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Inhibition of hypoxia-inducible carbonic anhydrase-
IX enhances hexokinase Il inhibitor-induced
hepatocellular carcinoma cell apoptosis
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Aim: The hypoxic condition within large or infiltrative hypovascular tumors produces intracellular acidification, which could activate
many signaling pathways and augment cancer cell growth and invasion. Carbonic anhydrase-IX (CA-IX) is an enzyme lowering pH. This
study is to examine whether hypoxia induces CA-IX in hepatocellular carcinoma (HCC) cells, and to evaluate its clinical implication in

HCC patients.

Methods: Human HCC cell lines (Huh-7 and HepG2 cells) were used, and cell growth was assessed using MTS assay. CA-IX expression
and apoptotic/kinase signaling were evaluated using immunoblotting. The cells were transfected with CA-IX-specific SiRNA, or treated
with its inhibitor 4-(2-aminoethyl) benzenesulfonamide (CAI#1), and/or the hexokinase Il inhibitor, 3-bromopyruvate (3-BP). A clinic
pathological analysis of 69 patients who underwent an HCC resection was performed using a tissue array.

Results: Incubation of HCC cells under hypoxia (1% O,, 5% CO,, 94% N,) for 36 h significantly increased CA-IX expression level. CAI#1
(400 pmol/L) or CA-IX siRNA (100 pymol/L) did not influence HCC cell growth and induce apoptosis. However, CAl#1 or CA-IX siRNA at
these concentrations enhanced the apoptosis induced by 3-BP (100 umol/L). This enhancement was attributed to increased ER stress
and JNK activation, as compared with 3-BP alone. Furthermore, a clinic pathological analysis of 69 HCC patients revealed that tumor

CA-IX intensity was inversely related to E-cadherin intensity.

Conclusion: Inhibition of hypoxia-induced CA-IX enhances hexokinase Il inhibitor-induced HCC apoptosis. Furthermore, CA-IX expres-
sion profiles may have prognostic implications in HCC patients. Thus, the inhibition of CA-IX, in combination with a hexokinase Il inhibi-
tor, may be therapeutically useful in patients with HCCs that are aggressively growing in a hypoxic environment.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most aggressive
malignancies originating from the diseased liver". HCCs
are characteristically hypervascular; therefore, transarterial
chemoembolization (TACE) is considered one of the favor-
able treatment options for unresectable HCCs. However, cells
that survive in HCC nodules despite TACE treatment, which
confers a robust hypoxic insult, sometimes grow more rap-
idly than those in neighboring nodules". Moreover, HCCs
occasionally exhibit an infiltrating rather than mass-forming
growth pattern™ ®, and these advanced infiltrative HCCs sel-
dom show hypervascularity, grow more rapidly, and have a
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poorer prognosis than mass-forming hypervascular tumors.
Therefore, hypoxia seems to promote signals that allow HCC
cells to survive and proliferate in a hypoxic environment!”..

In the hypoxic state, a glycolytic system replaces oxidative
phosphorylation as a salvage pathway for generating adenos-
ine triphosphate”’. Many glycolytic enzymes and glucose
transporters are induced by hypoxia inducible factor-1 (HIF-1)
through hypoxia response elements in their promoters'™.
HIF-1 also induces the two lactate dehydrogenase isoforms,
LDH-5 and LDH-A, and pyruvate dehydrogenase kinase
1. These lactate dehydrogenase isoforms convert pyruvate
to lactate, and pyruvate dehydrogenase kinase 1 prevents
pyruvate from entering the tricarboxylic acid cycle, which
enables the switch to a glycolytic metabolism®. Furthermore,
hexokinase (HK) is the first enzyme in this pathway and is
essential for maintaining the high glycolytic phenotype’®. We



previously demonstrated that hypoxia stimulates HCC cell
growth by inducing HK II expression”, and in vivo HK II inhi-
bition reveals an anti-tumor effect through the induction of
apoptosis'”. Glycolysis produces excessive amounts of lactate
and carbon dioxide (CO,) as by-products. However, these
waste products are not efficiently removed, due to the high

[11, 12], and

tumor interstitial pressure and defective vasculature
the resulting acidic milieu causes transient intracellular acidi-
fication, which is incompatible with cell growth and survival.
Thus, tumor cells that are either located within the hypovascu-
lar tumor or reside in the center of large tumors are exposed to
a hypoxia-induced acidic microenvironment; however, cancer
cells adapt to this acidic setting and continue to grow.
Carbonic anhydrase-IX (CA-IX) is a transmembrane
protein with a catalytic site in the extracellular space, and
it is involved in lowering pH by expediting the pericellu-
lar metabolism of CO, in a collaboration with bicarbonate

[13]

transporters In response to hypoxia, HIF-1 directly acti-

vates CA9 gene transcription and up-regulates CA-IX protein

expression!®.

Although CA-IX is expressed in few normal tis-
sues, it is expressed in many cancers, and its overexpression
was reported to be related to poor prognosis!* ™!

this knowledge, we postulated that CA-IX is one of the pos-

. Based on

sible mechanisms by which HCC adapts to the acidic tumor
milieu. Therefore, in this study, we aimed to examine whether
CA-IX is induced by hypoxia in HCC cells, and we evaluated
its clinical implications in HCC patients.

Materials and methods

Cell culture

Huh-7 and HepG2 cells, which were derived from a well-dif-
ferentiated HCC, were used in this study. Cells were grown in
DMEM supplemented with 10% fetal bovine serum, strepto-
mycin (100 mg/L), and penicillin (100 U/mL). Cell prolifera-
tion assays were performed using 3% fetal bovine serum, and
the other experiments were performed using cells that were
serum-starved overnight to avoid serum inducing signals.
Depending on the specific experiment, cells were incubated
either under standard culture conditions (20% O, and 5% CO,
at 37 °C) or under hypoxic conditions (1% O,, 5% CO,, and
94% N, at 37 °C).

Chemicals and reagents

3-Bromopyruvate (3-BP) and carbonic anhydrase inhibitor
(CAI) #1 sulfonamide [4-(2-aminoethyl)-benzenesulfonamide]
were obtained from Sigma-Aldrich, Inc (St Louis, MO, USA).
SP600125 (a c-Jun NH,-terminal kinase (JNK) inhibitor) was
obtained from Biomol Research Laboratories (Plymouth Meet-
ing, PA, USA).

Cell proliferation

The CellTiter 96 Aqueous One Solution cell proliferation assay
(Promega, Madison, WI, USA) was used to measure cell pro-
liferation. In this assay, dehydrogenase enzymes convert the
colorimetric MTS reagent [3,4-(5-dimethylthiazole-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
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salt] into soluble formazan in only the metabolically active
and proliferating cells. After each treatment, 20 pL of dye
solution was added to each well of a 96-well plate, which was
then incubated for 2 h. Afterward, the 490 nm absorbance
was measured with an ELISA plate reader (Molecular Devices,
Sunnyvale, CA, USA).

Quantitation of apoptosis

The levels of apoptosis were evaluated using the nuclear
binding dye 4’,6-diamidino-2-phenylindole dihydrochloride
(DAPI) to measure apoptotic cells by fluorescence microscopy
(Zeiss, Germany). The cells were treated with DAPI for 30
min and evaluated by fluorescence microscopy. Apoptotic
cells were defined as those containing nuclear fragmentation
and condensed chromatin. The percentage of apoptotic cells
was calculated as the ratio of apoptotic cells to total counted
cells x100. For each treatment, a minimum of 400 cells was
counted.

Immunoblot assay

Cells were lysed for 20 min on ice in lysis buffer (50 mmol/L
Tris-HCI, pH 7.4, 1% Nonidet P-40, 0.25% sodium deoxy-
cholate, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L
phenylmethylsulfonyl fluoride, 1 mmol/L Na;VO,, 1 mmol/L
NaF, and 1 pg/mL each of aprotinin, leupeptin, and pep-
statin), and they were centrifuged at 14 000xg for 10 min at
4 °C. Samples were resolved by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis, transferred to nitrocellulose
membranes, blotted with appropriate primary antibodies, and
incubated with peroxidase-conjugated secondary antibodies
(Biosource International, Camarillo, CA, USA). Bound anti-
bodies were visualized using a chemiluminescent substrate
(ECL; Amersham, Arlington Heights, IL, USA) and exposed to
Kodak X-OMAT film. The primary antibodies used included
mouse anti-CA-IX and mouse anti-phospho-eukaryotic initia-
tion factor 2a (elF2a), which were obtained from Santa Cruz
Biotechnology, Inc (Santa Cruz, CA, USA), and rabbit anti-
caspase 7, rabbit anti-caspase 8, rabbit anti-caspase 9, mouse
anti-phospho-JNK, rabbit anti-phospho-p42/44, and rabbit
anti-phospho-Akt, which were obtained from Cell Signaling
Technology Inc (Danvers, MA, USA). Rabbit anti-E-cadherin
was obtained from BD Transduction Laboratories (San Jose,
CA, USA). An image analyzer (LAS-1000; Fuji Photo Film,
Tokyo, Japan) was used to detect images, and densitometric
analyses were performed using Image Gauge software (Fuji
Photo Film). Arbitrary units were calculated by densitometric
scanning of the intensity of CA-IX relative to actin intensity,
setting the 0 h data point to 1.

Small interfering RNA (siRNA) transfection

CA-IX-specific siRNA was obtained from Dharmacon (Lafay-
ette, CO, USA). Huh-7 and HepG2 cells were transfected with
CA-IX-specific siRNA and incubated at concentrations rang-
ing from 0 to 200 pmol/L, in a hypoxic state. Cells were lysed
after 24 h, and immunoblot analysis was performed with anti-
CA-IX and anti-actin antibodies.
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Tissue array and immunohistochemical analyses of surgical
specimens

We retrospectively evaluated HCC tissue specimens from 69
HCC patients (male, 89.9%; mean age 5249 years) who had
undergone TACE followed by surgical resection at Seoul
National University Hospital, Seoul, Korea, between June 1994
and December 1998. The study protocol was approved by the
Institutional Review Board of Seoul National University Hos-
pital.

Tumor specimens from each patient were processed into
10% neutral formalin fixed, paraffin-embedded blocks. Tumor
staging was evaluated in accordance with the American Joint
Committee on Cancer (AJCC) staging system, 6th edition!*.
All tumors were histologically diagnosed, graded according to
Edmondson’s scale, and grouped as either low grade (I or II)
or high grade (III or IV). Tumors were also stratified by mul-
tiplicity and the presence or absence of microscopic vascular
invasion. For immunohistochemical staining, all specimens
were evaluated using a tissue-array method. Core tissue
biopsies (2 mm in diameter) were taken from individual paraf-
fin embedded tissues (donor blocks) and arranged in a new
recipient paraffin block (tissue array block) using a trephine
apparatus (Superbiochips Laboratories, Seoul, Korea). Immu-
nohistochemical staining was performed with E-cadherin (BD
Transduction Laboratories) and CA-IX (Santa Cruz Biotech-
nology Inc) antibodies, using a streptavidin peroxidase-based
procedure after microwave antigen retrieval. The immunore-
active intensity for each case was scored as none, weak, mod-
erate, or strong. The extent of immunoreactivity was scored as
less than one-third or more than one-third for E-cadherin, and
it was scored as less than 10%, 10% to 50%, or more than 50%
for CA-IX. Histological examinations were performed by an
experienced pathologist (Ja-june JANG) who was unaware of
any clinical information.

Statistical analysis

All cell-based experimental data were acquired from at least
three independent experiments, with a minimum of three
separate isolations, and were expressed as the meantstandard
deviation (SD). Statistical evaluations of numeric variables
in each group were conducted using the Mann-Whitney U
test. The clinicopathological data were analyzed using the chi-
square test. All statistical analyses were performed using SPSS
version 17.0 (SPSS, Inc, Chicago, IL, USA). Statistical signifi-
cance was defined as a P value less than 0.05.

Results

Hypoxia induced CA-IX expression in HCC cells

We first investigated whether CA-IX expression is hypoxia-
inducible in HCC cells. For this purpose, the two different
human HCC cell lines were serum starved and cultured in a
hypoxic state. Hypoxia increased CA-IX expression in both
Huh-7 and HepG2 cells (Figure 1A). This finding suggests
that HCC cells do express CA-IX and that its expression is
hypoxia-inducible in different cell lines.
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The effect of CA-IX inhibition on HCC cellular growth or apoptotic
cell death

To inhibit CA-IX, either its expression was suppressed by
siRNA transfection (Figure 1B) or its activity was inhibited
by sulfonamide, a carbonic anhydrase inhibitor #1 (CAI#1).
Both CA-IX siRNA and CAI#1 treatment failed to suppress
HCC cell growth under normoxic or hypoxic culture condi-
tions (P>0.05) (Figure 1C). In addition, neither CA-IX siRNA
nor CAI#1 treatment significantly induced HCC cell apoptosis
under hypoxic culture conditions (P>0.05) (Figure 1D). These
observations indicate that changes in CA-IX expression or
activity do not affect HCC cell growth or survival.

Enhanced HK Il inhibitor-induced apoptosis by CA-IX inhibition in
HCC cells

Because hypoxia induces both HK 11! and CA-IX" expres-
sion through HIF-1, we hypothesized that simultaneously
blocking these two enzymes would enhance 3-BP-induced
apoptosis in HCC cells under hypoxic conditions. When HCC
cells that were CA-IX-inhibited with either siRNA or CAI#1
were treated with 3-BP under hypoxic conditions, apoptosis
was significantly enhanced compared to cells treated with
3-BP alone (Figure 2A). However, this enhancement was not
observed in cells similarly treated under normoxic culture con-
ditions (Figure 2B). Thus, these findings demonstrate that the
enhancement of 3-BP-induced HCC cell apoptosis by CA-IX
inhibition is hypoxia specific.

Mechanism of apoptosis enhancement by CA-IX inhibition

To explore possible mechanisms of enhanced 3-BP-induced
apoptosis through CA-IX inhibition, we next explored which
apoptotic signaling pathway was more activated in 3-BP/
CAI#1-treated cells compared to cells treated with 3-BP
alone. When cells were treated with both 3-BP and CAI#1,
the activation of caspases 9 and 7 was more prominent than in
cells treated with 3-BP alone (Figure 2C), indicating that the
activation of the mitochondrial apoptotic signaling pathway
is enhanced by CA-IX inhibition. We then explored kinase
signals that are known to regulate apoptosis and found that
pro-apoptotic JNK was more promptly and potently activated
in cells treated with 3-BP and CAI#1 than in cells treated
with 3-BP alone, whereas prosurvival signals such as p42/44
and Akt were unaffected (Figure 2D). Because JNK activa-
tion might depend on endoplasmic reticulum (ER) stress, we
evaluated whether ER stress is activated in 3-BP and CAI#1-
treated cells. Indeed, eIF2a phosphorylation, which indicates
ER stress activation, was prominent in these cells (Figure 2D).
Finally, we examined whether JNK activation participated
in 3-BP-induced apoptosis enhancement by CA-IX inhibition
and found that JNK inhibition did attenuate this enhancement
(Figure 2E). Therefore, these findings collectively suggest that
CA-IX inhibition may induce ER stress-dependent JNK activa-
tion in 3-BP-treated HCC cells and thus enhance apoptotic cell
death in these cells.
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Figure 1. Hypoxia-induced CA-IX expression and the effect of its inhibition in human HCC cell lines. (A) Hypoxia increased CA-IX expression in HCC cells.
Huh-7 and HepG2 cells were cultured under hypoxic conditions for the indicated times. Equivalent amounts of proteins were immunoblotted using anti-
CA-IX and anti-actin antibodies. Densitometric analyses were performed, and data are expressed as the mean+SD of relative intensity ratios of CA-IX to
actin. °P<0.05 vs 24 h. (B) CA-IX expression was efficiently reduced by CA-IX-specific sSiRNA in a dose-dependent manner. Huh-7 and HepG2 cells were
transfected with CA-IX siRNA for 24 h and incubated at concentrations ranging from O to 200 pmol/L in a hypoxic state. Cells were lysed after 24 h, and
immunoblot analysis was performed using anti-CA-IX and anti-actin antibodies. Densitometric analyses were performed and data were expressed as
the mean+SD of relative intensity ratios of CA-IX to actin. °P<0.05 vs O umol/L. (C) Inhibition of CA-IX expression failed to influence the HCC cell growth.
Huh-7 and HepG2 cells were treated with either CA-IX siRNA (0 and 100 umol/L) or CAI#1 (0 and 1 mmol/L) for 24 h with 3% fetal bovine serum under
normoxic or hypoxic culture conditions. Cell growth was determined using the MTS assay. (D) Inhibition of CA-IX expression failed to modulate HCC cell
apoptosis. Huh-7 and HepG2 cells were serum starved for 15 h and then treated with CA-IX siRNA (O and 100 pymol/L) or CAI#1 (O and 400 umol/L).
Apoptotic cells were DAPI stained, visualized by fluorescent microscopy, and counted after 4 and 6 h of hypoxia, respectively. Data were expressed as

the mean+SD. siRNA, CA-IX siRNA; N, normoxia; H, hypoxia.

Prognostic implications of CA-IX expression in HCC patients

Because we found that CA-IX modulation may be therapeu-
tically important in HCC cells, particularly under hypoxic
conditions, and could also confer a potent survival signal to
cells, we next evaluated whether CA-IX is expressed in human
HCC tissues and, if so, whether its expression is linked to
patient prognosis. For this purpose, we employed a tissue
array and performed clinicopathological analysis using HCC
tissues from 69 patients who had undergone TACE prior to
surgical resection because TACE may powerfully activate
hypoxia-induced signals in HCC cells. Of the 69 specimens,
48, 17, and 4 cases showed none, weak, or moderate CA-IX
cell membrane immunoreactivity, respectively. Representa-
tive cases are shown in Figure 3A. The clinicopathological
findings are summarized in Table 1. Following clinicopatho-
logical analysis, there was no correlation between the extent
of CA-IX immunoreactivity and clinicopathological variables
(Table 2). However, we found that tumoral CA-IX intensity
was inversely related to E-cadherin intensity (Figure 3B, Table

3). E-cadherin is representative of classic cadherins, and its
down-regulation has been frequently associated with invasive-
ness, metastasis, and a poor prognosis in a variety of human
cancers, including HCC"""®!. This finding suggests that CA-IX
expression in HCC tissues may have prognostic implications
in HCC patients.

Decreased E-cadherin expression by CA-IX in HCC cells

We next evaluated whether E-cadherin expression levels are
affected by modulation of CA-IX expression in vitro. When
CA-IX expression was suppressed by siRNA in HCC cells,
E-cadherin expression increased (Figure 3C). This finding
is compatible with that of a previous study, in which CA-IX
was found to decrease E-cadherin levels in the Madin-Darby
Canine kidney cell line™, and our results show that tumoral
CA-IX intensity is inversely related to E-cadherin intensity.
Altogether, these findings suggest that the induction of CA-IX
expression may attenuate E-cadherin expression, thus leading
to epithelial-mesenchymal transition potentiating invasiveness

Acta Pharmacologica Sinica
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Figure 2. Effect of CA-IX inhibition on 3-BP-induced apoptosis in hypoxic HCC cells. (A) CA-IX inhibition enhances 3-BP-induced apoptosis in hypoxic HCC
cells. Huh-7 and HepG2 cells were serum starved for 15 h and then treated with 3-BP (100 umol/L) in the presence or absence of either CA-IX siRNA
(0 and 100 pmol/L) or CAI#1 (0 and 400 umol/L) for 24 h. Apoptotic cells were counted by DAPI staining and fluorescent microscopy after 4 and 6 h
of hypoxia, respectively. (B) Apoptosis enhancement by CA-IX inhibition is a hypoxia-specific phenomenon. Huh-7 and HepG2 cells were serum starved
for 24 h either under normoxic or hypoxic conditions and then treated with 3-BP (100 umol/L) in the presence or absence of CAI#1 (0 and 1 mmol/L)
for 5 h. Apoptotic cells were then counted by DAPI staining and fluorescent microscopy. (C) The activation of caspases 7 and 9 was more prominent in
3-BP/CAl#1-treated cells than in cells treated with 3-BP alone, and (D) CA-IX inhibition induces ER stress-dependent JNK activation. Huh-7 cells were
serum starved, cultured under hypoxic conditions, and then treated with 3-BP (100 umol/L) in the presence or absence of CAI#1 (O and 1 mmol/L)
for the indicated times. Cells were lysed and immunoblot analysis was performed using anti-caspase 7, anti-caspase 8, anti-caspase 9, anti-phospho-
JNK, anti-phospho-p42/44, anti-phospho-Akt, anti-phospho-elF2a, and anti-actin antibodies. (E) JNK activation participates in 3-BP-induced apoptosis
enhancement by CA-IX inhibition. Huh-7 cells were serum starved for 24 h under hypoxic culture conditions and then treated with 3-BP (O and 100 ymol/L)
in the presence or absence of CAl#1 (0O and 1 mmol/L) and/or JNK inhibitor (O and 10 pumol/L) for 6 h. Apoptotic cells were counted by DAPI staining
and fluorescent microscopy. Data were expressed as the mean+SD. "P<0.05. siRNA, CA-IX siRNA; J-1, JNK inhibitor.

and metastasis.

Discussion

The principal findings of this study relate to hypoxia-induced
activation of an intracellular pH maintenance mechanism in
human HCC cells. Specifically, this study demonstrates that
hypoxia stimulates the expression of CA-IX in HCC cells. Fur-
thermore, although CA-IX inhibition alone failed to induce
significant HCC cell growth suppression or apoptosis, CA-IX
inhibition enhanced 3-BP-induced apoptotic cell death medi-
ated by ER stress-dependent JNK activation. In addition,
HCC tissues express CA-IX, and tumoral CA-IX intensity is
inversely related to E-cadherin intensity, thus potentiating
invasiveness and metastasis. Each of these findings is dis-
cussed in further detail below.
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Among CA isoenzymes, it has become clear that CA-IX is
the most important enzyme for tumorigenesis and prognosti-
cation in various tumors including pancreatic®™ and rectal!™
cancers. In the liver, it has been reported that 78% of cholan-
giocarcinomas show a positive reaction for CA-IX, whereas
HCCs show a weak immunoreactivity in only 33% of cases®™'..
Furthermore, in contrast to other malignancies, the prognostic
role of CA-IX in HCC has not been fully elucidated. In the
present study, we observed that CA-IX is expressed in dif-
ferent HCC cell lines under hypoxic culture conditions. This
finding suggests that CA-IX may participate in intracellular
pH maintenance under innate intratumoral hypoxic condi-
tions or during hypoxic insult such as that induced by TACE.
However, HCC cell death or growth was not significantly
affected by CA-IX inhibition alone. This can be explained by



Table 1. Baseline characteristics of the HCC patients.

Variable n (%)
Age (year) <50 28 (40.6)
>50 41 (59.4)
Sex Male 62 (89.9)
Female 7(10.1)
Child-Pugh class A 69 (100)
Etiology of chronic hepatitis HBV 50 (72.5)
HCV 8(11.6)
HBV + HCV 4 (5.8)
Non-HBV, Non-HCV 7 (10.1)
AJCC T stage™ T1 51 (73.9)
T20rT3 18 (26.1)
Tumor multiplicity Yes 3 (4.3)
No 66 (95.7)
Vascular invasion Yes 18 (26.1)
No 51(73.9)
Edmondson’s grade Low (I or II) 37 (53.6)
High (Ill or IV) 32 (46.4)
E-cadherin intensity None to weak 29 (42.0)
Moderate to strong 40 (58.0)
E-cadherin extent <1/3 28 (40.6)
>1/3 41 (59.4)
CA-IX intensity None 48 (69.6)
Weak 17 (24.6)
Moderate 4 (5.8)
CA-IX extent None 48 (69.6)
<0% 7 (10.1)
10%, <50% 11 (16.0)
>50%, <100% 3 (4.3)

* According to the American Joint Committee on Cancer staging system (6th
edition, 2002).
HBV, hepatitis B virus; HCV, hepatitis C virus; CA-IX, carbonic anhydrase-IX.

the fact that tumor cells can regulate their cytoplasmic pH via
the Na'/H" exchanger, the H"/monocarboxylate transporter,
and the vacuolar H*/ ATP pump in addition to CA-TX®!,

Because hypoxia induces both HK T and CA-IX™ expres-
sion through HIF-1, we postulated that simultaneously block-
ing these two enzymes could enhance 3-BP-induced apoptosis
in HCC cells. Indeed, we confirmed that 3-BP-induced HCC
cell apoptosis was significantly enhanced by CA-IX inhibi-
tion and that this enhancement was hypoxia specific. This
finding indicates that a combinatorial strategy is more effec-
tive for HCCs under hypoxic conditions, such as in advanced
infiltrative HCCs, which seldom show hypervascularity, grow
more rapidly, and have a poorer prognosis than mass-forming
hypervascular subtypes.

We explored the possible mechanism of apoptosis enhance-
ment by CA-IX inhibition and found that the activation of
caspases 9 and 7 by 3-BP/CAI#1 was more prominent than
the activation induced by 3-BP alone, which suggests that acti-
vation of mitochondrial apoptotic signaling is augmented by
CA-IX inhibition. In addition, we found that the proapoptotic
JNK was more promptly and potently activated in cells treated
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Figure 3. CA-IX expression in HCC tumor tissues and its prognostic
implications in HCC patients. (A) Representative immunohistochemical
staining showed (a) no, (b) weak, and (c) moderate CA-IX immunoreactivity
in human HCC tumor tissues. Original magnification x400. (B) HCC
tumoral CA-IX intensity is inversely related to E-cadherin intensity.
Statistical significance was analyzed using the chi-square test. P=0.024.
(C) E-cadherin expression increases when CA-IX is inhibited. Huh-7
cells were transfected with CA-IX siRNA for 24 h and incubated at
concentrations ranging from O to 200 ymol/L in a hypoxic state for 24 h.
Cells were then lysed, and immunoblot analysis was performed using anti-
E-cadherin and anti-actin antibodies. E-cad, E-cadherin.

with both 3-BP and a CA-IX inhibitor compared to cells treated
with 3-BP alone. JNK performs a crucial role in modulating
the function of proapoptotic proteins placed in the mitochon-
dria®. JNK has been shown to be required for the release of
cytochrome ¢ from the inner membrane space of mitochondria.
Released cytochrome ¢, in combination with apoptotic pep-
tidase activating factor 1 and caspase 9, forms apoptosomes
that trigger the caspase 9 cascade™.. It has been previously
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Table 2. Relationships between the extent of CA-IX immunoreactivity and
clinicopathological variables.

Table 3. Relationships between the intensity of CA-IX immunoreactivity
and clinicopathological variables.

CA-IX extent
n (% within CA-IX extent)

N <10% >10%, >50%, p*

one ° <50%  <100%
Age (year)
<50 17 (35.4) 4 (57.1) 7(63.6) 0(0) 0.490
>50 31(64.6) 3(42.9) 4(36.4) 3(100)
Sex
Male 44 (91.7) 6(85.7) 9(81.8) 3(100) 0.618
Female 4 (8.3) 1(14.3) 2(18.2) 0(0)
Viral hepatitis
HBV 35(72.9) 5(71.4) 9(81.8) 1(33.3) 0.360
HCV 6(12.5) 1(14.3) 0(0) 1(33.3)
HBV+HCV 2 (4.2) 0 (0) 2(18.2) 0(0)
Non-HBV, Non-HCV ~ 5(10.4) 1(14.3) 0(0) 1(33.3)
AJCC T stage’
T1 36(75.0) 5(71.4) 7(63.6) 3(100) 0.979
T2orT3 12 (25.0) 2(28.6) 4(36.4) 0(0)
Tumor multiplicity
Yes 2 (4.2) 1(14.3) 0(0) 0 (0) 0.674
No 46 (95.8) 6(85.7) 11(100) 3(100)
Vascular invasion
Yes 13 (27.1) 1(14.3) 4(36.4) 0(0) 0.785
No 35(72.9) 6(85.7) 7(63.6) 3(100)
Edmondson’s grade
Low (I or II) 26 (54.2) 3(42.9) 5(45.5) 3(100) 0.669
High (Il or IV) 22 (45.8) 4(57.1) 6 (54.5) 0(0)
E-cadherin intensity
None-to-weak 17 (35.4) 4 (57.1) 6(54.5) 2(66.7) 0.108
Moderate-to-strong 31 (64.6) 3(42.9) 5(45.5) 1(33.3)
E-cadherin extent
<1/3 19(39.6) 3(429) 4(36.4) 2(66.7) 0.672
>1/3 29 (60.4) 4(57.1) 7(63.6) 1(33.3)

*The chi-square test was used for group comparisons.

T According to the American Joint Committee on Cancer staging system (6th
edition, 2002).

HBYV, hepatitis B virus; HCV, hepatitis C virus; CA-IX, carbonic anhydrase-IX.

reported that phosphorylated CA-IX could cooperate with
the regulatory subunit of phosphatidylinositol 3 kinase and
induce Akt activation, which could participate in cancer pro-
gression™!. However, in contrast to this previous study, phos-
phorylation of both the prosurvival Akt and p42/44 MAPK
were not affected by 3-BP or 3-BP+CA-IX inhibitor treatment
in the present study.

In a recent study, it was reported that 3-BP may induce ER
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CA-IX intensity
n (% within CA-IX intensity)

No staining Weak Moderate p*
Age (year)
<50 17 (35.4) 9 (52.9) 2 (50.0) 0.238
>50 31 (64.6) 8 (47.1) 2 (50.0)
Sex
Male 44 (91.7) 15 (88.2) 3(75.0) 0.325
Female 4 (8.3) 2(11.8) 1(25.0)
Viral hepatitis
HBV 35(72.9) 11 (64.6) 4 (100) 0.808
HCV 6 (12.5) 2(11.8) 0(0)
HBV+HCV 2(4.2) 2(11.8) 0(0)
Non-HBV, Non-HCV 5(10.4) 2(11.8) 0 (0)
AJCC T stage’
T1 36 (75.0 13 (76.5 2 (50.0 0.495
T2 orT3 12 (25.0 4(23.5 2 (50.0
Tumor multiplicity
Yes 2(4.2) 1(5.9) 0 (0) 0.931
No 46 (95.8) 16 (94.1) 4 (100)
Vascular invasion
Yes 13 (27.1) 3(17.6) 2 (50.0) 0.825
No 35 (72.9) 14 (82.4) 2 (50.0)
Edmondson’s grade
Low (I or I1) 26 (54.2) 9 (52.9) 2 (50.0) 0.869
High (Ill or IV) 22 (45.8) 8 (47.1) 2 (50.0)
E-cadherin intensity
None to weak 17 (35.4) 8 (47.1) 4 (100) 0.024
Moderate to strong 31 (64.6) 9 (52.9) 0(0)
E-cadherin extent
<1/3 19 (39.6) 6 (35.3) 3(75.0) 0.443
>1/3 29 (60.4) 11 (64.7) 1(25.0)

*The chi-square test was used for group comparisons.

T According to the American Joint Committee on Cancer staging system (6th
edition, 2002).

HBYV, hepatitis B virus; HCV, hepatitis C virus; CA-IX, carbonic anhydrase-IX.

stress and thereby cause apoptosis in human HCC cell lines™.

Because ER stress induction may activate ]NK[& 2l we next
evaluated whether ER stress is more activated in cells treated
with 3-BP and a CA-IX inhibitor than in cells treated with 3-BP
alone, and we found that elF2a phosphorylation was more
prominent in cells treated with 3-BP and a CA-IX inhibitor.
ER stress sensors initiate an unfolded protein response (UPR)
that results in the phosphorylation of its main substrate, elF2a,



and direct binding of the elF2a-dependent translationally
regulated gene activating transcription factor 4 to the CA9 pro-
moter™. These data suggest that 3-BP-induced ER stress can
trigger CA-IX expression as one of the UPRs that reduces ER
stress. Thus, the simultaneous inhibition of CA-IX and HK II
may disturb ER stress alleviation, thereby leading to ER stress
escalation, subsequent JNK activation, and apoptosis enhance-
ment through the mitochondrial activation of caspases 9 and 7.
Indeed, in the present study, we observed that JNK inhibition
attenuated apoptosis enhancement.

Acidic extracellular pH inhibits the binding of cells to
CA-IX, suggesting that the CA-IX adhesion ability can be
modulated by the tumor milieu™. CA-IX has also been impli-
cated in intercellular adhesion™. In this previous study, it
was found that CA-IX is localized with the key adhesion mol-
ecule E-cadherin, internalizes in response to the same exter-
nal stimuli as E-cadherin, and reduces cell-to-cell adhesion
by destabilizing the association between E-cadherin and the
cytoskeleton through a method that involves direct binding
of CA-IX to B-catenin™. In the present study, tumoral CA-IX
intensity was found to be inversely related to E-cadherin inten-
sity, increases of E-cadherin intensity may predict a favorable
prognosis®.
pressed by siRNA, E-cadherin expression was increased. The

Furthermore, when CA-IX expression was sup-

ability of CA-IX to adhere to B-catenin™ is consistent with
the suggestion that hypoxia can promote tumor invasion by
decreasing E-cadherin-mediated intercellular adhesion, offer-
ing the possibility that CA-IX participates in epithelial-mes-

nP% 3 Moreover, an alkaline intracellular

enchymal transitio
pH and an acidic extracellular pH have been hypothesized to
increase tumor growth™. Thus, in CA-IX-expressing HCCs,
CA-IX inhibition could be therapeutically useful for reducing
tumor survival or invasiveness and metastasis.

This study demonstrates that the inhibition of hypoxia-
inducible CA-IX enhances 3-BP-induced HCC cell apoptosis
and that CA-IX expression profiles may have prognostic
implications in HCC patients. Thus, the blockage of CA-IX
in combination with hexokinase II inhibitor treatment may
be therapeutically useful in patients with large or infiltra-
tive hypovascular HCCs that are aggressively growing in a
hypoxic environment.
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