Dig Dis Sci (2015) 60:2373-2383
DOI 10.1007/s10620-015-3633-9

CrossMark

@

ORIGINAL ARTICLE

Differential Expression of Ion Channels and Transporters During
Hepatocellular Carcinoma Development

Violeta Ziiiiiga-Garcia' - Maria de Guadalupe Chavez-Lopez' - Valeria Quintanar-
Jurado® - Nayeli Belem Gabifio-Lépez” - Elisabeth Hernandez-Gallegos' -
Juan Soriano-Rosas® - Julio Isael Pérez-Carreén” - Javier Camacho’

Received: 4 November 2014/ Accepted: 13 March 2015/Published online: 5 April 2015

© Springer Science+Business Media New York 2015

Abstract

Background Tlon channels and transporters are potential
markers and therapeutic targets for several cancers. How-
ever, their expression during hepatocellular carcinoma
(HCC) development remains unclear.

Aim  To investigate the mRNA expression of Na*, K* and
Ca”*" channels and ABC transporters during rat HCC de-
velopment, as well as Abcc3 protein in human liver biopsies.
Methods Wistar rats were treated with diethylnitrosamine
(DEN) and developed both cirrhosis (12 weeks of treatment)
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and either pre-neoplastic lesions (16 weeks of treatment) or
multinodular HCC (16 weeks of treatment plus 2 weeks
DEN-free). The mRNA expression of 12 ion channels and
two ABC transporters was studied using real-time RT-PCR.
Tumor-containing or tumor-free liver sections were isolated
by laser-capture microdissection. Abcc3 protein expression
was studied by immunohistochemistry in healthy, cirrhotic
and HCC human biopsies.

Results We observed expression changes in seven genes.
Kcna3, Kenn4, Kenrg and Kenjl1 potassium channel mRNA
expression reached peak values at the end of DEN treatment,
while Scn2al sodium channel, Trpc6 calcium channel and
Abcc3 transporter mRNA expression reached their highest
levels in the presence of HCC (18 weeks). Whereas Kcnn4
and Scn2al channel expression was similar in non-tumor and
tumor tissue, the Abcc3 transporter and Kcna3 potassium
channels were preferentially overexpressed in the tumor
sections. We observed differential Abcc3 protein subcellular
localization and expression in human samples.

Conclusions The ion channel/transporter expression pro-
file observed suggests that these genes are potential early
markers or therapeutic targets of HCC. The differential
localization of Abcc3 may be useful in the diagnosis of
cirrhosis and HCC.

Keywords Diethylnitrosamine - Laser capture
microdissection - Liver tumor markers - y-Glutamyl
transferase - Multidrug resistance

Introduction

Hepatocellular carcinoma (HCC) has a very high mortality-

to-incidence ratio and is a major cause of cancer-related
death worldwide [1]. Because HCC has a very poor
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prognosis and is often diagnosed at an advanced stage, new
early markers and therapeutic targets to prevent, diagnose
or treat this disease are urgently needed. Most cases of
HCC develop within a background of chronic liver dam-
age, including cirrhosis or chronic hepatitis [2]. Taken to-
gether, viral and toxic agents (alcohol and aflatoxin B1)
account for approximately 80 % of all HCC cases in hu-
mans [2]. Hepatocarcinogenesis is a slow and multistep
process involving different genetic alterations that ulti-
mately lead to the malignant transformation of hepatocytes
[2—4]. Diethylnitrosamine (DEN)-induced hepatocarcino-
genesis is one of the most commonly used in vivo HCC
models because the histological and genetic signatures
observed in this model resemble those of human HCC,
including the progression of cirrhosis to HCC [5, 6].

A great limitation in the treatment of HCC is the de-
velopment of drug resistance. Cancer cells might be either
insensitive to drug treatment from the beginning of therapy
(intrinsic drug resistance) or become resistant after che-
motherapy (acquired drug resistance), leaving the patient
with no effective therapeutic options and a very poor
prognosis. Therefore, in addition to the HCC markers re-
ported (for instance HepParl, alpha-fetoprotein, GPC3 and
CK19), it is very important to study the expression of the
transporters involved in multidrug resistance. This might
serve to identify biomarkers predicting the potential re-
sponse to chemotherapy and lead to more efficient per-
sonalized medicine in HCC [7-9].

Several ion channels, including voltage-gated and tran-
sient receptor potential channels (TRP) as well as ATP-
binding cassette (ABC) transporters, have been suggested
to play relevant roles in cancer biology and may be
promising novel markers and targets for clinical interven-
tion [10-15]. The expression of several ion channels is
regulated by cancer-associated factors, including hor-
mones, chemical carcinogens or human papilloma virus
oncogenes [16—18]. Accordingly, the potassium channel
K,10.1 has been found to be overexpressed in pre-malig-
nant cervical lesions [19] and in diverticulitis, which has
the potential to develop into colonic cancer [17]. Notably,
the overexpression of several ion channels has been ob-
served at different times and tissue locations in a colonic
cancer model induced by dimethylhydrazine and N-methyl-
N-nitrosourea treatment in mice [17]. Based on the channel
expression reported for other cancers, we selected 12 ion
channels to evaluate in this study. In addition, unpublished
results from our group revealed that Abcc3 expression is
increased in an HCC model. Thus, we also studied the
expression of two transporters, including Abcc3.

Nevertheless, despite the rapidly increasing number of
studies in the ion channel field and the poor prognosis of
HCC, the expression of ion channels and transporters
during HCC development remains uncharacterized.
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Therefore, we here investigated the expression of several
ion channels and transporters during HCC development in
whole liver tissue in rats, as well as in tumor-containing
and tumor-free tissue isolated by laser capture microdis-
section [20-22]. We also studied Abcc3 protein expression
in human liver samples. Our results suggest that some of
these genes may be potential early markers and therapeutic
targets of HCC.

Materials and Methods
Animals and Treatments

Male Wistar adult rats (210-250 g, 7 weeks old) were
used. All animal care and experimentation conformed to
the Institutional Animal Care and Use Committee Guide-
lines. The experimental protocol was previously revised
and approved by the local Committee for Animal Ex-
perimentation. The animals were fed Purina rat chow and
water ad libitum. HCC was induced with DEN (diethylni-
trosamine, Sigma Chemical Co., St Louis, MO, USA)
following the procedure described by Schiffer et al. [6].
The rats were divided into control and DEN-treated groups.
DEN was i.p. administered (50 mg/kg) once a week. The
first treatment group received DEN for 12 weeks; at this
time, the animals develop liver cirrhosis. The second
treated group received DEN for 16 weeks; at this time, the
animals develop liver nodular lesions. Finally, the third
treated group received DEN for 16 weeks and was left 2
additional weeks without DEN (DEN-free); at this time, the
animals develop multinodular HCC. The body weight was
recorded every week for each animal. The rats were killed
by decapitation at the end of the corresponding treatments.
The livers were frozen in 2-methyl butane (St Louis, MO,
USA) with liquid nitrogen and stored at —80 °C.

Real Time-RT-PCR

Frozen liver slices were homogenized in RLT buffer (RNeasy
kit, Qiagen, Germany) supplemented with p-mercap-
toethanol, as detailed in the manufacturer’s instructions. RNA
was extracted using Qiagen RNeasy Mini Kit spin columns
(Qiagen, Germany) following the manufacturer’s instruc-
tions. The RNA concentration was determined spectropho-
tometrically at 260 and 280 nm with a NanoDrop ND1000
spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE, USA). The RNA integrity was confirmed using 1.5 %
agarose gel electrophoresis. The total RNA (750 ng) was
reverse transcribed with the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA,
USA) following the manufacturer’s instructions. The con-
centration and integrity of the RNA obtained from the tissue
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sections isolated with the Laser Capture Microdissection
technique were analyzed with the 2100 Bioanalyzer (Agilent
Technologies, Inc., Santa Clara, CA, USA). Real-time quan-
titative PCR was performed using TagMan Gene Expression
Assays (Applied Biosystems, Foster City, CA, USA). The
following probes were used: (ion channels) KCNA3 (K,1.3,
Rn00570552_s1), KCNH2 (K,11.1, Rn00588515_m1),
KCNN4 (K¢,3.1, Rn00576373_m1), KCNJ11 (K;;6.2, Rn01
764077_s1), KCNC4 (K,3.4, Rn01748431_m1), KCNRG
(Rn04244668_m1), CACNAI1H (Ca,3.2, Rn01460348_m1),
Scn2al (Na,1.2, Rn00561862_m1), Sen9a (Na,1.7, Rn005
91020_m1), TRPV6 (Rn00586673_m1), TRPC6 (Rn006
77559_m1), and TRPM8 (Rn00592665_m1); (ABC trans-
porters) MRP3 (Abcc3, Rn01452854_m1) and MRPS (Abc-
¢8, Rn00564778_m1); Gstp (Rn00561378_gH); these probes
were labeled with a FAM dye reporter on the 5’ end (Applied
Biosystems, Foster City, CA, USA). The cycling conditions
were as follows: 50 °C for 5 min, 95 °C for 10 min, followed
by 45 cycles of 95 °C for 15 s and 60 °C for 1 min. All PCR
reactions were performed on the 7900HT FAST system
(Applied Biosystems, Foster City, CA, USA). The house-
keeping genes used for normalization were glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Rn99999916_s1) and
ribosomal 18 s (Rn03928990); these probes were labeled with
a VIC dye reporter on the 5" end (Applied Biosystems, Foster
City, CA, USA). Data analysis was performed using the 2~
AACT method.

Follow-Up of Tumor Development and Laser-Capture
Microdissection

Tumor development was evaluated by counting the number
of macroscopic pre-neoplastic nodules and histological ex-
amination, as well as by studying 7y-glutamyl-transferase
(GGT, a commonly used liver tumor marker) activity in the
histological sections and glutathione S-transferase pi 1
(Gstpl) gene expression. Gstpl gene expression was inves-
tigated by real-time RT-PCR as described above. Liver tis-
sues embedded in paraffin were sliced into 3-um sections.
The slides were stained with hematoxylin and eosin (H&E)
for routine histologic examination. GGT activity was de-
tected by staining methods as previously described [23].
Histological images of GGT activity were analyzed with
Image] software (v. 1.43, National Institutes of Health,
USA). Laser capture microdissection (LCM) was used to
isolate either tumor-containing (GGT-positive) or tumor-free
(GGT-negative) liver sections from the heterogeneous tissue
using a low-power infrared laser (Veritas'™ Microdissection
Instrument, Arcturus Bioscience, Inc., Mountain View, CA)
as previously described [22]. The tumor-containing or tumor-
free areas removed by LCM were placed directly into a
microcentrifuge tube for RNA extraction.

Human Liver Biopsies

We obtained 30 liver biopsies from the tumor bank of the
Mexico City General Hospital “Dr. Eduardo Liceaga”
following local ethical considerations, including the pa-
tients’ written informed consent. This is a retrospective
study; thus, following the jornal requirements, we state that
formal consent is not required for this type of study. The
biopsies were histologically diagnosed as normal liver
(n = 10), cirrhosis (n = 10) or HCC (n = 10). It is worth
mentioning that the normal livers obtained from the tumor
bank were from patients whose deaths were not related to
any liver disease.

Immunohistochemistry

Immunostaining was performed using formalin-fixed,
paraffin-embedded tissue sections of surgically resected
liver specimens from 30 patients. Serial sections (4 pm)
were mounted on charged glass slides and deparaffinized
using xylene and a decreasing series of ethanol. After
washing with TBS/Tween (pH 7.4), antigen retrieval was
performed by microwaving in 10 mmol/l citrate buffer
(pH = 6.0) for CK19 and Tris/EDTA buffer (pH = 9.0)
for GPC3 and Abcc3. The sections were incubated
with protein block solution (DakoCytomation). Next, the
sections were incubated for either 1 h with the corre-
sponding primary antibodies against CK19 (1:250, rabbit
monoclonal, Bio SB) and GPC3 (1:250, mouse
monoclonal, Bio SB) or for 2 h for Abcc3 (1:20, mouse
monoclonal, Abcam Inc.). Afterwards, the sections were
incubated with secondary antibodies conjugated to per-
oxidase-labeled polymer (EnVision system, DakoCytoma-
tion) for GPC3 and Abcc3 and with SignalStain Boost THC
Detection Reagent (HRP Rabbit, Cell Signaling) for CK19.
The specific staining reaction was completed by incubating
the slides in the presence of 3,3’-diaminobenzidine (DAB)
in buffer reaction solution (Dako) and observed as a brown
staining. The sections were counterstained with hema-
toxylin. The negative controls were carried out by substi-
tution of the primary antibodies with non-immunized
serum, resulting in no immunostaining signal detection.
Immunohistochemical staining was interpreted by a spe-
cialized pathologist.

Statistical Analysis

One-way ANOVA followed by Tukey’s test was per-
formed using GraphPad Prism (version 5.00 for Windows,
GraphPad Software, San Diego, CA, USA). All results are
shown as the mean & SEM. Differences were considered
statistically significant when p values were <0.05.
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Results
HCC Development Evaluation

Figure 1 shows the major histological changes during HCC
development. The livers from untreated control animals
showed completely normal appearances and histology
(Fig. 1A), while the livers from animals treated for
12 weeks with DEN were clearly fibrotic (Fig. 1B). The
presence of neoplastic nodules became evident in the ani-
mals treated for 16 weeks with the carcinogen (Fig. 1C),
and the number of nodules increased in both number and
size in the animals also treated for 16 weeks with DEN but
allowed to progress for 2 more weeks in the absence of
DEN (Fig. 1D). Eight animals were studied in each group.
While no tumors were detected in the control group, the
percentage of animals displaying pre-neoplastic nodules
increased to 25 and 87.5 % in the groups treated with DEN
for 12 and 16 weeks, respectively. The group treated with
DEN for 16 weeks and left for 2 more weeks with no DEN
showed neoplastic nodules in 100 % of the animals. The
relative liver weight was 3 % in the control group and
increased to 4.3 and 4.5 % in the groups treated with DEN
for 16 and 16 4 2 weeks DEN-free, respectively. Tumor
development was also followed studying two known liver
tumor markers, namely GGT activity [24] and Gstpl gene
expression [11]. GGT activity was detected in the liver
sections by the appearance of round red areas. GGT ac-
tivity clearly increased with the progress of HCC (Fig. 2A,
B). Although GGT is mainly used as a tumor marker, it is
also found in small amounts in the bile ducts of normal
liver (not visible in this figure). Another liver tumor marker
commonly used in rat experimental hepatocarcinogenesis
is Gstpl gene expression, which noticeably increased
during HCC development (Fig. 2C).

Differential Expression of Ion Channels
and Transporters During HCC Development

Because of the role and gene expression changes of several
ion channels and transporters in other types of cancer [10—
15, 25, 26], we investigated the mRNA expression of 12 ion
channels and two transporters by real-time RT-PCR. No
mRNA expression changes during HCC development were
observed for the ion channels Kcnh2, Kcnc4, Cacnalh,
Scn9a, Trpv6 and Trpm8 and for the Abcc8 transporter. In
contrast, statistically significant increased expression chan-
ges during HCC development were found for the rest of the
genes studied (Abcc3, Trpc6, Scn2al, Kcnnd4, Kcna3,
Kcnjl1 and Kenrg). Two different expression patterns were
found (Fig. 3). In comparison with control untreated ani-
mals, mRNA expression of the Scn2al sodium channel,
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Trpc6 calcium channel and Abcc3 transporter displayed a
gradual increase and reached the highest levels in the pres-
ence of HCC, that is, in the group treated for 16 weeks with
DEN and left DEN-free for 2 weeks. The second expression
pattern found was for the Kcna3, Kenn4, Kenrg (potassium
channel-regulating protein) and Kcnjl1 potassium channels,
where the mRNA expression reached peak values at the end
of DEN treatment (16 weeks) but returned to almost normal
levels after 2 weeks in the absence of DEN, despite the
presence of HCC. This analysis was performed by studying
the whole liver tissue, where the combined presence of
normal hepatocytes, fibrosis, preneoplastic lesions and
HCC-type tumors can be found. We wondered whether
some of these genes were expressed in either the tumor-
containing (GGT-positive) or tumor-free (GGT-negative)
tissue sections. Thus, we isolated the GGT-positive areas by
laser-capture microdissection and studied the expression of
several ion channels and transporters.

Gene Expression in Tumor-Containing and Tumor-
Free Liver Sections

Laser-capture microdissection is a very useful tool to select
specific cell populations. This technique allows the isolation
of neoplastic cell regions (GGT-positive, red-color areas)
from neoplastic cell-free areas (GGT-negative) [22]. Fig-
ure 4A shows the liver tissue sections before and after the
isolation of tumor and tumor-free areas by laser-capture
microdissection. Once isolated, we studied the mRNA ex-
pression of several ion channels and transporters in these
different sections. There was substantial overlap in the data,
and no statistically significant differences were found. Nev-
ertheless, the Abcc3 transporter and Kcna3 channel were
preferentially overexpressed in the tumor-containing (GGT-
positive) sections (Fig. 4B). The expression of the Kcnn4
channel was more consistent in the GGT-positive and GGT-
negative sections, while the Scn2al channel expression was
more extensively expressed in the non-tumor regions.

Abce3 and Tumor Marker Expression in Human
Liver Biopsies

We studied the protein expression of the Abcc3 transporter,
which displayed the most dramatic changes in mRNA ex-
pression during HCC development. Abcc3 protein expres-
sion was studied in 30 human liver biopsies from normal,
cirrhotic or HCC tissue. The expression of the other already
proposed markers, namely CK19 and GPC3, was also in-
vestigated (Fig. 5).

Abcc3 protein expression (Fig. SA) was found in 10/10
(100 %) of the normal liver cases, with faint and diffuse
cytoplasmic staining, mainly in the periportal area. Abcc3
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Fig. 1 Liver morphology and
histology during hepatocellular A
carcinoma development.

A Untreated animals displayed
normal liver tissue,
characterized by liver
parenchyma organized into
plates, with homogeneous cell
size and uninucleated cells.

B Fibrosis and loss of the
normal architecture of the liver
as well as an increasing number
of binucleated hepatocytes was
observed in the rats treated with
diethylnitrosamine (DEN) for B
12 weeks (black arrows, right
panel). C Dysplastic nodules
(black arrows, left panel) and
disorganized liver histology
showing large and abundant
cytoplasm as well as an
irregular nucleus (black arrow,
right panel) were observed in
rats treated for 16 weeks with
DEN. D Large and abundant
nodules (black arrows, left C
panel) were displayed in the
livers from animals treated for
16 weeks with DEN and left
DEN-free for 2 weeks as well as
neoplastic cells with a large
nucleus (black arrows, right
panel). Scale bar = 400 pm

nodule

staining was detected in granular form. This result was
expected because Abcc3 expression in normal human
hepatocytes has been reported [27]. Liver cirrhosis biopsies
also displayed Abcc3 expression in 10/10 (100 %) of the
cases. Notably, in all of these cases, we observed Abcc3
expression at the plasma membrane of the hepatocytes.
Abcc3 immunoreactivity was observed in 7/10 (70 %) of
the HCC samples in the cytoplasm; this result was also
expected because Abcc3 expression in human HCC has
been reported [27]. The alanine aminotransferase (ALT)
enzyme levels were far above the normal range, and the
liver was significantly increased in size and weight (3 kg)

in all of the Abcc3-positive HCC patients. HCC patients
negative for Abcc3 expression displayed smaller liver size
and weight (approximately 1 kg). Chronic history of al-
coholism was reported for six out of the seven Abcc3-
positive cases from HCC patients.

CK19 immunohistochemical staining (Fig. 5B) was
negative in the normal liver tissue, as expected, but positive
in 7/10 (70 %) of the cases of cirrhotic tissue. CK19 was
found in the bile duct of the cirrhotic tissue but absent in
the hepatocytes, as expected. Five out of ten (50 %) of the
HCC cases were positive for CK19. In these five samples,
staining was found to be cytoplasmic.
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Fig. 2 Characterization of hepatocellular carcinoma (HCC) with
tumor markers. A Histologic gamma-glutamyl-transferase (GGT)
activity was determined as described in “Methods” and visualized as
red-colored, circle-like areas (black arrows), indicating the presence
of preneoplastic and tumor lesions. a Control group, b group treated
with diethylnitrosamine (DEN) for 12 weeks, ¢ group treated with
DEN for 16 weeks and d group treated with DEN for 16 weeks plus
2 weeks DEN-free. B Percentage of GGT-positive areas in the livers
during HCC development (groups a—d). Mean £+ SEM. *p < 0.005
versus group a, **p < 0.05 versus group b; ***p < 0.05 versus group
c¢. C mRNA expression of Gstpl determined by real-time RT-PCR
clearly increased during HCC. Mean & SEM. *p < 0.05 versus
control group a

Finally, GPC3 immunostaining (Fig. 5C) was negative
in the normal and cirrhotic tissues, as expected, but positive
in 6/10 (60 %) of the HCC cases. The inset in Fig. 5C
shows a complete view of the liver biopsy detecting
heterogeneous GPC3 expression in HCC, that is, positive
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or negative staining in the nodules in the same biopsy. All
three markers were identified in only one HCC case. Five
out of ten HCC patients including this one were diagnosed
with liver cirrhosis, multicenter HCC and lung metastasis.
However, this was the only case showing Glisson capsule
breakdown; therefore, it will be very interesting to evaluate
more biopsies to determine the potential association of
Abcc3-CK19-GPC3 coexpression with the Glisson capsule
breakdown.

Discussion

HCC has one of the highest cancer mortality-to-incidence
ratios [1]. Thus, new early markers are needed to treat the
disease at potentially curable stages. In addition, new
therapeutic markers are needed to treat the disease at stages
in which the patients do not respond to the available
therapies. Although several ion channels and transporters
have been suggested as potential markers and therapeutic
targets for different types of cancers [10-15, 25, 26, 28],
the expression of ion channels and transporters during HCC
development has not been studied. We observed the dif-
ferential expression of ion channels and transporters during
HCC development induced by DEN.

DEN is a representative chemical carcinogen with a
mechanism of action of forming ethyl adducts at N- and
O-atoms in DNA bases [29]. Despite this nonspecific
mechanism of action, we observed the overexpression of
only 7 out of the 14 genes studied. The mechanism of the
regulation of these genes by DEN during HCC remains
elusive. However, it has been shown that the specific
overexpression of certain ion channels also occurs in a
colonic cancer model induced by dimethylhydrazine and
N-methyl-N-nitrosourea treatment in mice [17].

Ion channels and transporters have been suggested to
play integral roles in cancer biology, including uncon-
trolled growth, decreased apoptosis, disorganized angio-
genesis, aggressive migration, invasion and metastasis [10-
15, 25, 26, 28]. We observed two different expression
patterns of ion channels and transporters during HCC de-
velopment. Potassium channel expression reached its
highest level at the end of DEN treatment and returned to
almost normal levels in the absence of DEN despite the
presence of HCC. These channels likely serve as indicators
of exposure to chemical carcinogens and early markers of
the disease as well as potential targets to prevent HCC
development. In contrast, the genes reaching higher ex-
pression in the presence of HCC might serve as targets to
treat patients not responding to conventional treatments.

In particular, Kenn4 (Kc,3.1) might have an important
role in diseases characterized by excessive cell prolif-
eration [30]. The selective pharmacological inhibition or
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Fig. 3 Differential mRNA
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knockdown of Kcnn4 suppresses mitogen-driven cell pro-
liferation and ameliorates disease progression [31]. Kcna3
(K,1.3) seems to be involved in cancer cell proliferation
and apoptosis in several types of tumors. Additionally,
Kcna3 expression varies depending on the cancer stage
[32], and knockdown of Kcna3 significantly suppressed
cell proliferation and increased apoptosis [33]. Kenrg en-
codes a potassium channel-regulating protein and was
proposed as a new tumor suppressor gene [34], located in
the 13q14.3 human chromosome. Several cytogenetic

studies have reported that chromosome 13q is one of the
most common deleted regions and contains one or more of
the genes associated with the development or progression
of HCC. Previous results suggest that genetic alterations
and the expression of Kcnrg might play an important role
in the development and/or progression of a subset of HCC
[35].

Trpc6 belongs to the family of transient receptor po-
tential channel proteins and can be activated by receptor
tyrosine kinases or G protein-coupled receptors, which are
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Fig. 4 Ion channel and transporter expression in tumor-containing
and tumor-free liver sections. A Representative laser-capture mi-
crodissection from liver tissue. a Captured gamma-glutamyl-trans-
ferase (GGT)-negative (non-tumor) liver tissue; b captured GGT-
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RT-PCR in the laser-captured sections. Magnification = x2, scale
bar = 6 mm
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A

CK19

Fig. 5 Expression of Abcc3, CKI19 and GPC3 in human liver
biopsies. Serial sections of the same tissue sample (normal liver,
cirrhosis or HCC) are shown. Abce3: A Normal liver showing
granular pattern staining (Gr) and diffuse staining in the cytoplasm.
B Cirrhotic tissue also showed diffuse cytoplasmic staining, but
notably, it displayed plasma membrane (PM) immunoreactivity.
C HCC showing strong and diffuse cytoplasmic staining; the arrows
indicate the nuclei of the neoplastic cells (Nu) (insets show
immunoreactivity for Abcc3 in a lower magnification). CK19:
A Normal liver showed no signal in hepatocytes, but focal staining

involved in human cancer cell proliferation [25, 28]. Trpc6
channels contribute to cell cycle progression, and blockade
of Trpc6 induces G2/M phase arrest and inhibits the
development of xenografted gastric tumors [36].

Increased expression of voltage-gated Na* channels has
been reported in several cancer types, including breast,
prostate and lung cancer, and has been associated with the
metastatic properties of cancer cells [37]. Increased inva-
sion of cancer cells is proposed to be mediated by in-
creasing H' efflux [38] and by stimulating cysteine
cathepsin activity [39]. The gradual increase in Scn2al
(Nay1.2) channel expression during HCC development
suggests this channel as a novel HCC biomarker.

Abcc3 transports organic anions and phase II metabolic
products and is mainly expressed in the kidney, liver and
gut. Additionally, Abcc3 expression has been reported in
cancer tissues, and a correlation with doxorubicin resis-
tance in lung cancer has been reported [40-42]. Abcc3
mRNA expression displayed a very high increase in

B (9

was observed in the bile duct of the periportal zone. B Cirrhotic tissue
showed mainly focal expression in the cholangiocytes. C HCC
showed no signal in this case, but focal staining was observed in 70 %
of the cases. GPC3: Normal liver (A) and cirrhotic tissue (B) were
negative, as expected. C HCC showed focal positive staining. The
inset shows a complete view of the liver biopsy displaying
immunonegativity (“—") for some nodules and immunoreactivity
(“+”) for another nodule in the same tissue. Original magnification,
x400; inset original magnification x100 (scale bar = 100 pm)

carcinoma tissue compared to normal tissue, probably as a
response to eliminate the toxic agent (DEN) from the cells.
Notably, we observed increased Abcc3 expression in the
tumor tissue (GGT™), suggesting that it might be involved
in cell proliferation or multidrug resistance, which is a
common phenomenon in HCC. Although Abcc3 expression
was consistent with the hepatocellular lineage in human
liver samples, we observed a differential subcellular lo-
calization and expression pattern in each type of liver
pathology: granular in normal liver, at the plasma mem-
brane in cirrhotic liver and only cytoplasmic in HCC. This
particular localization might be useful in the diagnosis of
cirrhosis and HCC, especially if used in combination with
CK19 and GPC3 expression.

The HCC model used here resembles human HCC de-
velopment, namely progression from cirrhosis to HCC [5,
6]. Insulin-like growth factor 1 (IGF-1) and alpha-feto-
protein (AFP) have been proposed as potential liver tumor
markers. IGF-1 and its receptor (IGF-1R) were increased in
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rat liver fibrosis induced by carbon tetrachloride [43]. In-
creased serum AFP was observed in the Solt-Farber car-
cinogenesis model over the first 2 months of treatment,
then declined but increased again after 12 months when
HCC appeared [44, 45]. In this model (also known as “the
resistant hepatocyte model”), the rats are initiated with
DEN, then treated with 2-acetylaminofluorene for 3 con-
secutive days; a 70 % partial hepatectomy is then per-
formed [44, 45]. Although AFP is not a specific marker, it
will be very important to evaluate IGF and AFP expression
in the HCC model used in the present study to know
whether such expression precedes ion channel and trans-
porter expression. It will also be relevant to study ion
channel/transporter expression in other liver cirrhosis and
HCC models, including those associated with hepatitis
virus infection, as well as in HCC biopsies with different
etiologies.

The role of the proteins and the corresponding genes
studied here in HCC development, as well as the potential
HCC-preventive and therapeutic effects of ion channel
inhibitors, should continue to be studied further. Never-
theless, although further studies are needed, the ion chan-
nel/transporter expression profile reported here suggests the
possibility of using these genes as potential early markers
and therapeutic targets in HCC.
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