zebrafish embryos were imaged using a 3i CWU 
Spinning Disk confocal microscope with a 20x objective (Intelligent 
Imaging Innovations). Acquired images were analyzed with FIJI 
software. The area of GFP and Ki67 signals was segmented by manual 
thresholding. The relative area of Ki67 in the tumors was then calcu-
lated by dividing the measured area of Ki67 with the area of GFP. 
Data were analyzed in GraphPad Prism 8.3.0 using the unpaired 
two-tailed t test for statistical analyses and results were plotted as 
means ± SEM. For MockS 12 and for HSF2oeS 11, zebrafish xeno-
grafts were analyzed. Samples were not blinded for imaging or sub-
sequent analyses.

Mouse xenografts
Six- to 7-week-old virgin female NOD.CB17-Prkdcscid/NCrHsd mice 
(Envigo) were used in the tumor xenograft model. Mice were housed 
under standard conditions (12-hour/12-hour light/dark cycle) with 
food and water available ad libitum and randomly assigned to experi-
mental groups. The National Animal Experiment Board authorized all 
animal studies and per The Finnish Act on Animal Experimentation 
(animal license number ESAVI-9339-04.10.07-2016).

Xenografts were generated as described in (5). Briefly, 1 × 105 
DCIS.com lifeact-RFP cells were resuspended in 100 μl of a mixture 
of 50% Matrigel (diluted in PBS) before subcutaneous injection in 
the back of the mice. Tumor growth was measured with a caliper 
one to two times per week, and mice were euthanized 10 or 25 days 
postinoculation as indicated. Tumors were dissected, formalin fixed, 
and paraffin embedded. FFPE mouse xenograft tissues were sectioned 
and hematoxylin and eosin (H&E) labeled with standard procedures. 
Immunohistochemistry of FFPE sections was performed on deparaf-
finized sections after heat-mediated antigen retrieval in citrate buffer 
(10 mM trisodium citrate and 0.05% Tween 20 in ddH2O). Tissue 
sections were blocked with 10% FBS-PBS blocking buffer for 1 hour 
at RT. Primary antibodies were diluted in the blocking buffer and 
incubated overnight at 4°C overnight in a humidified chamber 
[anti-keratin 8 1:1000 (Hybridoma Bank, TROMA-1); anti-HSF2 
1:50 (HPA031455, Sigma-Aldrich); anti-Ki67 1:1000 (8D5, Cell Sig-
naling Technology)]. After 3 x 5-min washes with PBS, the sections 
were incubated with the secondary antibodies diluted in blocking 
buffer for 1 hour at RT in a humidified chamber [anti-rabbit 488 
secondary antibody (H+L) 1:400 (A21206 Thermo Scientific, Alexa 
Fluor 488); anti-rat 568 secondary antibody (H+L) 1:400 (A11077 
Thermo Fisher Scientific, Alexa Fluor 568); anti-mouse 647 second-
ary antibody (H+L) 1:400 (A31571 Thermo Fisher Scientific, Alexa 
Fluor 647)]. Last, the sections were washed 3 x 5 min with PBS, 
1:1000 DAPI (D1306 Life Technologies) in the second wash, and 
then 5 min with Milli-Q H2O. Last, the sections were mounted under 
a #1.5 glass coverslip with MOWIOL (475904 Calbiochem) supple-
mented with 2.5% 1,4-diazabicyclo[2.2.2]octane (DABCO; D27802, 
Sigma-Aldrich).

Samples were imaged with the 3i Marianas CSU-W1 spinning disk 
(50-μm pinholes) confocal microscope using SlideBook 6 software. 
The objective used was a 40x Zeiss C-Apochromat water-immersion 
objective (NA 1.2). 3D images were acquired by taking Z-stacks with 
a 1-μm step size using the Photometrics Prime BSI scientific comple-
mentary metal-oxide-semiconductor (sCMOS) camera with a pixel 
size of 6.5 μm. Image analysis was conducted with ImageJ (version 
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1.52p). Images of tissue sections were projected as MIPs. The rela-
tive intensity of HSF2 was measured in the area of interest by seg-
menting the relevant area (keratin 8 for the epithelium and DAPI for 
nuclei). For proliferation analysis, the Ki67 signal was segmented 
and the epithelial nuclear signal was overlaid on epithelial nuclei to 
distinguish the fraction of proliferative nuclei. Similarly, the nuclear 
HSF2 signal was segmented and added on the nuclear Ki67 mask 
to create a double positive mask. This was then overlaid on Ki67-
positive nuclei to distinguish the fraction of HSF2-positive area in 
proliferative nuclei.

Human tissue samples
Human breast tissue samples were obtained from patients undergo-
ing breast surgery at the Department of Plastic and General Surgery 
at Turku University Hospital (Turku, Finland). All tissues were volun-
tarily donated upon written informed consent (ethical approval ETKM 
23/2018; amendments 20.3.2018, 19.2.2019, and 17.1.2023) (table S3). 
Healthy breast tissue was obtained from three female patients under-
going breast reduction mammoplasty surgery. Breast tumor tissue was 
collected from patients undergoing mastectomy due to preinvasive 
(four samples) or invasive (three samples) breast carcinoma and 
were taken by a pathologist after diagnostic sample preparation. All 
tissues were surgically dissected and processed for fixation. Fixed 
frozen tissue sections were prepared from donor tissue as previously 
described (79). For immunofluorescence labeling, the frozen sec-
tions were first thawed for ~30 min at RT and then blocked and 
permeabilized in permeabilization buffer (2% BSA and 0.1% Triton 
X-100 in PBS) for 30 min at RT. Primary antibodies were incubated 
in 2% BSA in PBS overnight at 4°C [anti-keratin 8 1:1000 (Hybridoma 
Bank, TROMA-1); anti-HSF2 1:50 (HPA031455, Sigma-Aldrich); 
anti-HSF1 1:500 (PA3-017, Invitrogen); anti-Ki67 1:800 (clone 8D5, 
Cell Signaling Technology)]. After 3 x 10-min washes with PBS, the 
sections were incubated with the secondary antibodies diluted in 
2% BSA-PBS for 1 hour at RT [anti-rat 488 secondary antibody 
(H+L) 1:400 (A21208 Thermo Fisher Scientific, Alexa Fluor 488); 
anti-rabbit 568 secondary antibody (H+L) 1:400 (A10042 Thermo 
Fisher Scientific, Alexa Fluor 568); anti-mouse 647 secondary anti-
body (H+L) 1:400 (A31571 Thermo Fisher Scientific, Alexa Fluor 
647)]. Last, the sections were washed 3 x 10 min with PBS, 1:1000 
DAPI (D1306, Life Technologies) in the second wash, and then 5 min 
with Milli-Q H2O. Last, the sections were mounted under a #1.5 glass 
coverslip with MOWIOL (475904, Calbiochem) supplemented with 
2.5% DABCO (D27802, Sigma-Aldrich).

Samples were imaged with the 3i Marianas CSU-W1 spinning 
disk (50-μm pinholes) confocal microscope using SlideBook 6 soft-
ware. The objective used was a 20x Zeiss Plan-Apochromat objective 
(NA 0.8). The signal was detected with the following solid-state lasers 
and emission filters: 405-nm laser, 445/45 nm; 488-nm laser, 525/30 nm; 
561-nm laser, 617/73 nm; and 640-nm laser, 692/40 nm. 3D images 
were acquired by taking Z-stacks with a 1-μm step size using the 
Photometrics Prime BSI sCMOS camera with a pixel size of 6.5 μm. 
Images were 16 bit with pixel dimensions of 2048 by 2048.

Image analysis was conducted with ImageJ (version 1.52p). Im-
ages of tissue sections were projected as MIPs. The relative intensity 
of HSF1 and HSF2 was measured in the area of interest by segment-
ing the relevant area (keratin 8 for the epithelium and DAPI for nuclei) 
and normalized by subtracting the background intensity. For prolifera-
tion analysis, the Ki67 signal was segmented and overlaid on epithelial 
nuclei to distinguish the fraction of proliferative nuclei. Similarly, 

the nuclear HSF1 or HSF2 signal was segmented and added on the 
nuclear Ki67 mask to create a double positive mask. This was then 
overlaid on Ki67-positive nuclei to distinguish the fraction of HSF1-
positive or HSF2-positive proliferative nuclei.

Statistical analysis
For ULA assay, CCK-8, in vitro vasculogenic mimicry assay, immu-
nofluorescence analysis of zebrafish xenografts, and supplementary 
RNA-seq data, the statistical significance was analyzed using paired 
two-tailed Student’s t test and the data were plotted as means ± SEM. 
For the prolonged (1 dpi versus 4 dpi) xenograft assay, immunoblot-
ting, immunofluorescence of cultured cells, and wound healing assay, 
the statistical significance was tested using an unpaired two-tailed 
t test and the data were plotted as means ± SD. For mouse xenograft 
and human tissue samples, data were analyzed in GraphPad Prism 
10.1.2 using the Mann-Whitney test for statistical analyses, and re-
sults were plotted as violin plots showing the range of data points 
and the median value (line).

Visualization of data
Data were visualized using GraphPad Prism 8.3.0 and 10.4.1 Software 
(GraphPad Software).

Venn diagrams were generated with the BioVenn web application 
(https://biovenn.nl/) (80).

The GitHub link was only used as an additional resource, as the 
source for the “MRI wound healing tool” ImageJ macro.

Supplementary Materials
The PDF file includes:
Figs. S1 to S7
Tables S1 and S2
Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1
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