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Abstract In the development and progression of hepa-
tocellular carcinoma, tumor hypoxia plays an important
role, as does activation of the Wnt pathway. The aim of
this study was to characterize the expression and inter-
relationship between hypoxia and Wnt-pathway-
associated proteins as prognostic factors for hepatocellu-
lar carcinoma. Expression of HIF-1x, CA-IX, E-
cadherin, (-catenin, and Ki-67 was assessed by immu-
nohistochemistry in 179 primary hepatocellular carcino-
ma cases. Univariate and multivariate analyses were per-
formed to assess the relationship between the clinico-
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pathological factors, protein expression, overall survival
(OS), and recurrence-free survival (RFS). By univariate
analysis, tumor stage, size, satellitosis, and vascular in-
vasion were confirmed as prognostic factors for worse
OS and RFS. High expression of HIF-1x, CA-IX, 3-
catenin, Ki-67, and E-cadherin was observed in 60, 15,
64, 8, and 64 % of tumors, respectively, and this was
significantly associated with poor OS. CA-IX, HIF-1«,
and E-cadherin were independent predictors of poor
prognosis. We stratified 169 patients into four groups
according to the expression level of hypoxia and Wnt
pathway markers. The group with high expression of
both hypoxia and Wnt-pathway-associated proteins
showed worst OS. The poor survival of this group
was also significant in patients with early stage disease
and tumor size of less than 5 cm (p<0.05). We identi-
fied a subgroup of hepatocellular carcinoma patients
with high expression of both hypoxia and Wnt pathway
proteins and found this predictive of poor survival. The
therapeutic options for this group might need to be
revisited.

Keywords CA-IX - HIF-1« - Liver cancer - Prognosis -
Survival - Wnt pathway

Introduction

Hepatocellular carcinoma (HCC) is a lethal cancer asso-
ciated with poor prognosis as the 5-year survival rate is
less than 17 % [1]. HCC is the fifth most common
cancer in men worldwide and is also currently the
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leading cause of cancer death in patients with cirrhosis.
Hepatic resection and liver transplantation offers treat-
ment to only 20 %, as most patients are diagnosed at
late stage, with heavily impaired liver function or when
tumor size no longer allows surgical management [2-5].
However, in the last two decades, various surveillance
programs have been initiated (especially in Western
countries) which has lead to early detection and diagno-
sis of HCC [6].

Recently, many studies have elucidated molecular
mechanisms involved in the development of HCC,
which provides a basis for molecular classification with
prognostic or diagnostic relevance [7, 8]. These studies
revealed that several signaling pathways regulating cell
proliferation and survival are deregulated in HCC, in-
cluding the Ras, PI3k/AKT/mTOR, and Wnt/{3-catenin
pathways [9]. In addition, mutation of 7P53 and over-
expression of cell cycle regulators such as cyclins and
CDKs has been reported to be involved with enhanced
cell proliferation. The Wnt signaling pathway might be
the best characterized oncogenic pathway in HCC, its
activation occurring most commonly though CTNNBI
mutation. E-cadherin and [3-catenin are downstream tar-
gets of Wnt pathway, and the expression of which has
been previously reported to predict poor prognosis in
HCC.

Hypoxic environment in tumors enhances invasiveness
and metastatic propensity. Hypoxia is associated with poor
prognosis in HCC, promoting invasiveness, increased gly-
colysis, angiogenesis, and metastasis primarily through the
Ras pathway, but it also decreases proliferation [10]. The
response to hypoxic stress is mediated through hypoxia-
inducible factor 1 (HIF-1), a heterodimeric transcription
factor consisting of two subunits, HIF-1o and HIF-1(.
HIF-1o overexpression is associated with poor prognosis
in human cancers, including HCC [11-14]. Carbonic
anhydrase IX (CA-IX) is a transmembrane protein with
an extracellular catalytic site, the expression of which is
activated by HIF-1« [15]. It plays a role in solid tumors
like breast, head and neck, and non-small cell lung cancer
[16—18]. Yu et al. reported that expression of CA-IX is
induced by hypoxia in HCC cells and studied CA-IX pro-
tein expression in HCC patients [19]. An association of
CA-IX expression with prognosis of HCC, however, has
not been assessed.

Recent reports suggest that a hypoxic environment inacti-
vates the Wnt pathway through HIF-1x in colon, lung, and
renal cell carcinomas [20]. Therefore, we set out to study the
expression of hypoxia-induced proteins HIF-1oc and CA-IX
and Wnt pathway target proteins 3-catenin and E-cadherin in
primary HCC. We focused on associations between patterns
of'expression and with clinicopathological features and patient
survival.
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Material and methods
Patients

We included in this study 179 HCC patients who had under-
gone curative hepatectomy between 1990 and 2009 at the
National University Hospital in Singapore. Standard clinical
data including survival were obtained from medical records.
As pathological parameters, we included tumor stage, grade,
vascular invasion, satellitosis, and background liver histology.
Tumor grade was defined according to the Edmondson grad-
ing system [21]. Satellitosis was defined as a multifocal tumor,
with a satellite nodule separated from the main tumor by a
distance greater than the diameter of the satellite. Tumor stage
was defined according to the sixth edition of the tumor-node-
metastasis (TNM) classification of the International Union
against Cancer [22]. Tumors were also classified according
to the updated Barcelona Clinic Liver Cancer (BCLC) staging
system, whenever relevant clinical information was available
[23]. Clinicopathological features are summarized in Table 1.

Overall survival (OS) was defined as the interval between
surgery and death or date of last observation. The death data
were censored at the date of last follow-up for patients that
were still alive. Patients were followed up until May 2010.
Recurrence-free survival (RFS) was defined as the period
from date of surgery until detection of recurrent tumor. RFS
data were censored at time of last follow-up for patients with-
out tumor recurrence. Ethics approval for this study was ob-
tained from the National University Singapore-Institutional
Review Board (NUS-IRB; 10-133).

Tissue microarrays and immunohistochemistry

Formalin-fixed, paraffin-embedded (FFPE) primary HCC tis-
sue samples were obtained from the Department of Pathology,
National University Hospital, Singapore. Tissue microarrays
(TMAs) with triple punches of 1.5 mm in diameter (away
from the center of the tumor) were constructed using an Ad-
vanced Tissue Arrayer (Chemicon International, CA) as de-
scribed previously [24, 25]. Consecutive 4 um sections were
cut from each TMA and mounted on coated slides for immu-
nohistochemical staining.

Immunohistochemistry (IHC) was performed using com-
mercially available antibodies. The antigen retrieval and pri-
mary antibody details are summarized in Table 2. As detection
system, we used peroxidase-labeled streptavidin-biotin
(DAKO) with 3-3'-diaminobenzidine (DAKO, Glostrup, Ger-
many) as chromogen according to the manufacturer’s instruc-
tions. Slides were then counterstained with hematoxylin. Ap-
propriate positive and negative controls were run concurrently
for each antibody.
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Table 1  Clinicopathological features of 179 cases of HCC Table 1 (continued)
Clinical and pathological features No. of patients (1) Percent Clinical and pathological features No. of patients (1) Percent
Age (years) No 91 50.6
<50 45/179 253 Recurrence
>50 134/179 74.7 Yes 87 48.6
Sex No 92 514
Male 142 79.2 . ) »
: 2o HCC ool s TP oot s bepas
Ethnicity Cases with incomplete clinical information were not included in the
Chinese 138 77.5 analysis
Others 41 22.5
Serum AFP (ng/dl)*
<0 66 37.1 Evaluation of protein expression
>20 91 51.1
HbsAg Immunoreactivity for each marker was assessed semi-
Yes 112 62.4 quantitatively by evaluating the fraction of stained tumor as
No 60 34.6 a percentage of the total number of tumor cells. Immunohis-
Hepatitis C tochemical staining was assessed by two independent pathol-
Yes 10 56 ogists (SS and BT). HIF-1« protein staining was classified as
No 165 934 0 for no staining, 1 for nuclear staining of less than 1 % of
Alcoholic® cells, 2 for nuclear staining of 1-10 % of cells and/or cyto-
Yes 59 332 plasmic staining, 3 for nuclear staining of 10-50 % of cells
No 100 56.1 and/or cytoplasmic staining, and 4 for nuclear staining of more
Tumor differentiation than 50 % of cells and{or strong cytop}asmlc stalqlng. Clgsses
I 154 26 0, 1, and 2 were considered as negative expression, while 3
M+1V 25 14 and 4 were considered as positive expression [14]. CA-IX
TNM stage expressi(.)n. was classified as 0 for no staining, 1 for membra-
411 ™ 192 nogs.stalnlng of less than 5 % of the cells, 2 f.or. membranous
-1V 3 20,8 staining of 5-50 %, and 3 for membranous staining of 50 % or
) more of the cells [18]. Classes 0 and 1 were considered as
BCLC staging . . .- .
Stage 0 5 . negative, apd 2and 3 vslere con51d§r§d as positive. Expression
of 3-catenin was classified as positive when more than 30 %
Stage A 88 49.2 .. .
of cancer cells showed membranous staining and otherwise as
Stage}? 27 151 negative. When more than 10 % of cancer cells showed cyto-
Unavailable 62 346 plasmic or nuclei staining, this was classified as ectopic ex-
Tumor number pression [26]. Loss of E-cadherin expression was called when
Solitary 127 713 E-cadherin immunoreactivity was reduced or lost in tumor cell
Multiple 2 287 membranes compared with adjacent nontumor epithelial cells.
Size (om) The Ki-67 labeling index was determined as the fraction of
<3 86 478 tumor cells with nuclear staining as a percentage of all tumor
= %3 522 cells counted, regardless of staining intensity [27].
Vascular invasion®
Yes 94 52.8
No >3 309 Statistical analysis
Satellitosis
Yes 22 11.2 Statistical analysis was performed using SPSS version 15.0
No 157 88.8 for Windows (SPSS, Chicago, IL). The chi-squared test and
Fibrosis Fisher’s exact test were used to examine associations between
Yes 123 69.1 protein expression and clinicopathological features. Cumula-
No 56 30.9 tive OS and RFS were calculated by the Kaplan-Meier method
Cirrhosis and analyzed by the log-rank test. Factors identified as statis-
Yes 88 49.4 tically significant using Kaplan-Meier analyses were included
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Table 2 Cutoff scores of the protein markers, their localization, and frequency of positive expression

Protein marker  Manufacturer Clone Antigen Dilution Species Localization — Cutoff (%) Positive
retrieval expression,
n (%)
HIF-1a Novus H1 alpha67  pH 6.0 1:1000 Mouse N/C 10 108 (60.3)
Biological, USA monoclonal
CA-IX Wilex, USA M75 No retrieval ~ Prediluted  Mouse N 5 26 (14.5)
required monoclonal
[3-Catenin DAKO, Denmark 3-Catenin 1  pH 6.0 1:100 Mouse N/C/M 30 114 (63.7)
monoclonal
Ki-67 DAKO, Denmark ~ MIB-1 pH 6.0 1:50 Mouse N 5 14 (7.8)
monoclonal
E-cadherin DAKO, Denmark NH-38 pH 6.0 1:500 Mouse M Less than 113 (63.5)
monoclonal corresponding
nontumor

HIF-1a hypoxia-inducible factor 1 alpha, CA-IX carbonic anhydrase, N nuclear, C cytoplasmic, M membranous expression

in subsequent multivariate analyses using Cox proportional
hazard regression model. The correlation significance was an-
alyzed by Spearman and Pearson correlation analysis. A p
value <0.05 was considered statistically significant.

Results
Clinicopathological features

Our cohort counted 142 male and 37 female patients with a
mean age of 57.5 years. Of these patients, 59 (33 %) were
alcoholic, 112 (62 %) had positive serology for hepatitis B
virus (HBV), and 10 (6 %) were positive for hepatitis C virus
(HCV) infection. Of 117 patients for which BCLC staging
data were available, 2 were of stage 0 and underwent segment
resection, 88 were stage A and underwent segment or lobe
resection or hepatectomy with liver transplant, and 27 were
stage B and underwent hepatectomy with liver transplant. Re-
lapse of HCC occurred in 49 % of patients. Mean OS was
98.60+9.12 months and mean RFS 71.64+8.12 months.

Protein expression patterns

Data on expression of the proteins studied by immunohisto-
chemistry are summarized in Table 2. Representative images
of immunohistochemical staining are presented in Fig. 1. Ex-
pression of HIF-1x was positively correlated with that of 3-
catenin (»=0.221; p=0.005) and Ki-67 (r=0.176; p=0.025)
and negatively correlated with that of E-cadherin (»=—0.186;
p=0.022). A significant positive correlation was observed be-
tween expression of CA-IX and of Ki-67 (=0.172; p=0.029).
Expression of E-cadherin was negatively correlated with that
of B-catenin (r=—0.241; p=0.002). HIF-1x expression was
significantly more frequent in male patients (69 %, p=
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0.026). p-Catenin expression was observed more frequently
in HBV-positive cases (62 %; p=0.035).

Association of protein expression with OS and RFS

By univariate analysis, TNM stage, tumor size, satellitosis,
and vascular invasion were confirmed as prognostic factors
associated with worse OS and RFS (Table 3). High serum
AFP was also associated with shorter RFS. High CA-IX ex-
pression was associated with worse OS (38 vs 102 months;
p=0.009) and RFS (24 vs 74 months; p=0.014). Likewise,
high expression of HIF-1oc (112 vs 71 months; p=0.042), 3-
catenin (85 vs 112 months; p=0.042), E-cadherin (89 vs
120 months; p=0.034), and Ki-67 (3 vs 101 months; p=
0.001) were associated with worse OS (supplementary
Fig. 1). Multivariate Cox regression analysis indicated that
CA-IX, HIF-1«, and E-cadherin are independent prognostic
factors for OS (all p<0.05), in addition to vascular invasion.
For RFS, only vascular invasion and tumor size remained as
independent prognostic factors.

Association of combined protein expression and survival

Using CA-IX and HIF-1x as markers of hypoxia and f3-
catenin and E cadherin as target proteins of the Wnt
pathway, we developed a prognostic signature for HCC
patients. To this end, we stratified the 169 patients for
whom information on all four markers was available
into four groups as follows: group 1 (Hypoxia™&", only
HIF-1x and CA-IX positive; n=12), group 2 (Wnt"e",
only {3-catenin and E-cadherin positive; n=48), group 3
(Hypoxia™®" and Wnt"'€"; n=104), and group 4 (all
markers negative; n=5). Patients in group 3 had a mean
overall survival of 61 months compared to 89 months in
group 1, 126 months in group 2, and 104 months in
group 4 (p=0.033) (Table 4). The OS of the groups
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Fig. 1 Representative images of protein marker expression by
immunohistochemistry in the tissue microarray sections: a hematoxylin
and eosin, b nuclear expression of 3-catenin, ¢ membranous and

remained significantly different for early stage patients
(»p=0.041) and for patients with small tumors (<5 cm)
(»p=0.026) (Fig. 2). The differences in RFS (group 3,
47 months; group 1, 84 months; group 2, 88 months;
group 4, 62 months) did not reach statistical signifi-
cance (p=0.181).

Discussion

The results of our study are in keeping with the notion that
hypoxia and activation of the Wnt pathway are synergistic and
might be used to determine tumor prognosis. We divided our
HCC cohort into four groups: (1) hypoxia™€", (2) Wnt"€", (3)
hypoxia™e" as well as Wnt"€", and (4) no expression of any of
the protein markers. The results show that group 3
(hypoxia™€" as well as Wnt"€") had significantly shorter OS
than any of the other groups (Fig. 2). Even when stratified by
tumor size and TNM stage, the prognostic value of our groups
for OS remained robust.

Liver cancer is characterized by abnormal vasculature and
hypoxic stress, making it a potential target for antiangiogenic
and antihypoxic drugs. Antihypoxic drugs inhibit HIF-1 ac-
tivity by either decreasing the synthesis or increasing the rate
of degradation of HIF-1x. HIF-1x might also be

cytoplasmic expression of CA-IX, d nuclear and cytoplasmic
expression of HIF-1x, e weak membranous expression of E-cadherin,
and f nuclear expression of Ki-67 (original magnification, x400)

downregulated by inducing oncolytic Reovirus infection to-
gether with YC-1, an agent developed for circulatory disor-
ders; combined treatment with these agents has been proposed
as a novel strategy to treat solid tumors constitutively express-
ing HIF-1« [28]. In addition to antihypoxic drugs, drugs in-
terfering with the Wnt pathway have therapeutic potential
[29]. Dickkopfl (Dkk1) binds to a low-density protein and
prevents formation of the Fzd-Wnt-LRP6 complex [30].
XAV939 inhibits the enzyme tankyrase that normally destroys
the scaffold protein axin, a crucial component of the 3-catenin
destruction complex [31]. Our data suggests that group 3 of
HCC patients (hypoxia™&" and Wnt"€") might benefit from a
combination of the abovementioned chemotherapeutic agents.

In colorectal carcinoma, 3-catenin signaling can be
diverted by hypoxia as HIF-1x competes with T cell factor 4
(TCF-4) for direct binding to {3-catenin [32]. HIF-1x can
modulate Wnt/3-catenin signaling in hypoxic embryonic stem
cells by enhancing {3-catenin activation and expression of the
downstream effectors LEF-1 and TCF-1 [33]. Recently,
Lehwald et al. showed that following ischemia, mice with
[3-catenin-deficient hepatocytes were significantly more sus-
ceptible to liver injury [34]. Together, these findings suggest
that there is a significant cross-talk between the Wnt pathway
and hypoxia. It has been proposed that hypoxia triggers a
functional switch in 3-catenin signaling, diverting it from its
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Table 3

Univariate and multivariate overall and relapse-free survival analyses for clinicopathological features and protein markers

Overall survival

Relapse-free survival

HR 95 % CI p value HR 95 % CI p value
Univariate analysis
Clinicopathological
Gender (male vs female) 1.44 0.81-2.55 NS 0.90 0.54-1.52 NS
Age (years) (>50 vs <50) 1.19 0.65-216 NS 1.00 0.62-1.62 NS
Ethnicity (Chinese vs non-Chinese) 0.70 0.33-1.49 NS 0.88 0.50-1.53 NS
Serum AFP (ng/dl) (>20 vs <20 1.66 0.96-2.85 NS 1.62 1.02-2.55 0.050
Grade (I+1I vs III+1V) 0.70 0.30-1.64 NS 0.91 0.50-1.64 NS
TNM stage (I+11 vs III+1V) 242 1.38-4.22 0.002 2.52 1.56-4.06 0.000
Tumor size (cm) (>5 vs <5) 1.68 1.00-2.83 0.040 2.20 1.44-3.37 0.000
Number (solitary vs multiple) 1.21 0.70-2.68 NS 1.49 0.96-2.31 NS
Satellitosis (yes vs no) 3.01 1.58-5.72 0.001 3.34 1.93-5.79 0.000
Vascular invasion (yes vs no) 3.39 1.91-6.01 0.000 2.89 1.82-4.58 0.000
Protein expression
CA-IX (positive vs negative) 1.89 1.08-3.28 0.009 1.39 1.904.14 0.014
HIF-1x (positive vs negative) 1.72 0.96-3.07 0.042 1.16 0.74-1.83 NS
Ki-67 (positive vs negative) 228 1.19-4.36 0.001 1.99 1.11-3.55 NS
{3-Catenin (positive vs negative) 1.21 0.70-2.68 0.042 1.00 0.62-1.62 NS
E-cadherin (positive vs negative) 0.70 0.33-1.49 0.034 0.91 0.50-1.64 NS
Multivariate analysis
Clinicopathological
TNM stage (I+11 vs TIT+IV) 1.92 0.68-5.42 NS 0.98 0.38-2.53 NS
Tumor size (cm) (>5 vs <5) 1.97 0.96-4.05 NS 2.98 1.70-5.23 0.000
Satellitosis (yes vs no) 0.77 0.25-2.41 NS 2.25 0.81-6.23 0.042
Vascular invasion (yes vs no) 4.50 2.08-9.78 0.000 1.89 1.06-3.36 0.001
Protein expression
CA-IX (positive vs negative) 238 1.07-5.27 0.048 0.98 1.78-2.56 NS
HIF-1x (positive vs negative) 295 1.2-6.76 0.036 NE NE NE
Ki-67 (positive vs negative) 2.08 0.89-4.84 NS 1.80 1.05-3.11 NE
E-cadherin (positive vs negative) 2.99 1.00-7.37 0.025 NE NE NE
{3-Catenin (positive vs negative) 1.32 0.48-3.59 NS NE NE NE

Univariate analysis, Cox proportional hazards regression model; multivariate analysis, Cox proportional hazard regression model. Variables were
adopted for their prognostic significance by univariate analysis

HR hazard risk ratio, CI confidence interval, NS not significant, 7NM tumor-node-metastasis, NE not evaluated

Table 4 OS and RFS of four prognostic groups

Prognostic groups () oS pvalue RFS p value
(months®) (months®)

Group 1, H"&" (n=12) 89 84 0.181

Group 2 Wnt"&" (n=48) 126 88

Group 3 H"&" Wnt"e" (4=104) 61 47

Group 4 H™® Wnt"8 (n=5) 104 62

OS overall survival, RFS recurrence-free survival

 Average months
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usual function of cell proliferation to a completely new role in
tumorigenesis by enhancing HIF-1o-mediated transcriptional
response and promoting cell survival and adaptation to hyp-
oxia. 3-Catenin contributes to hypoxia-induced metastatic po-
tential [35]. Consistent with the current concept of the inter-
relationship between (3-catenin and HIF-1c, we found that
expression of these proteins positively correlated (#=0.221,
p=0.005).

In vitro experiments have shown that carbonic
anhydrase inhibitors, such as acetazolamide, might re-
duce invasiveness in mouse xenograft models of renal,
colorectal, and breast carcinoma [36-39]. Yu et al. ana-
lyzed expression of CA-IX in 69 HCC patients and
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Fig. 2 Kaplan-Meier survival plots of groups according to combined status of hypoxia and WP proteins for a OS and b RFS

observed that CA-IX expression has prognostic value.
They furthermore suggested that inhibition of CA-IX
in combination with a hexokinase II inhibitor might be
therapeutically useful in patients with HCC [19]. We
found expression of CA-IX to be a significant prognos-
tic factor both by univariate and multivariate analyses.
HCC patients overexpressing CA-IX had shorter OS and
RFS and CA-IX was an independent prognostic factor
for poor survival. This finding might have therapeutic
importance in the treatment of HCC, as hypoxia can
lead to resistance to chemotherapy, and in such case, a
CA-IX inhibitor might enhance the effect of the used
drug.

HIF-1x plays a pivotal role in mediating oxygen-
dependent transcriptional responses [40]. HIF-1x can be
targeted and might have therapeutic potential in treating in-
flammatory diseases of the liver [41]. We observed that HCC
patients with high HIF-1oc had shorter OS (71 vs 112 months)
than patients with low HIF-1x expression. In addition to its
role in angiogenesis and glycolysis, HIF-1«x is also a key
mediator of cell growth and proliferation, potentially by
inhibiting Myc and inducing cell cycle arrest [42, 43]. How-
ever, much controversy remains around its role in apoptosis
and cell proliferation. We observed a positive correlation be-
tween Ki-67 labeling index and expression of HIF-1x (r=
0.176, p=0.025), which supports a role for HIF-1x in the
regulation of cell proliferation. This finding is at variance with
previous reports, which however were based upon observa-
tions in vitro.

We also observed a significant negative correlation be-
tween expression of E-cadherin and HIF-1x (r=—0.186,
p=0.022). Jing et al. reported in esophageal carcinoma that
hypoxia suppresses E-cadherin expression and facilitates

migration of carcinoma cells via HIF-1o activation [44].
No other studies have previously reported this association.

We conclude that expression of CA-IX is a predictor
of poor prognosis in primary HCC patients. We also
show that the subgroup of patients with high expression
of proteins associated with hypoxia as well as Wnt
pathway activation has poor prognosis. These results
should be validated in an independent cohort of HCC
patients to determine clinical utility of these markers,
which then might be used to support decisions on
therapy.
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