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Abstract 
 
Cells have evolved mechanisms for response to external stressors in order to maintain cell viability in the 
face of changes in the environment. The response to heat stress is driven by the transcription factor heat 
shock factor 1 (HSF1), which is considered the master regulator of the heat shock response. Here we 
report a new HSF1 gene signatured termed “HSF1 Activity Signature,” or HAS, which is a 23-gene 
signature that more specifically assesses HSF1 transcriptional activity. We first identified genes that are 
direct transcriptional targets of HSF1 utilizing more than 40 ChIP-Seq samples in the public domain. 
Genes identified from ChIP-Seq were then reduced by removing genes whose expression was not altered 
or showed increased expression with the knockdown of HSF1. These genes were then assessed for their 
correlation with every other gene across 11 cancer expression datasets to develop an adjacency matrix to 
identify subgroups of genes that have high inter-gene correlation. The resulting 23-gene set (HAS) was 
then tested for its performance of assessing HSF1 activity wherein it was found to decreased when HSF1 
was knocked down and increase in response to heat shock. The HAS was also able to predict outcomes 
of breast cancer patients that are previously observed such as high HAS was associated with worse 
overall survival and metastasis-free survival. This association with cancer patient outcomes extended to 
many other tumor types. In total, the 23-gene set we termed HAS, is an accurate tool to assess HSF1 
activity from transcript expression data that is not limited to cancer-related functions of HSF1. 
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Introduction 
 
Cells have evolved mechanisms for response to external stressors in order to maintain cell viability in the 
face of changes in the environment. Cellular exposure to heat stress induces protein denaturation 
throughout the cell that necessitates a response to promote the proper refolding of proteins to avoid cell 
death. The response to heat stress is driven by the transcription factor heat shock factor 1 (HSF1), which 
is considered the master regulator of the heat shock response (1-4). HSF1 and the heat shock response 
is conserved across a wide range of species (5). HSF1 is expressed across all cell types but the HSF1 
protein largely remains inactive within a protein complex located in the cytoplasm in the absence of heat 
or other stressors. Exposure to heat stress induces a rapid activation process for the HSF1 protein that 
includes dissociation from the inactivating protein complex, nuclear localization, and trimerization prior to 
DNA binding and induction of target gene expression. HSF1 has a wide range of target genes, the bulk of 
which are made up of chaperone proteins that are expressed to assist the refolding of cellular proteins to 
maintain the integrity of the proteome in the face of heat stress. 
 
Gene signatures, or sets of genes that represent higher-level biological functions or features, have gained 
popularity since the first introduction of gene set enrichment analysis (GSEA) and an early version of the 
molecular signatures database (mSigDB) (6). Since its inception, the mSigDB has expanded to include 
more than 30,000 gene sets that represent biological functions from cancer phenotypes to immune 
function to metabolic function and many more (6-9). In general, the mSigDB contains signatures with a 
wide variance in methodologies for producing a gene set to represent a specific biological function. The 
subcollection TFT (transcription factor targets) previously was a collection of gene sets for many 
transcription factors that were either gene sets of conserved instances in promoters of mammalian 
species or genes with regulatory motifs extracted from the TRANSFAC database (now termed TFT 
legacy) (10). A recent and significant update to the TFT now includes the gene transcription regulation 
database (GRTD) wherein a more integrated analysis that includes ChIP-Seq and RNA-Seq were utilized 
to develop gene sets that are more accurate for transcription factor function (7).  
 
While the GRTD does not contain a gene set for HSF1 as of this report, the legacy TFT contains an HSF1 
signature derived from genes that contain the HSF1 binding motif within 4 kb around their transcription 
start sites. However, this gene set does not contain some of the primary gene targets of HSF1, including 
HSPA1A, perhaps the most often used gene to report HSF1 activity. Consequently, the TFT gene target 
list is not a reliable set of gene targets for HSF1. There was a report of an HSF1 signature in 2012 within 
a set of elegant studies that identified cancer-specific gene targets for HSF1 that were distinct from HSF1 
targets under heat shock (11). The HSF1-cancer signature (HSF1 CaSig) from this study contained 456 
genes bound by HSF1 near their transcription start sites in BPLER (high malignancy) cells (11). The 
HSF1 CaSig has shown enormous utility across many publications. Here we report a new HSF1 gene 
signatured termed “HSF1 Activity Signature,” or HAS, which is a 23-gene signature that more specifically 
assesses HSF1 transcriptional activity. Additionally, we report a novel method of determining a gene set 
for transcription factors to predict their transcriptional activity incorporating direct gene targets from ChIP-
Seq, gene expression, and intra-gene correlation to narrow down the genes to a defined list to accurately 
represent transcriptional activity. 
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Results 
 
Identification of an HSF1 Activity Signature (HAS). 
 
HSF1 was originally discovered for its role as the master regulator of the heat shock response (2, 3). 
There has been a steady rise in publications focusing on HSF1 across many more contexts than the heat 
shock response in the years since its discovery that indicate HSF1 participates in many other cellular 
processes. The discovery of new functions of HSF1 has particularly been fruitful in the context of cancer 
where it has been found to regulate a target gene set that is distinct from the genes targeted by HSF1 in 
response to heat shock and play a role in many processes that promote malignancy (11, 12). To better 
determine what cancer cell processes are associated with HSF1 transcriptional activity, we sought to 
identify a computational approach by which we could associate HSF1 transcriptional activity with cancer-
related processes and with outcomes of cancer patients. HSF1 has a complex post-translational 
activation process whereby it must localize to the nucleus where it undergoes trimerization and DNA 
binding in addition to phosphorylation prior to recruiting general transcription factors to initiate 
transcription at target genes. Because of this complex activation process at the protein level, RNA levels 
of the HSF1 gene are not highly predictive for HSF1 transcriptional activity and do not significantly 
increase expression in response to heat shock (Suppl Fig. 1A-C). We reasoned that the most predictive 
gene set for HSF1 transcriptional activity will be RNA expression levels of genes that 1) are direct HSF1 
target genes, 2) have high correlation within the gene set across multiple datasets, 3) decrease 
expression when HSF1 is knocked down or inhibited, 4) increase expression in response to heat shock, 
and 5) show a trend of increased expression in cancer samples compared to normal. Therefore, we 
attempted to identify a set of genes that meet these criteria utilizing the gene selection procedures 
outlined in Figure 1. 
 
We first identified genes that are direct transcriptional targets of HSF1 utilizing more than 40 ChIP-Seq 
samples in the public domain (11, 13, 14) that include cancer cell lines from multiple cancer types, human 
tumor samples from multiple cancer types, and non-cancer cell lines under heat stress. All unique genes 
identified from these ChIP-Seq samples were included in the initial gene list as potential HSF1 target 
genes (Gene Set 1). To identify target genes from this initial list that are dependent on HSF1 for their 
expression, we removed genes from the initial list whose expression was not altered or showed increased 
expression with the knockdown of HSF1 in human breast cancer cells (Gene Set 2). The genes in this 
reduced gene set were then assessed for their correlation with every other gene in this gene set across 
11 different cancer expression datasets to develop an adjacency matrix to identify subgroups of genes 
that have high inter-gene correlation. The adjacency matrix identified nine different gene sets for 
consideration with a variable number of genes comprising each gene set ranging from 6 to 34 genes. One 
gene set, hereafter referred to as the HSF1 Activity Signature (HAS), consisted of 23 genes and was 
found to have the highest intra-gene correlation (Fig. 2A). Of the 23 genes in the HAS, 17 were identified 
as HSF1 direct targets in both cancer cells and under heat shock conditions whereas the remaining 6 
genes were identified as direct HSF1 targets in cancer cells (Fig. 2B). 
 
HSF1 Activity Signature (HAS) detects changes in HSF1 transcriptional activity. 
 
Following the identification of 9 gene sets from the adjacency matrix, including the 23-gene HAS, we 
sought to determine the ability of these gene sets to detect changes in HSF1 transcriptional activity in 
multiple contexts. First, we assessed the expression of the genes within these gene sets in response to 
the knockdown of HSF1, which results in decreased expression and activity of HSF1. The HAS gene set 
was found to outperform all other gene sets when HSF1 was knocked down in Hela cells in the presence 
or absence of heat shock (Fig. 3A, Suppl. Fig. 2A-H). Specifically the HAS gene set had a more uniform 
change in expression among the genes within the gene set compared to the other gene sets. The HAS 
gene set also showed consistently decreased expression among the genes within the gene set when 
HSF1 was knocked down in various cancer cell lines (Fig. 3B-C; Suppl. Fig. 3A). Similarly, the HAS gene 
set was also similarly decreased in response to the HSF1 inhibitor DTHIB (15) (Fig. 3D). While HSF1 
activity should be expected to decrease upon gene knockdown or small molecule inhibition of HSF1, it 
should also be expected to increase in response to heat shock. Therefore, we next assessed whether the 
HAS increased in response to heat stress in various cell lines. The HAS showed consistent increases 
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after heat stress in various cell lines and the genes within the HAS maintained a high correlation (Fig. 3E-
F; Suppl. Fig. 3B). The previously published HSF1-CaSig, a 456-gene signature which was identified as a 
biomarker for cancer patient outcomes across several cancer types, showed an overall decrease in 
response to HSF1 knockdown (Suppl. Fig. 4A-D) or an increase in response to heat shock (Suppl. Fig. 
4D-F) but which less uniformity and has a lower intra-gene correlation compared to HAS (Suppl. Fig. 5). 
To try and quantifiably compare the HAS across samples within these studies, principal component 
analysis (PCA) was performed. In these experiments with HSF1 knockdown or heat shock, PC1 of the 
HAS accounted for 60-85% of the variance across these experiments (Suppl. Fig. 6A-G). To statistically 
compare HAS across samples, PC1 for each sample was calculated and was used to perform a Welch’s 
t-test wherein the HAS was significantly decreased in samples with HSF1 knockdown and significantly 
increased in samples with heat shock compared to controls (Suppl. Fig. 6A-G). These data indicate the 
23 gene set HAS, can reliably detect changes in HSF1 transcriptional activity as validated against known 
conditions that will decrease HSF1 activity (gene knockdown) or increase HSF1 activity (heat shock). 
 
HSF1 activity is associated with breast cancer patient outcomes and molecular characteristics. 
 
HSF1 has previously been associated with several cancer phenotypes with clear evidence that HSF1 
frequently has increased expression and transcriptional activity in cancer cells (12). The increased 
expression of HSF1 is at least partially caused by a low percentage of cancer patients having 
amplification of the HSF1 gene (16, 17). However, detection of the active form of HSF1, either through 
nuclear HSF1 levels or HSF1 phospho-S326 levels, has been shown to be higher in cancer tissues and 
associated with worse outcome of cancer patients (11, 13, 18, 19), indicating that not only is the 
expression of HSF1 relevant to cancer patient outcomes but also HSF1 activity. We assessed whether 
the HAS is increased in a breast cancer population compared to matched normal adjacent tissue using 
the TCGA breast cancer cohort. The HAS genes showed a clear increase in expression in tumor samples 
compared to normal adjacent tissue (Fig. 4A), indicating the HAS was able to detect an increase in HSF1 
activity in tumors. Expression of the HSF1 gene itself is also increased in tumor compared to adjacent 
normal (Suppl. Fig. 7A). We next assessed whether the HAS could serve as a biomarker for outcomes of 
breast cancer patients as previous studies show active HSF1 is associated with worse outcomes (11, 13, 
17-20). First looking at overall survival, higher HAS was associated with worse overall survival in the 
TCGA breast cancer cohort (Fig. 4B) and the METABRIC breast cancer cohort (Fig. 4C) whereas 
expression of the HSF1 gene was not associated with overall survival in the TCGA cohort but was in the 
METABRIC cohort (Suppl. Fig. 7B-C). In addition to Kaplan Meier and Log Rank tests, age-adjusted 
hazard ratio for HAS was also significantly associated with worse overall survival in the TCGA (HR=2.42, 
95% CI: 1.62-3.62; p<0.001) and the METABRIC (HR=1.58, 95% CI: 1.33-1.88; p<0.001) cohorts. In 
addition to overall survival, the HAS was also associated with worse metastasis-free survival in two 
cohorts (Fig. 4D-E) whereas expression of the HSF1 gene was not significantly associated with 
metastasis-free survival (Suppl. Fig. 7D). Additionally, HAS was seen to be higher in tumors that 
eventually metastasized compared to tumors that never metastasized (Fig. 4F-G), further supporting a 
potential role for HSF1 in metastasis as previously suggested (11, 21, 22). The previously identified 
HSF1-CaSig also performs well as a biomarker as it was designed to do so but has a less uniform 
increase in tumor compared to adjacent normal (Suppl. Fig. 8A-D). These data indicate the HAS can 
predict breast cancer patient outcomes consistent with previous findings for HSF1 activity (11, 18, 21). 
 
We next assessed the relationship of the HAS with molecular subtypes of breast cancer. HAS was 
observed to have concerted upregulation within the Luminal B (LumB), HER2-enriched (HER2-E), and 
Basal subtypes in both the METABRIC and TCGA cohorts compared to the Normal-Like (NL) and 
Luminal A (LumA) subtypes, which showed to be statistically significant when comparing PC1 of the HAS 
across these subtypes (Fig. 5D-E, Suppl. Fig. 9A-B). These results are consistent with previous studies 
suggesting HSF1 is upregulated in triple-negative breast cancer (TNBC) cells and HER2-expressing 
breast cancer cells (21-26). However, the HAS was a significant predictor for overall survival in LumB and 
HER2-enriched subtypes (Suppl. Fig. 9C). The HAS was also assessed in the METABRIC Integrated 
Clusters (IntClust) where it was identified the HAS is upregulated in several integrated clusters that 
appear to mirror HAS activation from molecular subtypes. HAS was increased in IntClust 10 that is mostly 
associated with the basal molecular subtype, IntClust 5 that is closely associated with the HER2-enriched 
molecular subtype (Fig. 5F-G) (27). Interestingly, HAS was also elevated in clusters 1, 6, and 9 that are 
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primarily ER-positive cancers that includes overlap with the LumB molecular subtype and likely points 
towards an interaction between HSF1 and ERα, which a recent report identified HSF1 cooperates with 
ERα in breast cancer, and an interaction between HSF1 and HER2, which has been established. Further 
investigating a link between ER status and the HAS it was observed that high HAS significantly reduced 
overall survival in ER+ patients but not in ER- patients in both the METABRIC and TCGA BRCA cohorts 
(Fig. 5H-I). The HAS was still observed to significantly predict for overall survival in these cohorts when 
adjusted for both age and ER status (TCGA BRCA HR: 2.03, 1.30-3.18, p=0.002; METABRIC HR: 1.39, 
1.17-1.66, p<0.001). These results suggest HSF1 may be most relevant to the breast cancer subtypes 
wherein there are molecules expression that functionally affect HSF1, such as Erα and HER2, but HSF1 
does also appear to be hyperactivated in the basal subtype so it may still show to play a role in these 
cancers as well. 
 
HSF1 activity is associated with outcomes of a broad number of cancer types. 
 
After identifying a role for HSF1 activity in breast cancer, we next assessed the relevance of the HAS in 
other cancer types. The HAS was assessed for its association with both disease-free survival and overall 
survival across the spectrum of TCGA cancer types wherein the age-adjusted hazard ratio was 
computed. A forest plot of the HAS hazard ratios indicates an association of HSF1 activity with outcomes 
of many cancer types. HSF1 has previously been associated with outcomes for many cancer types and 
the HAS reflected many of these known associations including liver, lung, pancreatic, melanoma, 
esophageal, cervical, and head/neck cancers (Fig. 6A-B). The known roles of HSF1 in these various 
cancers illustrates its pleiotropic functions in cancer. HSF1 appears to be critical for supporting MYC and 
inflammation in hepatocellular carcinoma or it acts downstream of dysregulated EGFR signaling and 
interferes with AMPK and metabolism in pancreatic cancer. Interestingly, there is a strong association of 
the HAS with outcomes of kidney papillary cell carcinoma (KIRP) patients (Fig. 6A-B), which has been 
observed in previous pan-cancer analyses but a clearly defined role for HSF1 in KIRP is yet undefined. 
One unifying characteristic of the cancers the HAS predicts poor outcomes is they are all epithelial-
derived cancers, which is consistent with known functions of HSF1 supporting epithelial-to-mesenchymal 
transitions (EMT) through regulation of EMT-promoting transcriptional repressors such as Slug or Snail. 
There also appears to be a group of these cancers that are typically initiated in response to environmental 
stressors, including SKCM, LUAD, ESCA, and BLCA, that could also suggest the canonical stress 
response and cell survival function of HSF1 could be playing a role. 
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Discussion 
 
HSF1 has been known as the master regulator of the heat shock response since the mid-1980s (2, 3). It 
was first observed to be altered in cancer in metastatic prostate cancer and has since been found to play 
a pleiotropic role in cancer where HSF1 can regulate many functions in cancer cells from metabolism to 
proliferation. Because of its many roles in cancer cells and across many cancer types, there is significant 
interest in studying HSF1, its activity, and its functions in cancer cells and identifying whether HSF1 
activity has an impact on patient outcomes. Due to the complex activation of HSF1 protein activity, the 
transcript levels of HSF1 has poor utility in predicting or assessing HSF1 transcriptional activity. To this 
end, we developed here a gene signature, named HAS, that is comprised of 23 genes that are direct 
HSF1 gene targets and depend on HSF1 for their expression. Additionally, they have a high intra-gene 
correlation amongst these 23 genes such that increases in HSF1 activity largely result in the majority of 
the 23 genes to increase in expression. This gives an accurate and sensitive readout of HSF1 activity 
using transcript data, which was confirmed with studies wherein HSF1 gene was knocked down and 
wherein cells were exposed to heat shock, both of which have predictable effects on HSF1 activity. There 
is one previously reported HSF1 gene signature, the CaSig, which was developed from elegant studies 
identifying many roles for HSF1 in cancer cells (11). While both the CaSig and HAS predict similar 
outcomes for cancer patients, the HAS does outperform the CaSig in measuring HSF1 transcriptional 
activity as measured by HSF1 knockdown or heat shock. The improved performance of the HAS in this 
instance is likely due to the intra-gene correlation as the CaSig (456 genes) had low intra-gene 
correlation. The application of the HAS will allow for future analysis of HSF1 transcriptional activity with 
cancer cell functions, patient outcomes, therapeutic response, and many others.  
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Methods and Materials 
 
RNA-Sequencing: MDA-MB-231 cells expressing control or HSF1-directed shRNA were subjected to 
lysis and total RNA collection using the PureLink RNA extraction kit with DNAse treatment 
(ThermoFisher). Total RNA was then subjected to mRNA-sequencing using an Illumina HiSeq 4000. Raw 
reads were processed to RPKM as we have done previously (28).  
 
Datasets: MCF7 and BPLER cells with HSF1 knockdown or heat shock were accessed from GSE38232. 
Hela cells with HSF1 knockdown and heat stress were accessed from GSE3697. A549 cells with heat 
shock were accessed from GSE83844. U2OS cells with heat shock were accessed from GSE115973. 
The breast cancer TCGA dataset was accessed through the TCGA data portal hosted by the Broad 
Institute. The METABRIC dataset was accessed through the European Genome-Phenome Archive (EGA) 
under study ID EGAS00000000083. The first breast cancer dataset was generated from four breast 
cancer cohorts (GSE2034, GSE2603, GSE5327, GSE12276, and GSE14020) as we did previously (29). 
The second breast cancer dataset was accessed from GSE47561.  
 
Heat Map Generation and Principal Component Analysis: Expression from relevant samples were 
converted to z-scores for each gene within the respective signature gene lists. Z-scores were then used 
to generate heat maps using Morpheus and genes were subjected to hierarchical clustering using one 
minus Pearson correlation. Gene expression values for the respective genes within each signature were 
subjected to principal component analysis. PC1 scores were utilized to compared gene signatures within 
datasets using t-tests or one-way ANOVA where appropriate. 
 
Survival Assessment: Patient survival was assessed using Kaplan-Meier plots within Prism 9. Log-Rank 
test were used for determination of statistical differences between groups. Cox proportional hazard ratios 
were computed using PC1 scores from gene signatures with outcomes of overall survival, disease-free 
survival, or metastasis-free survival using SPSS 28.0 and calculated 95% confidence interval and 
computed p-values. Forest plots of hazard ratios were plotted with Prism 9. 
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Figure 1: Schematic plot of the selection of HSF1 genes.
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Figure 2: the average correlation strength of our signature genes (Left) 
and CaSig genes (Right) over 11 breast cancer datasets.
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Figure 4: HSF1 Activity Signature is associated with breast cancer patient outcomes.
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Figure 5: HSF1 Activity Signature is associated with breast cancer molecular subtypes.
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Suppl. Fig. 1 HSF1 expression in response to heat shock
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Suppl. Fig. 2 HSF1 Activity Gene Sets in response to HSF1 knockdown and heat shock.
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Suppl. Fig. 3 HAS in response to HSF1 depletion and heat shock
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Suppl. Fig. 4 HSF1 CaSig in response to HSF1 depletion and heat shock.
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Suppl. Fig. 5 HSF1 CaSig in response to HSF1 depletion and heat shock (cont’d)
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Suppl. Fig. 7 HSF1 Gene expression as a Cancer Biomarker

0 40 80 120

0

25

50

75

100

Metastasis-Free Survival (months)

P
ro

b
a
b

il
it

y
 o

f 
S

u
rv

iv
a
l

High HSF1

Intermediate HSF1

Low HSF1

LogRank P=0.31

0 2 4 6 8 10

0

25

50

75

100

Overall Survival (years)
P

ro
b

a
b

il
it

y
 o

f 
S

u
rv

iv
a
l

High HSF1

Intermediate HSF1

Low HSF1

LogRank P=0.24

0 7 14 21 28

0

25

50

75

100

Overall Survival (yrs)

P
ro

b
a
b

il
it

y
 o

f 
S

u
rv

iv
a
l

High HSF1

Intermediate HSF1

Low HSF1

LogRank P=0.0002

TCGA Breast METABRIC

Normal Tumor

0

2000

4000

6000

8000

Breast Cancer

H
S

F
1

A
DB C

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted May 13, 2022. ; https://doi.org/10.1101/2022.05.12.491688doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.12.491688


Suppl. Fig. 8 CaSig Performance as Cancer Biomarker
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Suppl. Fig. 9 HAS in BC subtypes
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