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October 11, 2022. Although rare compared with adult liver cancers, hepatoblastoma (HB) is the most common pediatric

liver malignancy, and its incidence is increasing. Currently, the treatment includes surgical resection
with or without chemotherapy, and in severe cases, liver transplantation in children. The effort to
develop more targeted, HB-specific therapies has been stymied by the lack of fundamental knowledge
about HB biology. Heat shock factor 1 (HSF1), a transcription factor, is a canonical inducer of heat
shock proteins, which act as chaperone proteins to prevent or undo protein misfolding. Recent work
has shown a role for HSF1 in cancer beyond the canonical heat shock response. The current study
found increased HSF1 signaling in HB versus normal liver. It showed that less differentiated, more
embryonic tumors had higher levels of HSF1 than more differentiated, more fetal-appearing tumors.
Most strikingly, HSF1 expression levels correlated with mortality. This study used a mouse model of HB

2. to test the effect of inhibiting HSF1 early in tumor development on cancer growth. HSF1 inhibition
Medicine, 200 Lothrop St., . . . .

. resulted in fewer and smaller tumors, suggesting HSF1 is needed for aggressive tumor growth.
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15261 Moreover, HSF1 inhibition also increased apoptosis in tumor foci. These data suggest that HSF1 may
be a viable pharmacologic target for HB treatment. (Am J Pathol 2023, 193: 148—160; https://
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Although rare compared with adult liver cancers, hepato-
blastoma (HB) is the most common pediatric liver malig-
nancy, and its incidence is increasing. Currently, the
treatment includes surgical resection with or without
chemotherapy. However, liver transplantation may be needed
in severe pediatric cases; large or invasive tumors require
liver transplantation.' > Historically, patients with resectable
tumors have a 10-year survival rate of 86% versus only 39%
for nonresectable tumors.” Between the late 1990s and late
2010s, the percentage of patients receiving liver transplant
has increased from 8% to 19%.” There is a critical need for
hepatoblastoma-specific treatments, but knowledge gaps in
the fundamental biology of the tumor have hampered efforts.

A small subset of hepatoblastomas develop in children
with genetic conditions such as Beckwith-Wiedemann
syndrome or familial adenomatous polyposis.”® However,
most cases are believed to be sporadic. For >20 years, it has

been known that >80% of hepatoblastomas contain muta-
tions in the CTNNBI gene, which encodes B-catenin, an
important activator in the Wnt pathway.” ” Most mutations
that lead to degradation-resistant forms of B-catenin occur in
exon 3, a region that contains phosphorylation sites that lead
to B-catenin destruction.'’ Our laboratory developed a
mouse model of hepatoblastoma based on transfection with
constitutively active B-catenin and yes-associated protein 1
(YAP1)."" YAPI is an important factor in the Hippo
signaling pathway, which is critical in development and
controlling organ size.'>'” Variations of this mouse model
show that different B-catenin mutations modulate tumor
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growth and histology.'*'” Despite decades of research, the

exact role of B-catenin signaling in hepatoblastoma is still
being elucidated. A review of gene expression data for the
-catenin/Y AP1 model showed that signaling for heat shock
factor 1 (HSF1) was elevated in tumors.

Over the last decade, there has been a growing appreci-
ation for the role of HSF1 in cancer biology.'®'” HSFI
expression in breast, colon, and lung cancer correlates with
tumor severity.'® > HSF1, although traditionally known for
its role in counteracting heat-induced misfolding of pro-
teins,”’ is also involved in the expression of genes involved
in extracellular matrix formation, DNA repair, cell cycle
signaling, apoptosis, and energy metabolism.'’

HSF1 signaling has been implicated in the development of
hepatocellular carcinoma.”>>* However, little is known about
the role of HSFI1 in the development and growth of hepato-
blastoma. While nuclear HSF1 staining in human hepato-
blastoma samples is ubiquitous, it is absent or low in the
surrounding normal liver tissue.”> The canonical role of HSF1
involves stimulation of the heat shock response involving
molecular chaperones or heat shock proteins (HSPs) to
counteract heat-induced misfolding of proteins.”’ Many other
stress signals, including pH changes and radiation, can induce
this response.”””’ Because rapidly proliferating cancer cells
experience cytotoxic stress, co-opting the heat shock response
can support their survival. However, the role of HSF1 in
cancer goes further than mitigating protein folding. Recent
work has shown that HSF1 controls another suite of genes
related to apoptosis, cell cycle signaling, DNA repair, energy
metabolism, and extracellular matrix formation.

A meta-analysis of human hepatoblastoma gene expres-
sion sets indicated that HSF1 expression was higher in
hepatoblastoma and in more clinically aggressive tumors.
HSF1 was inhibited in a mouse model of hepatoblastoma
generated by hydrodynamic tail vein injection of mice with
plasmids containing constitutively active forms of B-catenin
and YAP1 (B-Y model). This led to the development of
tumors genetically and histologically reminiscent of hep-
atoblastoma in the mice.'"** HSF1 signaling was inhibited
using a dominant negative plasmid (dnHSF1) that forms a
truncated protein that can form tumors like native HSF1 but
does not activate downstream transcription.”” This approach
has been used to inhibit HSF1 in other cancers, including
models of hepatocellular carcinoma.”** The current study
demonstrates that inhibiting HSF1 leads to decreased tumor
growth in the HB mouse model by induction of increased
apoptosis in tumor foci. This work suggests HSF1 may be a
viable treatment target and biomarker for hepatoblastoma.

Materials and Methods

Historical RNA-Sequencing Data of B-Catenin/YAP1
Mouse Model

Historical RNA-sequencing set of livers from B-Y model
mouse hepatoblastoma model and wild-type controls were
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analyzed (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSEI30178, accession number GSE130178)."” Tu-
mors used in this study were induced using the model
developed by our laboratory based on hydrodynamic tail
vein injection of mice with plasmids containing constitu-
tively active forms of YAPI and B-catenin.'' Five B-Y and
five wild-type control mice were sequenced and analyzed
using a NovaSeq 600 instrument (Illumina, Inc., San Diego,
CA) by Novagene, Inc. (Sacramento, CA). Identification of
differentially expressed transcripts was assessed by three
methods: CLC Genomic Workbench version 12.0 (Qiagen,
Germantown, MD), DeSeq?2 (http://www.bioconductor.org/
packages/release/bioc/html/DESeq2.html), —and  edgeR
(https://bioconductor.org/packages/release/bioc/html/edgeR.
html). Only transcripts deemed significant by all methods
were included in analysis. To control for multiple
comparisons, an adjusted false discovery rate P value was
calculated on the basis of the method developed by
Benjamini and Hochberg.”” HSF1 expression levels were
compared by performing unpaired #-test using Prism 9.2.
0 (GraphPad Software, San Diego, CA). A gene signature
associated with activation of HSF1 signaling was applied
to the transcriptomic set.'’ Significance was analyzed
using the Fisher exact test with Prism. P < 0.05 was
deemed significant.

Human Hepatoblastoma Samples

To assess the role of HSF1 signaling in human hepato-
blastoma, public databases, Gene Expression Omnibus and
ArrayExpress, were searched for human transcriptomic data
sets measuring RNA expression in hepatoblastoma and
controls.”’** A total of six sets were identified: GSE131329
(https://www.sciencerepository.org/gene-expression-profili
ng-in-hepatoblastoma-cases-of-the-japanese-study-group-f
or-pediatric-liver-tumors-2-jplt-2-trial_EJMC-2018-1-103),
GSE75271 (https://aasldpubs.onlinelibrary.wiley.com/doi/
10.1002/hep.28888), E-MEXP-1851 (https://www.ebi.ac.
uk/arrayexpress/experiments/E-MEXP-1851),  GSE81928
(https://www.nature.com/articles/s42003-018-0077-8), GSE
104766  (https://aasldpubs.onlinelibrary.wiley.com/doi/10.
1002/hep.29672), and GSE89775 (https://www.nature.
com/articles/srep38347)."°7* 77 In aggregate, these sets
represented a total of 191 livers from patients with
hepatoblastoma and 65 normal control livers. This
collection included three sets of RNA microarray data and
three that used RNA sequencing. Different controls were
used in different sets. While some studies used liver
samples from patients without hepatoblastoma, others used
tissue harvested from nontumor liver areas from patients
with hepatoblastoma. The current study used both types of
controls. For detailed information about the included gene
expression sets, see Supplemental Table S1. For each data
set, expression levels of different genes in tumors were
compared with control livers using the limma package in
R (https://www.r-project.org). Finally, meta-analysis was
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performed to integrate multiple studies. For each gene, a
meta P value was calculated by the Fisher method to
combine the P values in all the six studies for the overall
significance evaluation.™®

Animal Model

Wild-type FVB/N mice were purchased from Jackson
Laboratory (Bar Harbor, ME). To induce hepatoblastoma,
approximately 6-week—old male mice were injected with
plasmids containing constitutively active forms of YAPI
and PB-catenin along with the Sleep Beauty transposon/
transposase plasmid into the lateral tail vein over 5 to 7
seconds.'' Each mouse received 20 ug pT3-EF5a-A90-p-
catenin-Myc-tag and pT3-EF5a-S127A-YAPI1-Flag-tag
along with the transposase in a ratio of 25:1, diluted in 2 mL
of normal saline (0.9% NaCl), filtered through a 0.22-pm
filter (MilliporeSigma, Burlington, MA). A dominant
negative HSF1 plasmid (dnHSF1) was used to inhibit HSF1
signaling. Mice were also injected with 60 pg of pT3-EFla-
dnHSF1-V5-tag along with the B-catenin and YAP1 plas-
mids (dnHSF1-B-Y mice). Controls were injected with only
B-catenin and YAPI1 plasmids (B-Y mice). Normal mice
were injected with saline alone. At least three mice per
condition were tested. Mice were housed, fed, and moni-
tored in accordance with protocols approved by the Insti-
tutional Animal Care and Use Committee at the University
of Pittsburgh (Pittsburgh, PA; protocol number 19126451).
All animals were carefully monitored for signs of morbidity
or discomfort. Close attention was paid to the abdominal
girth. Animals were euthanized at specific time points after
injection or at the earliest signs of morbidity. Mice were
harvested at approximately 10 weeks after injection of
plasmids. Body weight and liver weight were measured, and
the livers were fixed and embedded in paraffin. A second set
of mice were injected with the (B-catenin/YAP1/dnHSF1
plasmids and B-catenin/YAP1 plasmids as control and were
harvested at 2 weeks after injection to assess early changes
in hepatocytes.

Tissue Staining and Immunohistochemistry

Livers were cut into sections (4 pwm thick) and stained with
hematoxylin and eosin for immunohistochemistry (IHC).
Formalin-fixed sections (4 um thick) were deparaffinized in
graded xylene and alcohol and rinsed in phosphate-buffered
saline (PBS). To block endogenous peroxidase activity, the
sections were incubated in 3% hydrogen peroxide (Sigma,
St. Louis, MO). For antigen retrieval, slides were heated in a
pressure cooker in citrate buffer followed by blocking with
Superblock (ScyTek Laboratories, Logan, UT) for 10 mi-
nutes. Sections were incubated overnight at 4°C or 1-hour
room temperature with Myc-tag, HSF1, and YAP1 anti-
bodies. Sections were then incubated with species-specific
secondary horseradish peroxidase—conjugated antibody
(Chemicon, Temecula, CA) for 30 minutes at room

150

temperature. The following antibodies were used for
immunohistochemistry: HSF1 (Cell Signaling, Danvers,
MA; number 12972; lot number 1), Myc-tag (Cell
Signaling; catalog number 3400; lot number 12), V5-tag
(eBioscience; Thermo Fisher Scientific, Waltham, MA);
catalog number 14679682; lot number 2093237), phos-
phorylated mammalian target of rapamycin (mTOR) S2448
(Cell Signaling; catalog number 2976; lot number 8),
glutamine synthetase (GS; Cell Signaling; catalog number
G2781; lot number 096M4864V), and cleaved caspase 3
(Cell Signaling; catalog number 9664; lot number 22).

Measurement of Apoptosis

Tissues from B-Y and d1-B-Y mice harvested 2 weeks
after injection were assessed for apoptosis via terminal
deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) assay and via IHC for cleaved cas-
pase 3. The TUNEL assay was performed using the
ApopTag Peroxidase In Situ Apoptosis Detection Kit
(MilliporeSigma). Formalin-fixed, paraffin-embedded liver
tissue sections were deparaffinized in three changes of
xylene, and then rehydrated in decreasing concentrations
of ethanol (two washes in absolute ethanol, followed by
two washes in 95% alcohol). Subsequently, the slides
were immersed in double-distilled water (5 minutes) and
PBS. Next, tissues were pretreated with 20 pg/mL solu-
tion of Proteinase K (Millipore) for 15 minutes at room
temperature; the enzyme was diluted in PBS, and solution
was prepared before use. This was followed by two
washes in double-distilled water, 2 minutes each.
Endogenous peroxidase activity was quenched by treating
the slides with 3% H,0, (30% stock from Thermo Fisher
Scientific, dissolved in PBS), after which the slides were
rinsed twice in two changes of double-distilled water. The
slides were treated with equilibration buffer from the kit
(1 minute) and incubated with working strength terminal
deoxynucleotidyl transferase enzyme (diluted before use
in reaction buffer, according to the manufacturer’s in-
structions) in a humidified chamber for 1 hour at 37°C.
Next, the slides were incubated for 10 minutes in the kit’s
stop/wash buffer to quench terminal deoxynucleotidyl
transferase activity, followed by incubation with anti-
digoxigenin peroxidase-conjugated antibody for 30 mi-
nutes at room temperature. Slides were washed twice in
PBS and treated with diaminobenzidine peroxidase sub-
strate (Vector Laboratories, Newark, CA) until the color
developed. Then, slides were washed in three changes of
double-distilled water counterstained with hematoxylin
(Fisher Scientific), dehydrated in increasing concentra-
tions of ethanol, followed by incubation in three changes
of xylene. Lastly, slides were treated with mounting me-
dium (BioGenex Laboratories, Fremont, CA) and covered
with glass coverslips. IHC for cleaved caspase 3 was
performed similarly as for other proteins.
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B-Y

HSF1

Figure 1

Wild type

Evaluation of mouse hepatoblastoma model for heat shock factor 1 (HSF1) and activation of downstream genes. Representative images of

immunohistochemistry for HSF1 in mouse livers transfected with B-catenin and yes-associated protein 1 (B-Y) plasmids, and wild-type controls showing
staining in tumor foci and no staining in wild-type livers. Original magnification, x10.

In Vitro Transfection of dnHSF1

Approximately 4 x 10° HepG2 cells from ATCC (Manassas,
VA) were seeded in 6-well plates (BD Biosciences, Franklin
Lakes, NJ). Cells were cultured in Eagle’s minimum essential
medium (ATCC) supplemented with 10% fetal bovine serum
(R&D Systems, Minneapolis, MN). They were transfected
with the dnHSF1 or a plasmid containing green fluorescent
protein (GFP) as control (1 pg for both) using Lipofectamine
3000 (Thermo Fisher Scientific) using manufacturer’s in-
structions. Transfection efficiency was confirmed by assessing
GFP expression in control samples using microscopy. dnHSF1
were compared with control (GFP) livers under basal condi-
tions (37°C) and after heat shock (42°C for 60 minutes,
followed by 30 minutes of recovery before harvest).'” For both
sets of experiments, mMRNA was extracted from the cells using
the RNeasy Mini Kit (Qiagen). mRNA was converted
to cDNA and then quantitative PCR was used to assess HSP70
expression using the following forward primer (5'-
ACCTTCGACGTGTCCATCCTGA-3') and reverse primer
(5’-TCCTCCACGAAGTGGTTCACCA-3'; Origene, Rock-
ville, MD). Expression of HSP70 was normalized to glycer-
aldehyde-3-phosphate dehydrogenase and 18S expression
using the AACy method.”

Statistical Analysis

Enrichment of the HSF1 activation code was analyzed using
the Fisher exact test. Liver weight/body weight ratio was

Table 1

compared using unpaired #-tests using Prism 9 software for
Windows (GraphPad Software, Inc.). P < 0.05 was
considered significant.

Results

HSF1 Target Genes Are Elevated in Mouse Model of
Hepatoblastoma

IHC for HSF1 in livers from B-Y model and control mice
indicated increased HSF1 staining in tumors compared with
normal livers (Figure 1). Historical RNA-sequencing data of
the B-Y mouse model showed no increase in HSF1 gene
expression in livers from B-Y model mice compared with
that in control livers (Table 1). Because HSF1 is a tran-
scription factor and regulates expression of target genes,
known transcriptional targets of HSF1 were examined in
livers from B-Y model and control mice. Hspbl emerged as
one of the most differentially expressed genes in the RNA-
sequencing data set. Hspbl codes for heat shock protein 27
(HSP27), a known transcriptional target of HSF1 (Figure 1).
Both HSP27 protein and mRNA are elevated in human
hepatoblastoma.*’ There was also a trend toward significant
increases for the gene expression of HSP70 (Hspa4) and
HSP90 (Hsp90aal), the other major heat shock proteins.
Finally, transcriptomic data were evaluated for signs of the
456-gene expression signature related to cancer developed
by Mendillo et al.'” Tumors were enriched in this gene set
compared with normal livers (P < 0.0001, Fisher exact test)

Gene Expression Levels of HSF1 and Heat Shock Proteins in a Mouse Model of Hepatoblastoma (GSE130178)

Control liver versus

Protein (gene) mouse HB, fold change

Control liver versus
mouse HB, log fold change

Control liver versus
mouse HB, FDR P value

Control liver versus
mouse HB, P value

HSF1 (Hsf1) -1.2 —-0.2
HSP27 (Hspb1) -12.0 —3.6
HSP70 (Hspa4) 1.4 0.5
HSP90 (Hsp90aa1) -1.7 —0.7

1.86 x 107! 5.71 x 107!
1.34 x 107 1.11 x 1072
1.20 x 1072 6.80 x 1072
2.02 x 1072 1.04 x 107!

FDR, false discovery rate; HB, hepatoblastoma; HSF1, heat shock factor 1; HSP, heat shock protein.
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Table 2  Enrichment of Cancer-Specific HSF1 Signature in a Mouse Model of Hepatoblastoma
Variable Significant genes Nonsignificant genes P value
Genes in Mendillo et al'’ signature 143 279 <0.0001

'.17

Genes not in Mendillo et al™’ signature 5901

30,010

Only 422 of the 456 genes in the signature were represented in the entire data set. Only the represented genes (422) were used for statistical analysis.

(Table 2). In summary, expressions of HSF1 target genes
were elevated in $-Y mouse model of hepatoblastoma.

HSF1 Signaling Is Increased in Human Hepatoblastoma
and Correlates with Less Differentiated and More
Lethal Tumors

To directly address clinical relevance, human hepato-
blastoma transcriptomic data sets were assessed, as
described in Materials and Methods. Expression levels of
HSF1 were compared between normal tissue and hepato-
blastoma tissue using unpaired z-test for each of the six sets
(Figure 2A). HSF1 expression was significantly increased in
tumors over normal livers in three of the six sets. On the
basis of the resulting individual P values, a meta P value
was calculated across the sets using the Fisher method
adapted from Chang et al."' HSFI expression was signifi-
cantly elevated in tumors versus normal livers (meta
P = 0.00003). Next, the study evaluated whether more
embryonic, less differentiated tumors had higher levels of
HSF1 signaling than fetal-appearing, more differentiated
tumors. Studies have shown less differentiated, embryonic-
appearing tumors are more clinically aggressive than fetal-
appearing, more differentiated tumors.”** Cairo et al'’
showed that a 16-gene panel can distinguish more differ-
entiated, fetal-appearing tumors (C1) from less differenti-
ated, embryonic-appearing tumors (C2). This 16-gene panel
was applied across all six gene sets. Levels of HSF1
signaling in C1 and C2 samples were compared using un-
paired r-tests. HSF1 expression was significantly elevated in
C2 tumors compared with C1 tumors in four of the six in-
dividual sets. The meta P value calculated across all sets
indicated that HSF1 was significantly elevated in C2 sam-
ples (meta P = 0.0027) (Figure 2B).

Finally, the study investigated whether HSF1 expression
levels correlated with mortality. Three of the transcriptomic
data sets included mortality data (E-MEXP-1851,
GSE131329, and GSE75271).10’33’34 Tumor samples were
startified in those sets into quartiles for HSF1 expression.
Mortality in the highest quartile was compared with the
lowest three quartiles using a Fisher exact test and one of the
three was significantly elevated (P < 0.05). Calculation of
the meta P value across all three sets indicated a significant
relationship (meta P = 0.00269) (Figure 3). HSF1 expres-
sion levels were higher in hepatoblastoma than in normal
liver. Less differentiated, embryonic-appearing tumors have
higher HSF1 levels than more differentiated, fetal-like
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tumors. High levels of HSF1 expression in tumors corre-
lated with higher mortality rate.

Gene Expression Levels of Individual Heat Shock
Proteins Are Elevated in Human Hepatoblastoma

HSF1 modulates a wide suite of genes controlling a variety
of cellular functions. Whether HSF1’s role in hepato-
blastoma may depend on stimulating specific heat shock
proteins, its classic pathway, was evaluated. Specifically,
tumors versus control livers were compared for gene
expression levels of HSP27 (Hspbl), HSP70 (Hspa4), and
HSP90 (Hsp90aal). All three genes were enriched in tu-
mors versus normal livers (P < 0.05, unpaired z-test)
(Supplemental Table S2). Notably, HSP27 was highly sig-
nificant. Next, correlation between levels of HSPs and dif-
ferentiation of the tumors was evaluated. HSP27 signaling
did not correlate with tumor differentiation for any gene set.
HSP70 significantly correlated with differentiation in three
of the six sets. Four of the six HSP90 sets correlated with
tumor differentiation. Meta P values for both HSP70 and
HSP90 were significant (Supplemental Table S3). Finally,
expression levels of specific HSPs correlated with mortality.
Tumors were ordered by level of gene expression and the
highest quartile was compared with the lowest three quar-
tiles (Supplemental Table S4). Only one HSP, HSP90, was
mildly elevated (meta P = 0.015). Overall, although mul-
tiple HSPs are elevated in tumors versus normal liver, only a
couple distinguish C1 from C2 tumors and only one is
minimally correlated with mortality.

HSF1 Performs Better than Myc and Similar to AFP as a
Biomarker for Hepatoblastoma

Much work has demonstrated the role of Myc signaling in
hepatoblastoma.*”** Myc is a transcription factor that is
implicated in most cancers and is a transcriptional target of
the Wnt/B-catenin pathway. Hepatoblastoma tumors show
increased Myc staining.” In a mouse model of hepato-
blastoma, knocking out Myc decreased tumor growth,
suggesting Myc signaling plays a role in f-cat-
enin—mediated tumor growth.”® Myc signaling correlation
with tumors, histology, and mortality was studied next.
Lower Myc expression levels were found in tumors versus
normal livers (meta P = 2.24 x 1076) (Supplemental Table
S2). Myc levels were not significantly different between
embryonic- and fetal-appearing tumors (Supplemental Table
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Figure 2  Expression of heat shock factor 1 (HSF1) in overall tumors and in more fetal- or embryonic-appearing tumors. A: Expression levels of HSF1 in
tumors versus control livers in six transcriptomic data sets: GSE131329 (https://www.sciencerepository.org/gene-expression-profiling-in-hepatoblastoma-cases-
of-the-japanese-study-group-for-pediatric-liver-tumors-2-jplt-2-trial_EJMC-2018-1-103), GSE75271 (https://aasldpubs.onlinelibrary.wiley.com/doi/10.1002/hep.
28888), E-MEXP-1851 (https://www.ebi.ac.uk/arrayexpress/experiments/E-MEXP-1851), GSE81928 (https://www.nature.com/articles/s42003-018-0077-8),
GSE104766 (https://aasldpubs.onlinelibrary.wiley.com/doi/10.1002/hep.29672), and GSE89775 (https://www.nature.com/articles/srep38347). Levels were
compared using unpaired t-test for each of the six sets. A meta P value was then calculated across all sets based on Chang et al*' (meta P = 3 x 107°).
B: Expression levels of HSF1 in tumors differentiated by degree of differentiation, as based on Cairo et al.’® C1 tumors are more fetal appearing, whereas
C2 tumors are more embryonic appearing. Expression levels were compared using unpaired t-test. Meta P value was calculated across all sets (meta P
=2 x 1078). *P < 0.05, **P < 0.01, and ***P < 0.001.

S3). Myc expression levels in tumors did not correlate with AFP is a well-known biomarker for HB that is used clini-
mortality (Supplemental Table S4). Thus, Myc gene cally for screening, monitoring treatment response, and
expression appears lower in tumors and does not correlate assessing prognosis. AFP expression was elevated in hep-
with tumor differentiation or mortality. Next, expression of atoblastoma versus normal liver (meta P = 4.05 x 10>
a-fetoprotein (AFP) across the six gene sets was examined. (Table 2). More embryonic tumors (C2) had higher levels of
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AFP than Cl tumors (meta P = 898 x 1079
(Supplemental Table S3). Tumor expression of Myc was
also ordered into quartiles. Similar to HSF1, the quartile of
tumors with the highest AFP gene expression had a higher
mortality rate than the lowest three quarters (meta
P = 0.0018) (Supplemental Table S4). In summary, AFP
gene expression is higher in tumors versus normal and in
embryonic tumors versus fetal-appearing tumors, with high
expression levels in tumors associated with increased
mortality.

HSF1 Inhibition Prevents HB Development in B-
Catenin—YAP1 Mouse Model

A dominant negative for HSF1 was injected along with
constitutively active f-catenin and YAP1 plasmids
(dnHSF1-B-Y mice) to suppress HSF1 signaling. Mice
injected with just B-catenin and YAP1 plasmids served as
control (B-Y mice). The latter developed abdominal
distention requiring euthanasia by 10 weeks after injection.
Mice injected with the dnHSF1 appeared normal as late as
16 weeks after injection. Grossly, livers from the B-Y mice
were much larger, paler, and nodular than livers from the
dnHSF1-B-Y mice (Figure 4A). Interestingly, dnHSF1-3-Y
mice were similar in appearance to wild-type mice injected
with only saline. The body weight for B-Y, dnHSF1-B-Y,
and wild-type mice did not differ significantly by one-way
analysis of variance (Figure 4B). However, when liver/
body weight ratio, a measurement of tumor burden, was
calculated, higher ratios in $-Y mice versus the dnHSF1-B3-
Y mice (P < 0.05) were found. In fact, liver/body weight
ratios for the dnHSF1-B-Y and wild-type mice were similar.
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Figure 3  Correlation between heat shock factor
1 (HSF1) expression levels and mortality. Three of the
examined transcriptomic data sets featured mortality
data: GSE131329 (https://www.sciencerepository.
org/gene-expression-profiling-in-hepatoblastoma-cases-
of-the-japanese-study-group-for-pediatric-liver-tumors-
2-jplt-2-trial_EIMC-2018-1-103), GSE75271 (https://
aasldpubs.onlinelibrary.wiley.com/doi/10.1002/hep.

Q234 28888), and E-MEXP-1851 (https://www.ebi.ac.uk/

arrayexpress/experiments/E-MEXP-1851). Expression
levels of HSF1 in tumors were ordered and divided
into quartiles (Qs). The mortality rate in the
quartile with the highest HSF1 expression was
compared with the lowest three quartiles using the
Fisher exact test for each data set. Mortality was
significantly elevated in the highest quartile in one
set (GSE131329). A meta P value was then
calculated across all sets (meta P = 0.0027).
**P < 0.01.

Hematoxylin and eosin—stained liver sections were
examined and IHC was performed for Myc-tag, a marker for
the B-catenin plasmids, for sections from both B-Y and
dnHSF1-B-Y mice (Figure 4C). Sections from B-Y mice
showed large tumors, with tightly packed nuclei. These
resembled crowed fetal hepatoblastoma, a more embryonic
form of the tumor. Hematoxylin and eosin evaluations of
dnHSF1-B-Y mice livers showed rare, small tumor foci. The
cells appeared more differentiated. These foci showed pos-
itive staining for Myc-tag, suggesting they were induced by
the B-Y plasmids rather than naturally occurring sponta-
neous tumors. Early tumors in our mouse model showed
positive IHC staining for GS and phosphorylated mTOR,
but by 10 weeks after injection, the staining is absent
(Supplemental Figure S1).'" Moreover, using plasmids
encoding different B-catenin mutations resulted in more
differentiated tumors that showed persistent positive stain-
ing for GS and phosphorylated mTOR. To further define the
differences between the tumors from B-Y mice and
dnHSF1-B-Y mice, GS and phosphorylated mTOR staining
was performed. The small foci in dnHSF1-B-Y mice were
positive for both, whereas mature $-Y mice tumors showed
negative staining for both proteins.

Finally, IHC was performed for plasmid markers to
ensure that the current findings did not result from nonde-
livery of plasmids or off-target effects of the dnHSF1. For
both sets of mice, tumor foci showed positive [HC staining
for Myc-tag, a synthetic sequence on our f-catenin plasmid.
Staining for V5-tag, a label on our dnHSF1 plasmid, was
performed next. At 2 weeks after injection, Myc-tag and
V5-tag staining was observed in the same foci (Figure 5).
Finally, whether the presence of the dnHSF1 persisted in
livers well past injection, an indication of whether the
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Analysis of livers in mice transfected with a dominant negative for heat shock factor 1 (HSF1) along with constitutively active B-catenin and yes-

associated protein 1 (YAP1) plasmids (dnHSF1-B-Y mice) and mice transfect with just B-catenin and YAP1 (B-Y mice) as control. A: Representative gross
images of mice transfected with B-catenin and YAP1 plasmids (left panel), dominant negative HSF1 (dnHSF1), B-catenin and YAP1 plasmid (middle panel),
and wild-type control (right panel). B: Top panel: Average body weights of dnHSF1-B, B-Y, and wild-type mice analyzed by one-way analysis of variance.
Bottom panel: Liver/body weight ratio was calculated and then compared by one-way analysis of variance. C: Representative images for hematoxylin and eosin
(H&E) staining for B-Y mice and dnHSF1-B-Y mice (right panels) and immunohistochemistry for Myc-tag, an artificial tag on the B-catenin plasmid (left

panels). ***P < 0.001. Original magnification, x10 (C).

presence of the dnHSF1 was noxious to the cells, was
assessed. IHC of tumors 10 weeks after injection showed
persistent staining for V5-tag (dnHSF1; data not shown). In
summary, co-injection of the dnHSF1 along with constitu-
tively active B-catenin and YAP1 plasmids decreased tumor
burden and led to more differentiated tumor foci.

Inhibition of HSF1 Increases Apoptosis in Early Tumor
Foci

To quantify TUNEL and cleaved caspase 3 staining, the
number of positive cells was counted in at least 20 high-
powered fields for three replicates per condition (8-Y versus
the dnHSF1-B-Y). The average number of positive cells per
field was calculated and compared using unpaired #-test. The
dnHSF1-B-Y samples had about three times more staining

The American Journal of Pathology m ajp.amjpathol.org

for both TUNEL and cleaved caspase 3 than the B-Y sam-
ples (unpaired #-test, P < 0.05) (Figure 6). Increased cleaved
caspase 3 and TUNEL staining was observed in livers from
dnHSF1-B-Y mice versus B-Y mice (unpaired t-test, P <
0.05). Overall, transfection with the dnHSF1 resulted in
increased TUNEL and cleaved caspase 3 staining.

Dominant Negative HSF1 Decreases HSF1
Transcriptional Targets under Stressful Conditions

To address the role of HSF1 in HB biology, HepG2 cells
were transfected with the dnHSF1 or GFP as control. As
indicated by quantitative PCR, expression of HSP70 was
similar between control cells transfected with GFP and
dnHSF1 transfected cells under basal conditions. Under heat
shock, HSP70 transcription was dramatically increased
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&%

Verification of transfection at 2 weeks after injection. Livers from both constitutively active B-catenin and yes-associated protein 1 (YAP1)

plasmids (dnHSF1-B-Y) and B-catenin and YAP1 (B-Y) mice were harvested 2 weeks after injection with the plasmids. Livers from both sets of mice were
stained with hematoxylin and eosin (H&E; left panels), and immunohistochemistry was performed for Myc-tag (middle panels) and V5-tag (right panels). V5-

tag is an artificial tag on the dnHSF1 plasmid. Original magnification, x20.

compared with basal conditions for both dnHSF1 and GFP
cells (Supplemental Figure S2). However, the increase in
HSP70 expression was significantly less in samples trans-
fected with the dnHSF1 compared with control cells (P <
0.05, unpaired #-test). In summary, transfection of HepG2
cells with the dnHSF1 decreased the expression of HSP70
under stressful conditions.

Discussion

This study demonstrates HSF1 activation in human hep-
atoblastoma and correlates with tumor differentiation and
mortality. Performing a meta-analysis of existing hepato-
blastoma gene expression sets provided the statistical power
to explore such questions. This work adds to the growing
list of cancers associated with HSF1 signaling.'® * This
study suggests that HSF1 is potentially as good a biomarker
as AFP and appears better than Myc. It is unclear why Myc
signaling was lower in the tumors in this study versus
normal control livers. To fully validate the clinical utility of
HSF1 as a biomarker, more work is needed correlating
HSF1 protein levels and post-translational modifications
with patient data. This analysis suggests HSF1’s role in
hepatoblastoma is not strictly mediated via induction of
HSPs. Genes for HSPs, such as HSP27, HSP70, and HSP9O0,
were increased in hepatoblastoma compared with normal
livers. In the case of HSP27, gene expression was highly
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significant (meta P = 1.78 x 1072%). However, only
HSP90 expression correlated with tumor differentiation and
mortality, two clinically relevant parameters. These findings
suggest HSF1 signaling in hepatoblastoma may encompass
both canonical and cancer-specific gene targets. Additional
studies interrogating individual HSPs and non-HSP HSF1
target genes are needed to tease which proteins are critical to
hepatoblastoma development and growth.

This study also suggests HSF1 may be a viable phar-
macologic target for hepatoblastoma. Inhibition of HSF1 in
our mouse model of hepatoblastoma significantly decreased
tumor formation. The residual tumor foci were significantly
fewer and smaller. Histologically, they appeared more
differentiated (or less dedifferentiated). Interestingly, the
tumor foci in the dnHSF1 mice remained GS-positive after
10 weeks postinjection, whereas control B-Y mice animals
were only GS-positive early in tumor development.
Generally, more differentiated, fetal-appearing tumors ex-
press GS, whereas less differentiated embryonal tumors
stain GS-negative.'* Previously, this approach significantly
decreased tumor formation in mouse models of hepatocel-
lular carcinoma based on overexpression of AKT and
Myc.”*** Interestingly, transfection of the dnHSFI in a
mouse model of hepatoblastoma based on constitutively
active B-catenin and transcriptional coactivator with PDZ-
binding motif (TAZ) rather than YAP1 did not prevent
tumor formation.”” This discordance is potentially related to
the intrinsic differences in YAP1 and TAZ signaling.”’
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A: Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay and immunohistochemistry for cleaved caspase 3 were

performed on B-catenin and yes-associated protein 1 (YAP1; B-Y) and constitutively active -catenin and YAP1 plasmid (dnHSF-B-Y) livers from mice harvested
2 weeks after transfection. B: TUNEL and cleaved caspase 3 staining was quantified by counting the number of positively stained cells in at least 20 high-
powered fields per condition. The average number of positive cells in B-Y and dnHSF-B-Y livers was compared using unpaired t-test. *P < 0.05. Original

magnification, x10 (A).

A drawback of this current study is that HSF1 signaling
was inhibited at the time of transfection with B-catenin and
YAPI1. More studies are needed, including inhibition of
HSF1 signaling after tumors have formed. Currently, there
are no US Food and Drug Administration—approved HSF1
or HSP inhibitors to treat cancer. Over the last 20 years,
inhibitors of various HSF1 downstream targets have been
studied as cancer treatments. HSP90 inhibitors, in particular,
have been extensively studied as cancer treatment in human
trials, but limited treatment response and adverse effects
limited their utility.*®> HSP70 inhibitors have also been
tested with similar disappointing results.”””" Antisense ol-
igonucleotides to HSP27 have been developed and tested in
patients with urothelial and lung cancer.”’>* Experimen-
tally, known small-molecule HSF1 inhibitors, such as N2
(1H-indazole-5-y1)-N°®-methyl-3-nitropyridine-2,6-diamine
(KRIBB11) and direct targeted HSF1 inhibitor (DTHIB),
have been shown in mouse models and cell culture to
decrease cancer growth, but they have not been tested in
humans.”™* In early 2022, a phase 1 clinical trial for
NXP800, an oral HSF1 inhibitor, began recruitment for

The American Journal of Pathology m ajp.amjpathol.org

subjects with advanced cancers per hitps://clinicaltrials.gov
(NCT05226507; last accessed October 24, 2022).

We theorize that in our mouse HB model, YAPI
expression leads to the dedifferentiation of hepatocytes to
more hepatoblastoma-like cells. B-Catenin then acts as a
cellular accelerant, leading to increased growth of the
transformed cells. This is based on work that showed
transfecting mice with different [-catenin mutations
dramatically changed the growth velocities of the resulting
tumors.'” We speculate this reprogramming of cells would
lead to misfolded proteins and other signs of cellular stress,
which would induce HSF1 signaling. When a cell is under
stress, it can either repair itself or induce self-destruction via
mechanisms including apoptosis. The in vitro work showed
transfecting HepG2 cells with the dnHSF1 under standard
conditions did not significantly inhibit HSP70 transcription
(a marker of HSF1 activation). However, when the cells
were heat shocked, transfection with dnHSF1 halved the
increase in HSP70 transcription. These studies indicate that
the cytotoxic stress increases when tumor cells transition to
less differentiated forms. This is suggested by the human

157

Descargado para Eilyn Mora Corrales (emorac17@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en febrero 09,
2023. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.


https://clinicaltrials.gov
http://ajp.amjpathol.org

Hurley et al

transcriptomic data analysis, showing embryonic tumors
have higher HSF1 signaling levels than fetal-appearing
tumors.

We speculate this increased cytotoxic stress would lead to
induction of apoptosis in cells. Interestingly, HSF1 itself
and its individual target genes have been shown to inhibit
apoptosis. HSP27 has been shown to inhibit apoptosis via
interacting with death domain—associated protein, bcl-
2—1like protein 4, cytochrome ¢, and caspases under stressful
conditions.” >® HSP70 blocks assembly of the apoptotic
machinery.” HSP90 regulates expression of hypoxia-
inducible factor-lot in hepatocellular carcinoma.®’” HSF1
itself has been shown to down-regulate second mitochon-
dria-derived activator of caspase (SMAC) to inhibit
apoptosis in pancreatic cancer cells.”’ Silencing of HSFI
induced apoptosis in human hepatocellular carcinoma cell
lines.”” dnHSF1-B-Y mice showed a nearly threefold in-
crease in apoptosis 2 weeks after injection compared with 3-
Y mice. We posit treatment with the dnHSF1 acts as a
molecular prune to the burgeoning tumor cells. In most
cases, tumor foci do not form. In a few cases, tumor foci
persist but are throttled in their growth by HSF1 inhibition.
More research is needed to precisely ascertain which
downstream targets of HSF1 control apoptosis in hepato-
blastoma. In addition, HSF1 signaling may have molecular
roles beyond control of apoptosis in hepatoblastoma as it
has in other cancers.

This work provides evidence that HSF1 may be a novel
biomarker and pharmacologic target for hepatoblastoma. A
key question to be explored is whether HSF1 signaling can
be inhibited sufficiently to decrease tumor growth while still
allowing normal cellular function to minimize adverse
effects.

Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.ajpath.2022.10.006.
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