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Organotypic 3D models and tissue microarrays as means
for identifying HSF1 as a prognostic marker for prostate
cancer survival after radical prostatectomy
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Prostate cancer is one of the most commonly diagnosed male
cancers in Western countries [1]. The clinical course is, however, highly
variable: at one end of the spectrum are primary prostate cancer that
remains indolent throughout the lifetime of the patient, and in the
other end are cancers that progress into castration-resistance and
rapidly metastasize. At this stage there are no curative treatments and
the metastasizing tumor phenotype is lethal. Gleason score and grade
group are the most commonly used tools to evaluate prognosis, however,
there is a critical need for additional information that allows precise
stratification of patients into distinct prognostic groups. For example,
using radical prostatectomy the prostate gland and tissues surrounding
it, usually including the seminal vesicles and nearby lymph nodes,
are removed. It is a common treatment option for the largest part of
the spectrum of patients, however, without precise predictions on the
progress of the disease this inevitably leads to unnecessary surgeries.
In addition, decision-making on what the most beneficial treatment
option is for a given person after radical prostatectomy, is hampered by
a lack of reliable biomarkers.

Heat shock factor 1 (HSF1) is a ubiquitously expressed transcription
factor initially known for its role as a regulator of the heat shock
response, a well conserved protective mechanism activated upon protein
damaging stress [2,3]. The function of HSF1 has since been shown to
include regulation of target genes in various cellular stress response
pathways and beyond, such as apoptosis, chromatin remodeling, cell
growth and proliferation and aging [4]. However, the beneficial pro-
survival role of HSF1 seems exploited by cancer cells, which inevitably
suffer from proteotoxic stress raised from e.g. genomic instability or
oxidative stress. Using HSF1 to enhance proteomic stability malignant
transformation is empowered, resulting in also a pro-oncogenic role
for HSF1 [5]. In accordance, enhanced expression and activity of HSF1
has been detected in numerous cancer types [5-8]. Notably, extensive
HSF1 target gene profiling in cancer cell lines and types has revealed
a cancer-specific transcriptional program distinct from cells exposed
to heat shock and, by its magnitude, reshaping the cellular physiology
of cancer cells to cope with chronic proteotoxic stress [9]. Clinical
relevance for HSF1 has been demonstrated in breast, lung, endometrial,
and hepatocellular carcinoma, where high expression correlates with
poor prognosis [9-14].

In prostate cancer, initial reports showed that HSF1 expression levels
are upregulated in aggressive tumor cell lines, e.g. PC3 cells [15,16]. In
the same cell line, it was demonstrated that HSF1 influences cell cycle
behavior, progression through mitosis, and promotes development of
the aneuploidy state [17]. HSF1 was also found to be important for
induction of arylamine N-acetyltransferase (NAT1) in prostate cancer
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cells and is required for androgen activation of the NAT1 promoter
[18]. Based on the implications of HSF1 in prostate cancer cell lines
presented, we asked whether HSF2, another HSF family member, also
would play a role in prostate cancer. Gene expression profiling together
with functional studies revealed that HSF2 functions as a tumor
suppressor in prostate cancer invasion [19]. Interestingly, the role for
HSF1 in prostate cancer seemed opposite to that of HSF2. In the study,
we took advantage of biologically relevant preclinical models, i.e. 3D
organoids, which closely recapitulate cancer histology observed in
prostate cancer patients. HSF1 was silence in the organoids using siRNA
[19]. Prostate cancer-derived PC3 cells were seeded into laminin-
rich extracellular matrix, Matrigel. Matrigel promotes organotypic
acinar structures, denoting organoids that display physiologically
relevant cell-cell and cell-matrix interactions, epithelial polarization
and differentiation. PC3 cells constitute an experimental model for
castration-resistant prostate cancer and invasion, as they transiently
differentiate into hollow organoids, later spontaneously de-differentiate,
to finally form invasive stellate structures. The cells were transfected
with siRNAs (control or HSF1), transferred into the Matrigel, and
organoid morphology was monitored using live-cell imaging for eight
days (Figure 1, left panel). At the endpoint, the organoid morphology
was imaged by confocal microscopy. Automated image data analysis
enabled quantification of morphometric features such as organoid size
(area), epithelial differentiation (roundness) and invasion (appendages)
[19-23]. This approach revealed that silencing of HSF1 perturbed
acinar differentiation, increased the frequency of cell death, and blocked
invasion of prostate cancer cells (Figure 1, right panel, [19]). Notably,
silencing of HSF1 did not markedly affect cell proliferation or morphology
in standard 2D cell cultures on plastic, demonstrating the importance of
choosing biologically relevant preclinical models for functional studies.
Further accentuating this aspect is the fact that comparable results to those
obtained using 3D cancer models were obtained when prostate cancer cells
were grown on the chorioallantoic membrane of chicken embryos (CAM
model). In this model, silencing of HSF1 resulted in loss of tumor growth
and less invasive behavior [19].

Elevated mRNA and/or protein levels have previously been
detected in prostate cancer cell lines and tumors [9,15,19]. To
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Figure 1. Live cell imagining of organotypic 3D culture models of prostate cancer cell lines was used for identification of HSF1 as a promoter of prostate cancer [19]. A schematic drawing
illustrating the organotypic 3D cultures (left), which were labelled with live cell dyes to detect morphological changes in the organoids upon HSF1 silencing (right).
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Figure 2. Tissue microarrays from patient samples of primary prostate cancer were used for identifying nuclear HSF1 as a prognostic marker after radical prostatectomy. A schematic
drawing illustrating a tissue microarray (left), which was stained with HSF1 antibody to detect differences in expression patterns (right). The stainings were adapted from [24].

focus on the clinical relevance of HSF1 in prostate cancer we asked
whether HSF1 activation, i.e. elevated protein levels, could be used
as a predictive marker in patients with prostate cancer [24]. Tissue
microarrays (TMA) [25] from a comprehensive radical prostatectomy
cohort of 478 patients and with extensive follow-up time (15.7 years),
to enable clinically relevant endpoint analyses, were utilized (Figure 2).
Immunobhistological stainings revealed that increased HSF1 expression
corresponds to advancement of prostate cancer. Strong nuclear HSF1
staining was associated with shorter secondary therapy-free survival,
and in multivariate Cox analysis, taking established clinical markers
into account, nuclear HSFI remained an independent predictor of
secondary therapy. Importantly, strong nuclear HSFI expression
increased the likelihood to die from prostate cancer. Using the clinical
Cancer of the Prostate Risk Assessment post-Surgical (CAPRA-S) score
in multivariable analysis combined with multiple imputation, nuclear
HSF1 remained a predictive factor of shortened disease-specific survival.
The results indicate that HSF1 could be used as a novel prognostic
marker after radical prostatectomy. Limitations of the study include its
retrospective nature. Furthermore, even if the size and follow-up time
of the patient cohort used were considerable, the relatively low count of
lethal events reduced the statistical power in subgroup and multivariate
models. For validation, immunohistological staining was performed on
an independent TMA cohort comprising of regionally advanced to distant
metastatic samples. This confirmed the correlation between high HSF1
levels and advanced and aggressive disease.

Taken together, results are accumulating from various cancer
forms, demonstrating activation and high expression of HSF1 when
comparing normal and malignant tissue, as well as an association with
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poor disease outcome [5]. In prostate cancer, we have demonstrated the
significance of HSF1 for growth, progression and invasion of the cancer
[19] and as a predictor of poor disease-specific survival [24]. Radical
prostatectomy constitutes a common treatment for localized prostate
cancer. However, also post-surgery, outcome predictions and choice
of secondary treatment options, i.e. locoregional or systemic, remain
challenging, in particular for intermediate and high-risk patients. Our
resultsindicate the HSF1 could be used in clinical practice as a prognostic
marker after radical prostatectomy. As a next step, prospective studies
on extensive, independent cohorts would be informative to elucidate
the usefulness. It would also be interesting to pinpoint at which
stage of the disease progression HSF1 would be most optimally used
as a marker. If, for example, HSF1 status was surveyed in biopsies
this could potentially reduce unnecessary radical prostatectomies
and facilitate earlier treatment. Another aspect urging attention for
future work is the potential of HSF1 as a therapeutic target in prostate
cancer. Our studies presented here open up for compound screening
targeting HSF1 in organotypic 3D models. A novel traizole nucleoside
analogue was recently discovered to exhibit potent anticancer activity
via downregulation of HSF1, along with the inhibition of androgen
receptor expression and transactivation in prostate cancer cells [26].
Several other small molecule inhibitors of HSF1 have been identified
[5,27], and could be tested against prostate cancer. Thus, further studies
are warranted to unravel the whole potential of HSF1 as a biomarker
and therapeutic target.
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