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Inositol 1.4.,5-trisphosphate receptor type 3 is involved
in resistance to apoptosis and maintenance
of human hepatocellular carcinoma
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Abstract. The expression of the inositol 1,4,5-trisphosphate
receptor type 3 (ITRP3) in hepatocytes is a common event in
the pathogenesis of hepatocellular carcinoma (HCC), regard-
less of the type of underlying liver disease. However, it is not
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known whether ITPR3 expression in hepatocytes is involved
in tumor maintenance. The aim of the present study was to
determine whether there is an association between ITPR3
expression and clinical and morphological parameters using
HCC samples obtained from liver explants from patients
(n=53) with different etiologies of underlying chronic liver
disease (CLD). ITPR3 expression, mitosis and apoptosis were
analyzed in human liver samples by immunohistochemistry.
Clinical and event-free survival data were combined to assess
the relationship between ITPR3 and liver cancer growth in
patients. RNA sequencing analysis was performed to identify
apoptotic genes altered by ITPR3 expression in a liver tumor
cell line. ITPR3 was highly expressed in HCC tumor cells
relative to adjacent CLD tissue and healthy livers. There was
an inverse correlation between ITPR3 expression and mitotic
and apoptotic indices in HCC, suggesting that ITPR3 contrib-
uted to the maintenance of HCC by promoting resistance to
apoptosis. This was confirmed by the upregulation of CTSB,
CHOP and GADDA4S5, genes involved in the apoptotic pathway
in HCC. The expression of ITPR3 in the liver may be a prom-
ising prognostic marker of HCC

Introduction

Hepatocellular carcinoma (HCC) is the commonest primary
liver malignancy and its incidence is increasing worldwide (1).
According to the GLOBOCAN database, in 2020, including
intrahepatic bile ducts, there were 905,677 new cases of
liver cancer around the world, accompanied by 830,180 new
deaths (2). Liver cirrhosis is a major risk factor for HCC (3).
Although liver transplantation is the primary long term cura-
tive treatment, HCC still has a recurrence rate of 10-15% in
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transplant patients (4). Since biopsy is not mandatory for HCC
diagnosis (5), the availability of tumor specimens for analysis
is limited, which in turn has limited our understanding of the
molecular mechanisms involved in carcinogenesis.

The calcium ion (Ca?*) is an intracellular second messenger
involved in energy metabolism, cell cycle control, gene expres-
sion, cell proliferation, cell migration, necrosis and apoptosis in
nearly every cell type, including hepatocytes (6). The inositol
1,4,5-trisphosphate receptor (ITPR) is the only intracellular
Ca” release channel expressed in the liver, with all three
isoforms described in humans and rodents (7,8). The expression
of each ITPR varies among cell type, having distinct subcel-
lular distribution and biophysical properties (9). For instance,
under physiological conditions type 1 (ITPR1) and 2 (ITPR2)
are the predominant isoforms in hepatocytes (10,11), while
isoform 3 (ITPR3) is absent or minimally expressed (12).
However, ITPR3 becomes significantly expressed in hepato-
cytes in acute (13,14) and chronic liver diseases, as well as in
HCC and in liver cancer cell lines (15,16). ITPR3 expression is
also increased in other malignancies, including cholangiocar-
cinoma (17), colon cancer (18), melanoma (19), mesothelioma
and prostate cancer (20).

Epigenetic events have been associated with the expres-
sion of ITPR3 in HCC, with hypomethylation of the promoter
region of the ITPR3 gene upregulating its expression (16).
In contrast, the promoter regions of ITPR1 and ITPR2 are
already demethylated in normal hepatocytes (16), consistent
with the observation that ITPR1 and ITPR2 are constitutively
expressed in this cell type (10).

To understand the biological role of ITPR3 in HCC, the
present study compared ITPR3 expression in HCC and adja-
cent cirrhotic parenchyma in patients with different types of
underlying chronic liver disease. It also correlated ITPR3
expression with clinical and morphological parameters in
order to investigate whether ITPR3 could serve as a prognostic
marker.

Materials and methods

Sample characterization. A total of 53 liver explants from
patients who underwent orthotopic liver transplantation
(OLT) in Hospital das Clinicas, Universidade Federal
de Minas Gerais (UFMG; Federal University of Minas
Gerais), Brazil, between January 2002 and December 2017,
were retrospectively reviewed after the study was approval
by the local Ethics Committee, COEP-UFMG, in the
city of Belo Horizonte, state of Minas Gerais, Brazil
(CAAE 71206617.8.0000.5149) and written informed
consent was obtained from the patients or their relatives.
Histologically normal tissues were obtained from liver resec-
tions of patients with metastatic colon cancer between 2010
and 2017 at Hospital das Clinicas (UFMG), after rigorous
examination by an experienced pathologist.

A representative slide of each case was selected and
analyzed after staining with conventional hematoxylin and
eosin (H&E) and immunohistochemistry. Formalin-fixed
(concentration 10%; duration 12 h at room temperature) and
paraffin-embedded samples were deparaffinized and antigen
retrieval was performed in citrate buffer (10 mM) containing
0.6% peroxide of hydrogen (heating temperature, 65°C for 8 h

in the thermal oven), followed by four immersions in xylene
(the first for 20 min and the others with 1 min duration) and
three immersions in absolute alcohol (the first for 5 min and
the others with 1 min duration). Afterwards, the slides were
immersed in running water for 3 min. The Novolink Polymer
Detection System (cat. no. RE7200-CE; Leica Microsystems,
Inc.) was used in the subsequent steps as described previ-
ously (21). Primary antibodies against ITPR3 (anti-ITPR3;
Sigma-Aldrich; Merck KGaA; cat. no. HPA003915) and
ssDNA labeling (anti-Single Stranded DNA; cat. no. 18731;
Immuno-Biological Laboratories, Co., Ltd.) were incubated
overnight at room temperature in a 1:100 dilution, followed
by incubation with detection polymer for 40 min at room
temperature. DAB was used for signal detection.

Clinical pre-OLT data and histopathological parameters
of the explanted liver were retrospectively collected from the
medical records, including sex, age, etiology of the underlying
chronic liver disease (CLD), model for end-stage liver disease
(MELD) and CHILD-Pugh scores (CHILD); prognostic
models that estimate the severity of underlying liver condi-
tion, pre-OLT serum levels of a fetoprotein (AFP), number of
nodules, size of the greatest nodules, microvascular invasion
and histological grade. The medians of MELD, AFP, total
bilirubin, international normalized ratio, creatinine, alanine
aminotransferase, aspartate aminotransferase and serum
albumin were obtained from the sum of the values of each
of these clinical data for each patient. Therefore, the medians
reflect the mean of the total sum of the 53 patients in this study,
between the minimum and maximum values.

Outcomes, such as death from any cause or tumor recur-
rence since OLT and event-free survival (EFS), defined as the
time interval between the OLT date and the occurrence of the
event or ending of the follow-up period (December 20, 2017),
were analyzed.

Analysis of ITPR3 expression intensity and ssDNA labeling
index. To evaluate ITPR3 expression, images of immunohis-
tochemistry slides stained for ITPR3 from 10 different fields
(magnification, x40) were captured in tumor and adjacent
cirrhotic parenchyma through an optical microscope (Zeiss
GmbH). The intensity of ITPR3 staining was evaluated by
delimiting 10 cytoplasmic regions, excluding the nucleus,
using ImageJ 1.50i1 software (National Institutes of Health).
The software performed this analysis through a histogram,
which expressed the intensity of the pixels in each selected
region on a scale between 0-255. ITPR3 expression intensity
was expressed as the mean of 10 analyzed cells in each of
the 10 imaged fields.

Mitotic index evaluation. A total of two experienced liver
pathologists identified areas of interest and counted the
number of mitotic cells in 10 high-power fields (HPF) of
H&E stained slides (magnification, x20) in order to identify
areas containing mitotic figures, in metaphase or anaphase.
Following Baak (22), the mitotic cells were counted only with
a complete agreement between the two pathologists through a
multi-head microscope. The delineation between low mitotic
index in samples with >5 mitotic figures at 10 HPF and high
mitotic index in samples with =5 mitotic figures at 10 HPF was
based on previous studies (23-27).
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Pre-processing of raw RNA sequencing (RNA-seq) data.
Raw read sequences were pre-processed by filtering out read
sequences with less than 36 bp, removing low quality or N bases
from the read ends, trimming Illumina adapters, scanning the
read with a 4-base wide sliding window and cutting when
the average quality per base dropped below 15 (LEADING:3
TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36) by
Trimmomatic v0.39 (28).

The raw RNA-seq data were obtained in our previous publi-
cation, through experiments with HepG2 (16), considered a cell
line of liver cancer. A commercially available CRISPR/Cas9
system was used to eliminate ITPR3 in HepG?2 liver cancer
cells (Santa Cruz Biotechnology, Inc.). Cells were grown in
Dulbecco's Modified Eagles Medium (cat. no. 11320033)
supplemented with L-glutamine (1 mM; cat. no. 25030149),
fetal bovine serum (10% v/v; cat. no. A4766801) and
penicillin/streptomycin (100 units/ml and 100 mg/ml;
cat. no. 15140122) at 37°C in a humid environment with an
artificial atmosphere containing 5% CO,.

Quantification and differential gene expression analysis.
Quantification of the gene expression (-g) was performed by
Salmon v1.2.1 (29). The transcriptome index was built using
the cDNA sequences of the Homo sapiens assembly version
GRCh38 downloaded from Ensembl release 104 (30). The
estimated number of reads were used for the differential gene
expression analysis. Genes with low expression levels were
removed; genes with counts scaled by total mapped reads per
million >1 in at 29 samples were retained for differential gene
expression analysis. DESeq2 (31) was applied to evaluate the
differential gene expression using DEBrowser v1.16.1 (32).
Genes were considered differentially expressed when they had
an adjusted P-value <0.05; fold-change <-1.5 (downregulated
or more enriched in control condition).

Identification of differentially expressed genes associated with
apoptosis. Genes participating in the human apoptosis route
were extracted from the Kyoto Encyclopedia of Genes and
Genomes (KEGG) Pathways (33) Apoptosis map (hsa04210)
was obtained using the rest application programming interface
of KEGG. Genes on the apoptosis pathway were mapped to
their corresponding UniProt identifiers by UniProt's idmap-
ping (The Uniprot Consortium 2021) (34). The same was done
for the ensemble gene IDs of differentially expressed genes.
An in-house custom python script was used to compare both
lists and identify differentially expressed genes participating
on the apoptosis pathway. A custom colorized version of the
apoptosis pathway, containing upregulated genes in green,
downregulated genes in red and non-differentially expressed
genes in white was generated using KEGG Mapper (35).

Heatmap. Heatmaps of the top 50 differentially expressed
genes sorted by the average Reads per Kilobase per Million
of mapped reads were generated for each condition by
Heatmapper (36) using average linkage clustering and
Euclidean measurement methods.

Statistical analysis. Descriptive statistics summarized the
data, which were expressed as numbers and percentages (cate-
gorical) and as median and interquartile range (continuous). A

normality test (Shapiro-Wilk) was performed for each contin-
uous variable. For comparison between the etiological groups,
y* or the Fisher's exact test was applied in categorical variables
and Mann Whitney or Kruskal-Wallis test in continuous data.
In multiple comparisons, Dunn's test was applied after the
Kruskal-Wallis test. Multivariate COX regression model with
covariance structure was performed to determine the model for
EFS. Moreover, to evaluate the correlation between the clini-
copathological parameter and ITPR3 expression, Spearman's
coefficient was used. SPSS software, v20 (IBM Corp.), was
used for statistical analysis. Three technical replicates were
used per sample in the analyses. Final results were expressed
as the mean of the three values. P<0.05 was considered to
indicate a statistically significant difference.

Results

The etiologies of the underlying chronic liver diseases among
the explanted livers were distributed as follows: Hepatitis C
virus (HCV) infection (n=31; 58.5%), alcoholic liver disease
(ALD; n=16; 30.2%) and cryptogenic cirrhosis (CC; n=6;
11.3%). Multiple etiologies or coexistence of other liver
pathologies were considered exclusion criteria.

Among all etiological groups, the median age of the patients
was 57.09 years (range, 41.11-74.03). The median MELD score
was 15.0 (range, 6.0-32.0) and the median AFP was 123.78
(range, 1.00-2883.00). The median total bilirubin was 2.65
(range, 0.50-8.70), the median international normalized ratio
was 1.045 (range, 0.990-2.690) and the median creatinine was
1.02 (range, 0.14-3.00). The median alanine aminotransferase
was 91.3 (range, 24.0-325.0), the median aspartate aminotrans-
ferase was 85.54 (range, 25.00-267.00) and the median serum
albumin was 3.20 (range, 2.00-4.80). All clinical and labora-
tory data are summarized in Table I.

Morphological descriptions of the livers from HCC patients
are presented in Table II. The number of nodules was catego-
rized into two groups: <3 nodules and >3 nodules. Vascular
invasion was categorized as present or absent. Differentiation
grade, according to Edmondson and Steiner (37), was classified
into I and II (Low grade; well differentiated) and III and IV
(high grade; poorly differentiated). The non-categorical data
(mitosis and nodule size) are expressed as median values.

As ITPR3 expression is a common event in HCC develop-
ment (16), the presence and distribution of this Ca®* channel
was evaluated in HCC samples from different etiologies.
ITPR3 staining of cholangiocytes was used as an internal
positive control, as this liver cell type constitutively expresses
ITPR3 (29). There was greater ITPR3 labeling, both in the
non-tumor regions of the explants (Fig. 1A) and the tumor
regions (Fig. 1B), relative to hepatocytes from healthy control
livers. ITPR3 labeling in the tumor region of patients with
HCC caused by HCV (Fig. 1C) or ALD (Fig. 1D) were higher
in comparison with the adjacent non-tumor region, while
no difference was observed between these two regions in
CC patients (Fig. 1E). Although the level of ITPR3 staining
was similar among the etiologic groups in both the cirrhotic
parenchyma and the tumor regions (Fig. 1F), the pattern of
labelling varied among groups. In the tumor regions and in
the underlying cirrhotic parenchyma, homogeneous staining
of ITPR3 was observed, with ITPR3 dispersed throughout the
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Table I. Clinical and laboratory data of patients with hepato-
cellular carcinoma.

Table III. Correlation between ITPR3 labeling intensity with
anatomopathological and clinical data parameters.

Parameter Minimum Median Maximum
Age (years) 41.11 57.09 74.03
MELD 6.0 150 320
AFP (ng/ml) 1.00 123.78 2883.00
TBIL (mg/dl) 0.50 2.65 8.70
INR 0.990 1.045 2.690
Creatinine (mg/dl) 0.14 1.02 3.00
ALT (U/T) 24.0 91.3 325.0
AST (U/N) 25.00 85.54 267.00
ALB (g/dl) 2.00 3.20 4.80

MELD, model for end-stage liver disease; AFP o fetoprotein; TBIL,
total bilirubin; INR, international normalized ratio; ALT, alanine
aminotransferase; AST, aspartate transaminase; ALB, albumin.

Table II. Anatomopathological characteristics of liver from
patients with hepatocellular carcinoma.

Clinical parameters Value
Nodules number*

<3 26 (55.3%)

>3 21 (44.7%)
Vascular invasion®

Present 23 (54 .8%)

Absent 19 (45.2%)
Differentiation degree®

Low degree (I-1I) 35 (72.9%)

High degree (III-1V) 13 (27.1%)
Histological type®

Pseudo-acinar 6 (12.8%)

Solid 3 (6.4%)

Trabecular 22 (46.8%)

Pseudo-acinar/trabecular 16 (34.0%)
Mitosis (10 HPF)® 5.0 (0-22.0)
Nodule size (cm)® 30 (1-10.5)

Data are expressed as “absolute numbers (percentage) or "median
(interquartile range). HPF, high-power fields.

hepatocyte cytoplasm (Fig. 1A and B; blue arrows). In some
cases, as observed in CC, a predominant perinuclear region
of ITPR3 staining (Fig. 1A and B; black arrows) was present.

As in other malignancies, ITPR3 expression is an early
event in HCC carcinogenesis (16,18) which may then relate to
morphological aspects as well as clinical outcomes of patients
affected by the disease. Thus, the correlation between ITPR3
expression and clinicopathological parameters was inves-
tigated. Table III showed that serum AST levels positively
correlated with the intensity of the tumor ITPR3 labeling
profile (P<0.02), a correlation that was not observed in the

Clinical Cirrhosis Tumor
parameters P-value P-value
Number nodules 0.120 0.296
Vascular invasion 0.637 0.746
Necrosis 0.114 0461
Fibrosis 0.752 0.456
Tumor inflammation 0.383 0.552
Intracellular 0.927 0.825
characteristics

Differentiation 0.677 0.668
degree

Histological pattern 0.601 0.941
MELD 0.395 0.393
AFP (ng/ml) 0.703 0.781
TBIL (mg/dl) 0.496 0.694
INR 0.403 0.344
Creatinine (mg/dl) 0.216 0.248
ALT (U/1) 0410 0.281
AST (U/) 0.497 0.018*
Mitosis (10 HPF) - 0.0098"

MELD, model for end-stage liver disease; AFP, a fetoprotein; TBIL,
total bilirubin; INR, international normalized ratio; ALT, alanine
aminotransferase (“P<0.098. Spearman post hoc test); AST, aspartate
transaminase; ALB, albumin; HPF, high-power fields ("P<0.098;
Student t-test).

adjacent parenchyma (P>0.4; using Spearman's statistical
test).

A high mitotic index (=5/10 HPF) is a poor prognostic factor
in HCC, as well as with intrahepatic metastasis, larger tumor
size, higher AFP levels, advanced tumor stage (24,28), vascular
invasion, poor histological differentiation and recurrence
rate (26). Therefore, the mitotic index was correlated with the
intensity of ITPR3 labeling. Mitotic index was categorized as
either low (<5) or high (>5). The majority of cases (62.8%) had
a low mitotic index (n=22), while 37.2% (n=13) exhibited high
mitotic index. In addition, patients with greater ITPR3 staining
exhibited a lower mitotic index, while patients with less ITPR3
labeling intensity exhibited a higher mitotic index (Fig. 2A). The
mitotic index was inversely associated with ITPR3 expression
in the tumor region (P<0.01; using unpaired Student's t-test).
These results suggest that cell proliferation is not the process by
which ITPR3 regulates liver tumor maintenance. Therefore it
was investigated whether Ca®* may instead modulate apoptosis.

Apoptosis is involved in both cancer growth (19) and liver
regeneration (30). Our group has previously demonstrated
that ITPR3 expression can induce resistance to cell death
in HCC (16). Thus, the correlation between the apoptotic
marker ssDNA labelling and ITPR3 expression was investi-
gated. In the HCC samples, 69.7% (n=23) had a low apoptotic
index (=50%), whereas 30.3% (n=10) exhibited a high apoptotic
percentage (>50%) (Fig. 2B). Patients with higher intensity of
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Figure 1. Representative images of ITPR3 labeling in HCC, underlying cirrhotic parenchyma and non-tumor livers (controls). (A) ITPR3 labeling in cirrhosis
in patients diagnosed with HCV (n=31), ALD (n=16), CC (n=6) and healthy (control; n=2). Scale bar=200 ym (magnification, x5), 50 gm (magnification, x 20)
and 25 ym (magnification, x40). Black arrows indicate ITPR3 perinuclear localization in hepatocytes. Blue arrows indicate ITPR3 cytoplasmatic localization
in hepatocytes. (B) ITPR3 labeling in tumor (HCC) region of patients diagnosed with HCV (n=31), ALD (n=16), CC (n=6) and healthy (control; n=3). Black
arrows indicate ITPR3 perinuclear localization in hepatocytes. Blue arrows indicate ITPR3 cytoplasmatic localization in hepatocytes. (C) Representative
graph of the intensity of ITPR3 marking in HCC regions and cirrhotic parenchyma of patients with HCV compared with non-tumor livers (control; n=31;
“P<0.0001; "“P<0.0001). (D) Representative graph the intensity of ITPR3 marking in HCC regions and cirrhotic parenchyma of patients with ALD compared
with non-tumor livers (control; n=16; “P<0.0057; “"P<0.0001). (E) Representative graph the intensity of ITPR3 marking in HCC regions and cirrhotic paren-
chyma of patients with CC compared with non-tumor livers (control; n=06; ““"P<0.0001). (F) Representative graph the ITPR3 labeling intensity in tumor
samples and cirrhotic parenchyma comparing the three etiologies (““P<0.0001). ITPR3, inositol 1,4,5-trisphosphate type 3 receptor; HCC, hepatocellular
carcinoma; HCV, hepatitis C virus; ALD, alcoholic liver disease; CC, cryptogenic cirrhosis; ALD, alcoholic liver disease.

ITPR3 staining exhibited a low apoptotic percentage, while To improved understanding of the mechanism by which
patients with lower intensity of ITPR3 displayed a higher apop-  ITPR3 expression in hepatocytes is protective, rather than
totic percentage (P<0.0005; Fig. 2C). These findings suggested  permissive, of cell death by apoptosis, RNA-seq was analyzed
that upregulation of ITPR3 correlates with higher apoptosis  comparing global gene expression patterns between wild-type
resistance, which could contribute to tumor maintenance. and ITPR3 knockout HepG2 cells. The apoptotic genes CTSB,

As the mitotic index and apoptotic percentage were both CHOP and GADDA45 were found to be upregulated in the
inversely associated with the intensity of tumor ITPR3 staining, ITPR3 KO cells (Figs. 3 and S1). CTSB is a protease whose
whether these two parameters correlated with each other in  overexpression indicates poor prognosis of patients with
HCC was evaluated. In the specimens of the present study, the =~ HCC, facilitating tumor migration and invasion (38). CHOP
degree of apoptosis and mitosis were directly related (P<0.05 by  is a potential pro-apoptotic oncogene in HCC, participating
unpaired Student's t-test; Fig. 2D), indicating that these events  in the promotion of hepatic carcinogenesis through pathways
were closely related in the context of the role of ITPR3 in the  involved in crosstalk with ATF6 (39). The GADD45 family of
modulation of the cell cycle and tumoral maintenance in HCC.  proteins responds to physiological and environmental cellular
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stress (40) through apoptosis (41), with a specific under-expres-
sion in HCC that correlates with worse prognosis (41). These
results suggest that chronic ITPR3 expression may promote
an anti-apoptotic response pathway in liver cancer through
modulation of gene expression and proteasome activity.

In the survival analysis, the median event-free survival
(EFS) was 113.2 months (range, 93.1-133.2), considering all
etiologies together. The Kaplan-Meier curve showed a signifi-
cant difference comparing the EFS among etiologic groups
(Renyi test=0.015; Fig. 4). This difference was identified
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between CC and HCV etiologies (P=0.001). However, neither
ITPR3 expression in the tumor nor in the cirrhotic region
was associated with EFS outcome. Together, the results
suggested that ITPR3 expression in transformed hepatocytes
is implicated in evasion of apoptosis, which contributes to the
maintenance of HCC.

Discussion

Hepatocarcinogenesis is a process that involves multiple steps
and in which several pathways can interact (42). Among them,
regulators of cell proliferation and survival are prominent (43).
Although different types of underlying CLD can lead to
tumorigenesis through different mechanisms (44.,45), de novo
expression of the ITPR3 Ca®* channel was noted as a common
molecular signaling pathway that occurs in all HCC-related
etiologies (16). The present study confirmed the involvement of
ITPR3 in HCC of patients with HCV, ALD and CC.

Together, two main molecular classes of HCC can be iden-
tified (46). The proliferation class, characterized by a higher
availability of signals involved in cell cycle proliferation and
cell cycle progression, as well as progenitor cell markers,
is associated with a more aggressive clinical course. Such
tumors have higher AFP levels, less cell differentiation and
more frequent vascular invasion (47,48). These characteristics
are in turn associated with greater chances of recurrence after
initial treatment and lower survival rates (48,49). HCC from
hepatitis B virus infection is mostly in this class (50). The
non-proliferative class of HCC possesses at least two central
molecular characteristics: A predominance of Wnt signaling
in <25% of cases and an immune response in the remainder
of cases; in the physiological context, the tumor transcriptome
of this class is similar to normal liver physiology (50). From a
clinical perspective, tumors in this class exhibit less aggressive
characteristics, such as higher cell differentiation index and
lower AFP levels. Regarding the underlying etiology, HCV
and ALD-related HCC are more frequent in this class (48).

In the sample of the present study, the main CLD etiolo-
gies were HCV and ALD, with average AFP serum levels
of 123.8 ng/ml, which is relatively low, as only levels above
400 ng/ml are considered as a threshold in the diagnosis of
HCC (51). Regarding morphology, the tumor was well differ-
entiated (grade I or II of Edmondson and Steiner score) in
72.9% of patients, the median nodule size was <3.0 cm and
62.8% of tumors had a low mitotic index. Taken together, these
data indicated that the majority of the tumors in the present
study would be classified as non-proliferative. Moreover, the
tumor stage was not as advanced, which is compatible with
some methods of treatment received; OLT is considered
for patients fulfilling the Milan Criteria, as in our hospital:
Hospital das Clinicas of the Federal University of Minas
Gerais.

The prognostic importance of the mitotic index and tumor
stage is appreciated in a number of malignancies (52,53). In
addition, its value is similar to that of techniques such as nuclear
antigen of cell proliferation (54) or DNA analysis (55,56). In
the context of HCC, there is evidence that a high mitotic index
is an unfavorable prognostic indicator (24,25,57,58), as well as
an independent predictor of short-term survival in patients who
undergo hepatectomy with curative intent (23). In addition, a

high mitotic index (=5/10 HPF is associated with intrahepatic
metastasis, larger tumor size, higher AFP levels and advanced
tumor stage (23,27), as well as vascular invasion (26), poor
histological differentiation and high recurrence rate (23). In
the samples in the present study, most patients (62.8%) had a
low mitotic index (<5/10 HPF). This corroborated in vivo and
in vitro studies which demonstrated that both HCV and ALD
negatively affect cell cycle, promoting a G2/M phase arrest in
HCC cell lines (59,60).

Demethylation of the promoter of the ITPR3 gene is
necessary for its expression in hepatocytes and has been
associated with cell proliferation in mouse livers after partial
hepatectomy (PH) (16). The data of the present study showed
that the higher the expression of ITPR3, the lower the mitotic
index. These apparent discrepancies can be explained, in part,
by the methodologies used in these studies (PCNA vs. mitotic
index), as well as the type of samples analyzed (animal PH
model vs. human HCC specimen). PCNA, used in the previous
study, is known to serve an important role in the metabolism
of nucleic acids and its main function is associated with DNA
replication (61). However, PCNA may also be present in repair
by DNA excision, cell cycle control, chromatin assembly and
RNA transcription (61). Therefore, PCNA staining might also
reflect cells in phases preceding mitosis. Another important
factor is the type of sample used, either the PH model, in which
hepatocytes are prompted to proliferate as a physiological
process of the liver (62), or the liver with already established
HCC. So, while previous work showed that ITPR3 stimulates
hepatocyte proliferation and that its sustained expression in
hepatocytes might lead to liver cancer (16), the findings of the
current study supported a role for ITPR3 in the maintenance
of the liver tumor by preventing cell death, rather than through
enhanced hepatocyte proliferation.

It is known that liver growth involves apoptosis, both in
physiological conditions, such as in regeneration (29) and in
pathological situations, such as in HCC (16). Additionally,
Ca*" signaling through ITPR3 is part of apoptotic cell
death (30) and the role of ITPR3 in carcinogenesis has
been recently reviewed (63). ITPR3 can participate in both
inhibiting and promoting apoptosis, depending on the type
of tumor (16). The present study demonstrated an inverse
correlation between apoptosis and liver tumor I'TPR3 expres-
sion. This is consistent with a previous finding that ITPR3
triggers anti-apoptotic gene expression in HCC cell lines (16).
Similarities occur in colon cancer cells, in which ITPR3 over-
expression is associated with decreased apoptosis (18) and in
hepatocytes infected with yellow fever virus, in which higher
ITPR3 hepatocyte expression prevents cell death through
apoptosis (14).

ITPR3 expression can induce resistance to cell death
in liver cancer by increasing the expression of POU4F1
and decreasing SIAH2 in WT cells compared with HepG2
ITPR3KO (16). The present study extended these previous
observations using RNA-seq and observed that more genes
have their expression profile altered in relation to ITPR3 and,
also, it is suggested that the signaling pathways associated with
apoptosis resistance were altered in HepG2 ITPR3 KO cells
(Fig. S1). In particular, a significant upregulation of CTSB,
CHOP and GADDA45 was observed, genes associated with
either cell survival or apoptosis.
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In the context of HCC, CHOP is pro-apoptotic (39),
performing a pro-tumorigenic function, being an oncogene in
hepatic carcinogenesis (39). CHOP is ubiquitously expressed
at very low levels normally, but is strongly expressed in cells
subjected to severe stress (64). However, activation of this
gene is not universally observed in human HCC, which leads
to the suggestion that there are other oncogenic pathways that
promote hepatocarcinogenesis independently of CHOP. Thus,
this gene may participate more in the progression of HCC
rather than in its induction (39). The data from the present
study suggested that the action of ITPR3 on CHOP expres-
sion was associated with the apoptotic signaling pathway by
promoting maintenance of liver cancer development.

Growth arrest and damage to DNA 45 (GADDA45) is a
family composed of three homologous acidic proteins (a, p and
v) (65), which respond to cellular stresses of environmental and
physiological origin (41). GADDA45 proteins are also involved in
hepatic tumorigenesis, in both carcinogenesis and established
HCC (65). In the context of HCC, GADD45f has a pro-apoptotic
action and occurs at a low or absent expression level in neoplastic
cells, a specific characteristic of this type of tumor (41). This
is critically correlated with fundamental clinical-pathological
characteristics of tumor development (41). The synergistic
effect of aspirin and sorafenib treatment induces an increase in
GADD45f in HCC, promoting apoptosis and control of tumor
growth (66), an opposite effect of growth in the non-neoplastic
liver (65), reflecting the opposing effects of this gene depending
on the biological context. GADD45f responses reflect its
dynamics in rapid adaptations (65), being a possible diagnostic
and selection biomarker for the treatment of HCC (66). These
data suggest that the appearance of ITPR3 in liver cancer may
promote tumor maintenance through the suppressive effect of
GADDA45 expression, especially of the 3 isoform.

The present study demonstrated the upregulation of impor-
tant genes involved in the apoptotic pathway in liver cancer,
such as GADD45 and CHOP. However, high-throughput
technology would add stronger evidence. Thus, the absence of
microarray experiments is a limitation of the present study.

In other types of neoplasms or liver diseases, ITPR3 can
assume several roles. In prostate cancer, the mechanisms that
promote the degradation of ITPR3 and prevent apoptosis have
been elucidated (19). In ischemia-reperfusion injury, ITPR3
serves a protective role in which expression of the protein serves
to change the mechanism of hepatocyte death from necrosis to
apoptosis (15). This demonstrates the versatility that ITPR3
assumes within the varied contexts of different diseases and
organs, but all associated with apoptotic events. It has been
demonstrated that ITPR3 serves a role in proliferative stimulation
and apoptosis block in liver cell lines and normal mouse liver (16).
The current study provided evidence in human HCC samples
that ITPR3 serves a role in hepatocarcinogenesis by modulating
apoptosis. Additional work will be needed to better understand
the mechanism by which de novo expression of ITPR3 correlates
with mitosis and apoptosis in the pathogenesis of HCC, as well as
whether this represents a potential target for therapy.

In conclusion, ITPR3 was highly expressed in HCC tumor
cells relative to its expression level in the underlying CLD and
healthy livers. ITPR3 expression was inversely correlated with
apoptotic and mitotic indices in HCC, suggesting that ITPR3
contributed to the maintenance of HCC, promoting resistance

to apoptosis. This resistance to apoptosis and alteration
of tumor cell survival occurred, at least in part, through an
intracellular signaling pathway in which ITPR3 demonstrated
a negative effect on the expression of CHOP and GADDA45,
providing a reduction in apoptotic cell death. The expression
of ITPR3 in the liver may be a promising prognostic marker of
HCC and other types of liver cancer.
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