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Abstract

Obijective: To determine the effect of hyperthermic intraperitoneal chemotherapy (HIPEC) with
carboplatin on the transcriptomic profiles of normal and ovarian cancer (OC) tissues.

Methods: Normal and tumor samples from four OCs were prospectively collected pre-

and immediately post-HIPEC treatment and subjected to RNA-sequencing. Differential gene
expression, gene ontology enrichment and pathway analyses were performed. Heat shock protein
and immune-response protein expression was assessed using protein arrays and western blotting.

Results: RNA-sequencing revealed 4,231 and 322 genes significantly differentially expressed
between pre- and post-treatment normal and OC tissues, respectively (both adjusted p-value
<0.05). Gene enrichment analyses demonstrated that the most significantly upregulated genes in
normal tissues played a role in immune as well as heat shock response (both adjusted p<0.001). In
contrast, HIPEC induced an increased expression of primarily heat shock response and protein
folding-related genes in tumor tissues (both adjusted p <0.001). HIPEC-induced heat shock
protein (HSP) expression changes, including in HSP90, HSP40, HSP60, and HSP70, were also
observed at the protein level in both normal and tumor tissues.

Conclusions: HIPEC with carboplatin resulted in an upregulation of heat shock-related genes in
both normal and tumor tissue, with an additional immune response gene induction in normal and
protein folding in tumor tissue. The findings of our exploratory study provide evidence to suggest
that HIPEC administration may suffice to induce gene expression changes in residual tumor cells
and raises a biological basis for the consideration of combinatorial treatments with HSP inhibitors.

Keywords
HIPEC; ovarian cancer; gene expression; heat shock; immune response

INTRODUCTION

Ovarian cancer is the leading cause of deaths among gynecologic cancers in developed
countries, with an estimated 19,880 new cases and 12,810 deaths in the US in 2022 [1].
This high mortality rate is primarily attributed to the fact that the majority of women are
diagnosed with advanced disease. Although spread beyond the ovaries is common, the
disease largely remains confined to the abdominal cavity and spreads along the peritoneal
lining of the abdominal organs without deeply invading the organs [2]. Furthermore,
recurrence is experienced by most patients with advanced-stage cancer and preferentially
occurs within the abdominal cavity [3]. This prompted investigators to evaluate postsurgical
intraperitoneal (IP) drug delivery as a therapeutic approach which demonstrated promising
results, however a substantial number of patients experience adverse effects and are unable
to complete IP therapy, hindering its widespread adoption [3-6].
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Hyperthermic intraperitoneal chemotherapy (HIPEC) offers the option to deliver drug
therapy directly to the site of disease in an intraoperative setting with the addition of
hyperthermia. The addition of hyperthermia stems from studies showing its ability to
increase the cytotoxic effect of chemotherapeutic agents by increasing tumor penetration
and platinum-induced DNA adduct formation [7-12]. Although there is increasing clinical
evidence to support the role of HIPEC during the upfront management of advanced ovarian
cancer [13-15], the molecular basis of HIPEC is poorly understood [16]. In this exploratory
study, we sought to assess the effects of HIPEC on normal and tumor tissues at the
transcriptomic level to define mechanisms that could be exploited to potentiate the effects of
HIPEC in the treatment of ovarian cancer.

METHODS

Cases

This study was performed within the context of a randomized clinical trial investigating the
efficacy and safety of carboplatin administered via HIPEC after surgical resection in patients
with recurrent platinum-sensitive ovarian cancer at Memorial Sloan Kettering Cancer Center
(MSK; NCT01767675)[16]. This study was approved by the Institutional Review Board and
patient consent was obtained. Tumor tissue and normal uninvolved tissue, including from the
omentum, peritoneum, or portion of bowel (Supplementary Table 1), were intraoperatively
collected pre- and immediately post- HIPEC treatment from four cases that randomized to
the treatment arm. All patients had high-grade serous carcinoma of ovarian origin. HIPEC
treatment consisted of carboplatin 800mg/m? diluted in 3L of normal saline administered
via IP perfusion for approximately 90 minutes in the hyperthermic phase at approximately
41-43°C, as described [16]. Tissue samples were snap-frozen at the time of resection.

RNA extraction

Frozen sections of tumor and normal tissue were stained with hematoxylin and eosin and
reviewed by a pathologist (FP) to define the percentage of neoplastic cells within tumor
samples and to verify that normal samples lacked neoplastic cells. Only cases in which

the normal tissue was completely devoid of neoplastic cells were included. In all tumors
samples, neoplastic cells comprised greater than 75% except for the pre-HIPEC tumor
sample of Case 2 which tumor cell content was 50%. RNA was extracted from tumor and
matched normal tissues using the RNeasy Mini kit (Qiagen, Germantown, MD), according
to the manufacturer’s instructions, and quantified using the Qubit Fluorometer (Invitrogen,
Thermo Fisher Scientific, Waltham, MA).

RNA-sequencing and differential gene expression analysis

RNA samples were subjected to polyA PE50 RNA-sequencing using validated protocols

at MSK Integrated Genomics Operation (1GQ), as previously described [17, 18]. In

brief, RNA-sequencing reads were aligned using STAR [19]. Genes with very low/ poor
expression levels, defined as less than a 0.2 count per million (CPM), were removed from
further analyses. Raw counts were normalized using an upper quartile of M-values approach
[20], and dispersion was estimated over all genes using the quantile-adjusted conditional
maximum likelihood method [21]. The Benjamini-Hochberg method was used to correct for
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multiple comparisons [22]. Reads Per Kilobase Million (RPKM) values were estimated from
raw counts normalizing for sequencing depth and adjusted for length of genes, as previously
described [17].

Differential gene expression (DGE) analyses were performed between pre- and post-
treatment tumor and normal tissue samples, using the DESeg2 R package [23], and
differentially expressed genes after HIPEC exposure were defined using a 1-versus-all t-test
and permutation testing. The statistical design included the subject variable to account for
differences within samples from the same case. Batch correction was carried out using
ComBat (sva R package) [24]. Pre-filtering was applied to remove genes with less than 10
reads across samples. P-values were adjusted for multiple testing using Benjamini-Hochberg
correction [22], and p-values <0.05 were considered statistically significant. The gene
expression of HSPE1, which codes for HSP10 protein and was present in the protein array
(see below), could not be assessed as it was not identifiable among those genes having
undergone alignment during RNA-sequencing data processing. For hierarchical clustering,
normalized counts were processed using variance stabilizing transformation, and cluster
analysis was performed using Euclidean distance and complete linkage. Gene set enrichment
analysis (GSEA) was performed using the GSEA-P R application 1.0 [25] with an input
using normalized raw counts. The ontology gene set (C5) was obtained from MSigDB
version 7.0 [26].

Protein arrays

Frozen normal and tumor tissue (50-200mg) was resuspended in lysis buffer containing
protease inhibitors and homogenized using the Qiagen TissueRuptor Il. The homogenized
tissue was incubated for 2 hours at 4°C in constant rotation, and then centrifuged at 13,000
rpm for 15 minutes at 4°C. The protein in the supernatant was quantified using the BCA
Protein Assay Kit (Abcam, Cambridge, MA), and 250ug of protein of a given sample was
incubated on the RayBio Human HSP Array C1 (AAH-HSP-1-2; RayBiotech, Peachtree
Corners, GA) membrane following the manufacturer’s instruction. The RayBio Human
HSP Array C1 included 9 heat shock proteins (i.e. HSP90, GRP75, HSP27, Ubiquitin+1,
HSP32, HSP10, HSP40, HSP60 and HSP70). The signal was detected through HRP-
streptavidin chemiluminescence following the manufacturer’s instruction and visualized
with high performance chemiluminescence film (GE Healthcare, Chicago, IL) and a Konica
SRX-101A medical film processor (Konica Minolta, Wayne, NJ). Images were quantified
using the Protein Array Analyzer for ImageJ (NIH).

Western blotting

Forty micrograms of protein lysate from frozen tissue were used for western blotting

as described [27]. Primary antibodies against IL-6 (D3K2N #12153, Cell Signaling
Technology, Danvers, MA) and tubulin (DM1A Cell Signaling Technology) were used
at 1:1000 dilution. A conjugated secondary anti-rabbit antibody (LI-COR, 926-68073;
LI-COR Biosciences, Lincoln, NE) was used and signal was detected using the Odyssey
Infrared Imaging System (LI-COR). Quantification and analysis were performed using
Image Studio Lite (LI-COR) as described [17].
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Enzyme-linked immunosorbent assay (ELISA)

The amount of IL-6 protein in the frozen tumor and normal tissue derived protein lysates
was determined using the Human IL-6 ELISA kit (SigmaAldrich, St. Louis, MQ) according
to the manufacturer’s instructions. The values were background-corrected, and results were
displayed as pg IL-6 per ml of protein lysate according to the standard curve. Tubulin was
used as protein loading control.

Immune deconvolution

Immune cell deconvolution from the RNA-sequencing data was performed using
CIBERSORT absolute mode in the Immunedeconv R package [28, 29]. Counts were
transformed into Transcripts Per Kilobase Million (TPM). A CIBERSORT score was
calculated as an estimate of the enrichment of a specific population of cells within a given
sample.

Statistical analysis

Wilcoxon rank test was employed to define statistical differences between tumor and normal
pre- and post-HIPEC groups. Comparisons between groups across immune subpopulations
in the CIBERSORT analysis were performed using Wilcoxon rank test. A two-tailed p-value
was reported and considered statistically significant if p<0.05. Statistical analyses were
conducted using R3.5.2.

RESULTS

Gene expression patterns of normal and tumor tissues before and after HIPEC exposure

RNA-sequencing was performed on normal and tumor tissues collected before and after
HIPEC with carboplatin from four patients (Supplementary Table 1). Unsupervised cluster
analysis of the 47 genes intersecting with a false discovery rate (FDR) <0.1 across all four
pre- and post-HIPEC tumor and normal samples revealed that the samples clustered by
tissue type (i.e. tumor vs normal) and by the presence or absence of exposure to HIPEC

(i.e. pre- vs post-HIPEC; Figure 1). Furthermore, we observed that the normal tissues
post-HIPEC treatment formed a more discrete cluster away from the remaining samples.
These data provide evidence to suggest that the exposure to HIPEC with carboplatin induces
transcriptional changes in both normal and tumor tissues.

As a next step, we identified within the normal tissue samples and within the tumor tissue
samples the genes that were significantly up- or down-regulated after HIPEC exposure using
a 1-versus-all t-test and permutation testing. This analysis revealed 4,231 genes significantly
differentially expressed between pre- and post-treatment in normal tissues and 322 genes
differentially expressed between pre- and post-treatment in tumor tissues (p-value<0.05;
Figure 2, Supplementary Table 2). Whilst the number of genes differentially expressed
between pre- and post-HIPEC samples was higher in normal tissues, the magnitude of the
gene expression changes induced by HIPEC with carboplatin were similar between normal
and tumor tissues (Figure 2).
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To annotate the differentially expressed genes functionally, a gene set enrichment analysis
(GSEA) was performed. Using Gene Ontology classification, we found that the most
significantly altered gene sets in normal tissue after exposure to HIPEC were related to

heat shock response and cytokine activity (p-value<0.05; Figure 3, Supplementary Table 3).
CSF3, IL6, ILIR2and PTX3were among the genes with the highest levels of upregulation
in normal tissue after HIPEC exposure, all of which play a role in immune response

by coding for cytokines and interleukin receptors (adjusted p-value < 0.001; Figure 2,
Supplementary Table 2). Heat shock response-related genes were also induced in normal
tissue after HIPEC exposure, however to a lesser extent than immune-related genes (Figure
2). Unlike the findings in normal tissue, GSEA analysis revealed that in tumor tissues the
most significantly altered gene sets induced by HIPEC exposure were primarily related to
heat shock, protein folding and protein binding (p-value<0.05; Figure 3, Supplementary
Table 3). This finding corroborates that of the DGE analysis where HSPA6, HSPA1A,
HSPA1Band HSFAIL, which are all part of the heat shock response, were among the genes
most significantly altered following HIPEC exposure (adjusted p-value <0.001; Figure 2,
Supplementary Table 2). These data provide evidence to suggest that transcriptional changes
in tumor samples primarily affected heat response- and protein folding-related genes, in
contrast to the effect of HIPEC on normal tissue, where immune response-related genes
were the most significantly altered.

Heat shock protein expression levels after HIPEC

We next evaluated the impact of HIPEC within normal and tumor tissues at the protein
level, through protein antibody array and western blotting analyses. First, we used a heat
shock protein antibody array to detect changes in the expression of 9 heat shock proteins
(HSPs), including HSP90, GRP75, HSP27, Ubiquitin+1, HSP32, HSP10, HSP40, HSP60,
HSP70 (Figure 4A). An overall increase of HSP90, GRP75, and Ubiquitin+1 was observed
in normal tissues as compared to a decrease in tumor tissues after HIPEC exposure. On

the other hand, an increase in HSP27, HSP32, HSP40, HSP60 protein expression levels
was observed in tumor tissues as compared to a decrease in normal tissue after HIPEC
exposure. Only HSP70 protein expression increased in both normal and tumor tissues
following HIPEC (Figure 4A). These findings at the protein level were consistent with

the RNA-sequencing-based gene expression changes detected in tumor tissues, where we
observed a decrease in the expression levels of GHI (GRP75) and RPS27A (Ubiquitin+1)
and an increase in the expression levels of HSPB1 (HSP27A), HMOX1 (HSP32), DNAJB5S
(HSP40), HSPA14 (HSP60), and HSPA4 (HSP70) (Figure 4B). The only discrepancy
between gene and protein expression levels in tumor tissues after HIPEC exposure was
related to HSP90, for which was found to be increased at the transcriptomic level
(HSP90AAI) but not at the protein level. In normal tissues, while at the transcriptomic
level there was an upregulation across all heat shock genes analyzed after HIPEC exposure,
increased protein expression levels after HIPEC exposure were only detected for HSP90,
GRP75, Ubiquitin+1 and HSP70 (Figures 4A and 4B, Supplementary Table 4).

Finally, we assessed whether the high-level induction of /L6 gene expression in normal
tissue after HIPEC was also present at the protein level. We performed two orthogonal
assays, western blot analysis and ELISA, which both showed that IL-6 protein expression

Gynecol Oncol. Author manuscript; available in PMC 2023 May 01.
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was increased in normal tissue after HIPEC, and that, akin to the transcriptomic analysis,
this increase was significantly higher in normal than in tumor tissues (western blot, p-
value=0.03, Figure 4C; IL-6 ELISA, p-value=0.05, Figure 4D).

Comparison of cell type composition across samples—To evaluate the cell
composition of the tumor and normal tissue samples based on HIPEC exposure status, we
performed a deconvolution analysis using CIBERSORT, assessing 22 types of infiltrating
immune cells [28, 29]. The immune cell composition of normal and tumor samples prior

to HIPEC exposure was similar (p>0.05). After HIPEC exposure, however, we observed a
significant difference in the immune cell composition of normal vs tumor samples, with
normal cells showing an increase in CD4 naive and resting memory cells, macrophage M1
and M2, resting mast cells, and neutrophils (p<0.05; Figure 5). Importantly, there was no
significant change observed in the cell composition of the tumor samples before and after
HIPEC exposure (p>0.05). In contrast, in the normal tissue samples before and after HIPEC,
we found a significant change in the composition of CD8 T cells, activated and resting mast
cells, activated NK cells, and neutrophils (p<0.05; Figure 5).

DISCUSSION

The multimodal approach of cytoreductive surgery and HIPEC is based on both scientific
evidence that hyperthermia is selectively cytotoxic to malignant cells and augments the
efficacy of the chemotherapeutic agent [30-32] as well as clinical data demonstrating an
impact on progression-free and overall survival [14]. Given its combination with surgery,
however, delineating the actual effect of a single 90-minute exposure of HIPEC from

the effects of surgery on the disease is challenging. The intraoperative setting is an

ideal opportunity to sample tissue before and after HIPEC. In this exploratory, hypothesis-
generating study, we investigated whether such an exposure would result in measurable
changes and demonstrated that a 90-minute single exposure to HIPEC with carboplatin is
sufficient to have implications on tumor gene expression as well as protein production.

Gene enrichment analyses demonstrated that the most significantly upregulated genes in
normal tissues played a role in immune as well as heat shock response (both adjusted
p-value <0.001). In contrast, HIPEC induced an increased expression of primarily heat
shock response and protein folding-related genes in tumor tissues (both adjusted p-value
<0.001). In addition, changes in gene expression of certain HSP related genes are thought to
have occurred relatively quickly during the 90-minute time frame as not only were changes
in gene expression observed, but also protein production. Specifically, in tumor samples
this time frame proved sufficient to upregulate the gene expression of HSPB1, HMOX1,
DNAJB5, HSPA14, and HSPA4, as well as production of the corresponding proteins
HSP27, HSP32, HSP40, HSP60, and HSP70. The exception was the increase expression
of HSP90AA1 which did not coincide with an observed increase in protein production,
indicating that translation was likely still underway.

HSPs act as molecular chaperons and are protective against various cell stressors such as
ischemia, heat stress, and oxidative stress [33, 34], properties that have resulted in the
development of HSP inhibitors as potential cancer therapeutic agents. Some HSPs, such as

Gynecol Oncol. Author manuscript; available in PMC 2023 May 01.
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HSP9O0, are also chaperon proteins that inhibit protein misfolding and aggregation and in
doing so, promote survival of cancer cells [35]. In ovarian cancer, multiple studies have
shown that targeted inhibition of certain HSPs has antitumor effects such as inhibiting

cell growth, cell cycle arrest, and induction of apoptosis [36—38]. Specifically, one HSP90
inhibitor that has shown promise across several tumor types is AUY922 [36, 39, 40]

and has been tested on ovarian cancer cell lines demonstrating anti-proliferative effects
and when administered in combination with carboplatin potentiated platinum-sensitivity
[37]. Additionally, the co-inhibition of HSP70/HSP90 has been shown to sensitize cells to
hyperthermia [41]. We demonstrated that the most significant changes in gene expressions
among ovarian cancer cells exposed to HIPEC was an upregulation of HSP related genes.
In addition, on a protein level we also demonstrate increased production of HSP proteins
within ovarian cancer cells exposed to HIPEC. This suggests that a specific HSP inhibitor
in addition to the chemotherapeutic agent administered during HIPEC could enhance the
tumor cells sensitivity to hyperthermia and induce a pro-apoptotic effect. It is important

to mention that in addition to the upregulation of HSPs in the tumor tissue, there was a
significant increase in the expression of other gene pathways involved in protein folding.
These pathways warrant further investigation as they may offer other opportunities for non
HSP targeted therapies aimed at inhibiting these rescue pathways instituted by tumor cells in
the setting of exposure to HIPEC.

This study has important limitations. First, its small sample size renders it exploratory

and hypothesis-generating. Despite the small sample size, a consistent biological signal

was observed across patient specimens. Also, with the analysis performed, the relative
contribution of platinum versus hyperthermia versus the combination thereof on the
observed gene and protein expression changes in the tissues could not be assessed [42]. In

a recent study, Javellana et al. reported on the mutational and gene expression changes after
neoadjuvant chemotherapy for ovarian cancer [43]. We used these data to assess the effect of
chemotherapy in the absence of heat on the transcriptomic profiles of ovarian cancer cells,
and found no significant changes in the expression of heat shock-related genes (i.e. with

a Logofold change of >2). This lack of change in the levels of heat shock response gene
expression after chemotherapy provides evidence to suggests that the transcriptomic changes
we observed in our study post HIPEC are likely due to the heat effect or the combination

of heat with chemotherapy. Our findings warrant further studies to investigate the cellular
effects of heat versus chemotherapy, the biological impact of HIPEC on cancer cells, as well
as the interaction between HIPEC and the genetic make-up of ovarian cancer. Although gene
and protein expression changes were observed in post-HIPEC samples, further analyses are
required to define the specific HSPs or specific formations of misfolded protein aggregates
that are induced by HIPEC across ovarian cancers and whether their targeting could be of
potential therapeutic relevance.

Despite its exploratory nature, this study provides an assessment of the biological impact of
HIPEC with carboplatin on ovarian cancer cells and normal tissues and raises the hypothesis
that the HIPEC-induced increased expression of HSPs and proteins related to protein folding
in ovarian cancer cells may provide a biological basis for combinatorial treatments to be
deployed in conjunction with HIPEC to target malignant cells while sparing normal tissue.
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HIGHLIGHTS

. HIPEC causes transcriptomic changes in normal and tumor tissues

. HIPEC induces upregulation of heat shock-related genes in normal and OC
tissues

. Genes implicated in protein folding are induced in OC tissues post HIPEC

. Genes playing a role in immune response are induced in normal tissues post
HIPEC

. The production of heat shock response proteins changes after HIPEC

administration
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Figure 1: Hierarchical cluster analysis of normal and ovarian cancer tissues pre and post HIPEC

with platinum.

Heatmap of all 47 genes intersecting with a false-discovery rate (FDR) < 0.1 across all four
categories (post HIPEC tumor vs normal, pre HIPEC tumor vs normal, post HIPEC tumor vs
pre tumor, post HIPEC normal vs pre normal). Hierarchical clustering was performed using
Euclidean distance and complete linkage. Cases are shown in columns and genes in rows.
Gene expression levels are color-coded according to the legend. Tissue type and time point
are is depicted at the top bar.
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Figure 2: Volcano plot of genes differentially expressed in normal and ovarian tumor tissue pre

vs post HIPEC with platinum exposure.

Differentially expressed genes after HIPEC with platinum exposure in normal (left) and
tumor (right) tissues, plotted as Log, fold-change in the x-axis and —Log1q g-value on the
y-axis. Expression of genes colored as red (up-regulation) and blue (down-regulation) dots
has significantly changed after HIPEC with platinum exposure with a p-value <0.05 and

a Log, fold-change >1.5. Genes highlighted with a yellow box represent the four most
significantly upregulated genes related to immune response after HIPEC in normal tissue,
whereas those with a light blue box represent the four most significantly upregulated genes
after HIPEC in tumor tissue, which are heat shock proteins.
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Figure 3: Gene set enrichment analysis of genes differentially expressed pre- and post-HIPEC

with platinum exposure in normal and tumor tissue samples.

Gene set enrichment analysis of genes differentially expressed pre- and post-HIPEC
exposure in normal tissue samples (top) and tumor tissue samples (bottom), illustrated

by gene ontology classification and ordered based on the magnitude of the normalized
enrichment score (NES). Only gene sets that were significantly altered with a p-value <0.05
are illustrated in this figure. Gene ontology classifications are highlighted in red or green if
the classification includes =5 genes related to heat-shock or immune response, respectively.
If genes from both a heat-shock and immune response were present with the classification,

no designation was given.
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Figure 4: Effects of HIPEC with platinum on heat-shock and immune-related protein expression

in normal and tumor tissue.

(A) Heatmap of human heat shock protein antibody array demonstrating changes in protein
expression levels of normal and tumor tissue samples after HIPEC with platinum exposure,
color-coded according to the legend (left). Following background subtraction, the data were
normalized to the positive control signals. For each protein, the mean Log, fold-change
post-HIPEC samples compared to pre-HIPEC samples are shown on the right. Error bars,

s.d. of mean.
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(B) Gene expression Log, fold-change normalized by gene expression levels pre-HIPEC
exposure (Error bars, s.d. of mean). Genes selected for illustration are those that correspond
with the 9 heat shock proteins HSP90, GRP75, HSP27, Ubiquitin+1, HSP32, HSP10,
HSP40, HSP60 and HSP70 investigated in the protein antibody array (Table, right).

(C) Western blot analysis of IL-6 protein in normal and tumor samples pre- and post-HIPEC
with platinum exposure. Tubulin was used as protein loading control (bottom). Mean of
Log, fold-change of post-HIPEC samples as compared to pre-HIPEC samples (right). Error
bars, s.d. of mean. Cases are labeled H1 — H4, for normal and tumor tissues.

(D) ELISA of IL-6 protein in normal and tumor samples pre- and post-HIPEC with platinum
exposure. Error bars, s.d. of mean.
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Figure 5: Cell type deconvolution of normal and tumor tissue based on HIPEC exposure.
Using RNA-Sequencing data, cell type composition of 22 human leukocyte subtypes using

CIBERSORT between normal and tumor tissue samples before and after HIPEC with
platinum exposure were defined. Z-score values of the CIBERSORT scores and p-values
(Wilcoxon rank test) are color-coded according to the legend.
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