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Hypoxia is known to be important in the generation and maintenance of stemness; however, its clinical
significance is yet to be determined in human hepatocellular carcinoma. The expression of stemness (K19,
EpCAM) and hypoxia (carbonic anhydrase-IX (CAIX))-related markers were investigated by immunohistochem-
istry in three hepatocellular carcinoma cohorts. The clinicopathologic features, response to transarterial
chemoembolization, and outcomes were compared. In cohort 1 (n= 14, biopsy-transarterial chemoembolization-
resection-matched hepatocellular carcinoma), all K19-, EpCAM-, or CAIX-positive hepatocellular carcinomas on
initial biopsy (6/6, 100%) showed residual tumors after transarterial chemoembolization, whereas 75% (6/8) of all-
negative hepatocellular carcinomas on biopsy showed complete necrosis in the post-transarterial chemoembo-
lization-resected specimens. In cohort 2 (n= 85, explanted hepatocellular carcinomas with/without transarterial
chemoembolization; totally necrotic hepatocellular carcinoma after transarterial chemoembolization was not
included), the expression of K19, EpCAM, and CAIX, and their coexpression, was more frequently observed with
a greater number of transarterial chemoembolization sessions, and the expression of these markers was also
correlated to each other. CAIX expression was shown to be an independent factor for recurrence and survival,
and combination of CAIX with Milan criteria significantly increased the time-dependent integrative area under the
curve values for recurrence and survival. In cohort 3 (n= 339, resected hepatocellular carcinomas without
transarterial chemoembolization), CAIX(+) hepatocellular carcinomas exhibited higher K19 and EpCAM
expression, and more invasive pathological features. CAIX expression and TNM stage were independent
predictors of extrahepatic recurrence, and the addition of CAIX to the TNM stage significantly increased time-
dependent integrative area under the curve values. In conclusion, the expression of stemness (K19, EpCAM) and
hypoxia (CAIX)-related markers were correlated each other, and hepatocellular carcinoma expressing these
markers showed resistance to transarterial chemoembolization and poorer outcome. Evaluation for both
markers of stemness and hypoxia may have an additional value in predicting hepatocellular carcinoma outcome,
especially for transarterial chemoembolization-treated hepatocellular carcinomas.
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Hypoxia, which is observed in most solid tumors
because of their rapid growth and a relative lack
of blood supply, is known to contribute to the
progression and biological aggressiveness of
tumors.1 Tumor cells adapt to the unfavorable
hypoxic microenvironment by expressing hypoxia-
inducible factors, including HIF1α, which in turn
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activate target genes involved in proliferation,
angiogenesis, and epithelial–mesenchymal transi-
tion, resulting in a more malignant phenotype.2
Carbonic anhydrase-IX (CAIX), a HIF1α-regulated
pH-modifying enzyme, also contributes to cell
survival, migration, and invasion in hypoxic micro-
environments.3 Hypoxia has also been reported to be
important in reprogramming to cancer stem cell
phenotype and maintenance of cancer stem cells
in several cancer types, including hepatocellular
carcinoma, glioblastoma, breast cancer, and hemato-
logic malignancies.4–7 Cancer stem cells, character-
ized by their ability to self-renew and propagate
tumors, have an important role in tumor mainte-
nance and recurrence.8 We recently reported that
hepatocellular carcinomas expressing stemness-
related markers, such as keratin 19 (K19) and
epithelial cell adhesion molecule (EpCAM), are
associated with epithelial–mesenchymal transition
phenotype and a poorer prognosis compared with
hepatocellular carcinomas that do not express these
markers.9,10

Hepatic resection and transplantation are the
treatments of choice in early-stage hepatocellular
carcinoma patients; however, they are only indicated
in a small proportion of hepatocellular carcinoma
patients.11,12 To reduce tumor burden and to prevent
dropout from transplantation waiting lists, various
locoregional therapies have been applied to hepato-
cellular carcinoma before resection or transplanta-
tion.13 Transarterial chemoembolization is one of the
most widely used locoregional therapies, and it
utilizes severe hypoxia resulting from hepatic arter-
ial embolization and cytotoxic agents to eliminate
tumor cells. However, the response to transarterial
chemoembolization varies, and a significant number
of hepatocellular carcinomas (50–86%) show resi-
dual viable tumor.14

Despite the biological significance of hypoxic
microenvironment in many solid tumors, the clinical
significance of hypoxic microenvironment in hepa-
tocellular carcinoma is not well described yet.
Therefore, we addressed the associations between
the expression of hypoxia- and stemness-related
markers, the clinicopathologic parameters, response
to transarterial chemoembolization, and patients’
outcome in three independent cohorts of biopsy-
resection-matched, explanted, or resected hepatocel-
lular carcinomas with or without preoperative
transarterial chemoembolization.

Materials and methods

Human Hepatocellular Carcinoma Tissue Samples and
Clinicopathologic Analysis

This study was performed on hepatocellular carci-
noma tissue samples taken from three cohorts. The
hepatocellular carcinomas included in this study
were morphologically typical; cases that could be

classified as combined hepatocellular cholangiocar-
cinoma by hematoxylin–eosin or mucin stains were
excluded. The clinicopathologic characteristics of
the three hepatocellular carcinoma cohorts are
summarized in Supplementary Table 1. This study
was approved by the institutional review board of
Severance Hospital (4-2012-0755).

Cohort 1 consisted of 14 cases of biopsy-
transarterial chemoembolization-resection-matched
hepatocellular carcinomas. All the 14 cases were
initially diagnosed with hepatocellular carcinoma
on biopsy, followed by one session of transarterial
chemoembolization, and subsequently underwent
curative resection between January 2001 and
December 2008 at Severance Hospital, Yonsei
University Medical Center. Only single nodular
hepatocellular carcinomas were enrolled to ensure
that the same nodule was biopsied and treated
with transarterial chemoembolization. The interval
between biopsy and resection after one session of
transarterial chemoembolization was less than
90 days.

Cohort 2 comprised hepatocellular carcinoma
patients who underwent liver transplantation at the
same institution between December 2001 and Feb-
ruary 2013. One hundred sixty-six cases of trans-
planted hepatocellular carcinoma were enrolled, and
81 patients were excluded for the following reasons:
(a) no remaining viable tumor lesion due to extensive
necrosis induced by transarterial chemoemboliza-
tion (n=69), (b) history of systemic chemotherapy
(n=6), or (c) only treated with locoregional therapies
other than transarterial chemoembolization (n=6).
Finally, 85 patients were included in cohort 2, and
representative paraffin-embedded sections with resi-
dual hepatocellular carcinoma were used for immu-
nohistochemical staining. Among 85 cases of cohort
2, 34 (40%) were not subjected to any locoregional
therapy, whereas 51 (60%) hepatocellular carcino-
mas were subjected to at least one session of
transarterial chemoembolization (median two
sessions, interquartile range 1–4 sessions, range
1–14 sessions), and 17 cases also underwent
other locoregional therapies (radiofrequency
ablation, 166holmium injection, or radiation therapy;
median one session, interquartile range 1–3 sessions,
range 1–3 sessions) in addition to transarterial
chemoembolization.

Cohort 3 consisted of 339 consecutive hepatocel-
lular carcinoma patients who did not undergo any
kind of preoperative treatment before hepatic resec-
tion. These consecutive hepatocellular carcinoma
samples were obtained by hepatic resection between
March 2006 and February 2011 at the same institu-
tion. The representative paraffin-embedded sections
of hepatocellular carcinoma were used for tissue
microarray construction and immunohistochemical
analysis.

Immunohistochemistry was performed for CAIX
(1:1000; Abcam, Cambridge, MA, USA), K19 (1:100;
DAKO, Glostrup, Denmark), and EpCAM (1:1000;
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Calbiochem, Darmstadt, Germany) on representative
sections of whole paraffin-embedded tissues from
cohorts 1 and 2, and tissue microarray sections from
cohort 3. For resected/explanted cases after transar-
terial chemoembolization, representative sections
containing residual hepatocellular carcinoma was
immunostained.

For more detailed information on immuno-
histochemistry, tissue microarray construction,
and measurement of outcome, please refer to the
Supplementary Materials and Methods.

Statistical Methods

Statistical analysis was conducted using SPSS
(version 20.0.1, SPSS, Chicago, IL, USA) or R
(version 3.1.1, http://www.r-project.org/) software.
Mann–Whitney U-test, χ2-test, or Fisher’s exact test
were used as deemed appropriate. Survival analyses
were performed by the Kaplan–Meier method,
log-rank test, or Cox regression analysis. Statistical
significance was assumed when Po0.05. For time-
dependent integrative area under the curve analysis,
package risksetROC was used, and a bootstrapping-
based method was conducted to estimate differences
in integrative area under the curve values.

Results

The Expression of CAIX, K19, and EpCAM, and
Treatment Response to Transarterial
Chemoembolization in Biopsy-Transarterial
Chemoembolization-Resection-Matched
Hepatocellular Carcinomas (Cohort 1, n=14)

To assess the response of hepatocellular carcinoma
to transarterial chemoembolization according to the
expression status of stemness- or hypoxia-related
markers, we enrolled 14 patients who underwent
biopsy, one session of transarterial chemoemboliza-
tion, and subsequent curative resection for single
nodular hepatocellular carcinoma. Most (64%) hepa-
tocellular carcinomas were hepatitis B virus-related
(Supplementary Table 1). The response to transarterial
chemoembolization was evaluated by the proportion
of residual tumor in the resected specimen.

In the initial (pre-transarterial chemoembolization)
biopsies, CAIX, K19, and EpCAM expression was
seen in 14% (2/14), 21% (3/14), and 36% (5/14),
respectively (Figures 1a and b), and all of CAIX-
positive hepatocellular carcinomas on biopsies were
also positive for K19 and EpCAM. In the subse-
quently resected (post-transarterial chemoemboliza-
tion) hepatocellular carcinomas, the expression of
CAIX, K19, and EpCAM was similar to that of the
matched biopsies; case numbers 1, 2, 4, 5, and 8
showed the same immunohistochemical profiles,
and case numbers 3, 6, and 7 showed different
expression in only one marker. Hepatocellular
carcinomas showing negativity for all three markers

in the biopsy (8/14, 57%) frequently demonstrated
total tumor necrosis (6/8, 75%) in the resected post-
transarterial chemoembolization specimens. In con-
trast, all hepatocellular carcinomas expressing at
least one of K19, EpCAM, or CAIX in the biopsies
(6/14, 43%) revealed residual hepatocellular carci-
nomas in the matched resected livers after transar-
terial chemoembolization, and the proportion of the
residual tumor ranged from 5 to 90% (Figure 1c and
Supplementary Table 2). In addition, deaths within
5 years (n=3) and extrahepatic recurrence within
2 years (n=3) were only observed in hepatocellular
carcinomas showing positive expression of K19,
EpCAM, or CAIX. Furthermore, two out of three
metastasized and deceased cases were triple-positive
for K19, EpCAM, and CAIX.

The Expression of K19, EpCAM, and CAIX and
Patient’s Outcome in Explanted Patients With/Without
Transarterial Chemoembolization (Cohort 2, n=85)

To further assess the clinical effect of hypoxic
microenvironment on hepatocellular carcinomas
with stemness-related markers, we enrolled 85
explanted hepatocellular carcinomas with/without
a history of transarterial chemoembolization,
most of which (82%) were hepatitis B virus-related
(Supplementary Table 1). The cases with total
necrotic tumor after transarterial chemoembolization
were not included as immunohistochemistry could
not be applicable. Thirty-four (40%) cases were not
subjected to any preoperative locoregional therapy,
whereas 51 (60%) hepatocellular carcinomas were
subjected to at least one session of transarterial
chemoembolization (median two sessions, interquar-
tile range 1–4 sessions, range 1–14 sessions).

The protein expression levels of K19, EpCAM, and
CAIX were compared among hepatocellular carcino-
mas without transarterial chemoembolization, those
treated with one to three sessions of transarterial
chemoembolization, and those treated with four or
more sessions of transarterial chemoembolization.
Interestingly, the incidence of K19, EpCAM, and
CAIX positivity and coexpression of these markers
were significantly increased as the number of
transarterial chemoembolization sessions increased
(Figures 2a and b, Po0.05 for all). In addition, there
were significant positive correlations between CAIX
and K19 (P=0.001), CAIX and EpCAM (P=0.048), as
well as between K19 and EpCAM (Po0.001,
Figure 2c and Supplementary Figure 1A). The
clinicopathologic features of the explanted hepato-
cellular carcinomas in preoperative-transarterial
chemoembolization and non-preoperative-transarterial
chemoembolization groups are summarized in
Supplementary Table 3. The cases with transarterial
chemoembolization showed higher serum aspartate
transaminase and alanine transaminase levels, more
frequent tumor encapsulation, and K19 expression
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Figure 1 Expression of K19, epithelial cell adhesion molecule (EpCAM), and carbonic anhydrase-IX (CAIX) in HCCs and the response to
TACC (cohort 1, n=14). (a) Representative cases of K19-, EpCAM-, and CAIX-negative HCC and K19-, EpCAM-, and CAIX-positive HCC
and the proportion of residual tumor in resected specimens after TACC. (b) The expression status of K19, EpCAM, and CAIX, response
to TACC, and outcome in individual HCC patients with biopsy-resection-matched tissue. The outcome was measured as recurrence within
2 years, extrahepatic recurrence within 2 years, and death within 5 years. (c) Comparison of TACC response between HCCs expressing at
least one of K19, EpCAM, or CAIX (n=6) and HCCs expressing none of three markers (n=8) in biopsy. *Po0.05. HCC, hepatocellular
carcinoma; TACE, transarterial chemoembolization.
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Figure 2 Expression of K19, epithelial cell adhesion molecule (EpCAM), and carbonic anhydrase-IX (CAIX) and patients’ outcome in
explanted HCCs with/without TACC (cohort 2, n=85). (a, b) The expression status of K19, EpCAM, and CAIX proteins according to the
number of TACC sessions. (c) Correlations between K19, EpCAM, and CAIX protein expression. (d) Time-dependent iAUC analysis for
recurrence in comparison between Milan criteria and Milan criteria combined with CAIX protein expression. (e) Kaplan–Meier plot for
disease-free survival according to the Milan criteria and CAIX protein expression. (f) Time-dependent iAUC analysis for overall survival in
comparison between Milan criteria and Milan criteria combined with CAIX protein expression. (g) Kaplan–Meier plot for overall survival
according to Milan criteria and CAIX protein expression. *Po0.05. HCC, hepatocellular carcinoma; iAUC, integrative area under the
curve; TACE, transarterial chemoembolization.
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(Po0.05 for all), and there were no significant
differences in the other clinicopathological features.

According to the CAIX protein expression status,
CAIX-positive hepatocellular carcinomas showed
more frequent microvascular invasion and higher
expression of K19 or EpCAM compared with CAIX-
negative hepatocellular carcinomas (Po0.05 for all,
Table 1). There were no significant differences in the
other clinicopathological features according to the
CAIX expression status, including Milan status, size,
and differentiation of hepatocellular carcinomas.

With regard to hepatocellular carcinoma patient
outcome, high serum alpha-fetoprotein levels
(≥400 IU/ml), high serum PIVKA-II (≥400 AU/ml),
and K19, EpCAM, and CAIX protein expression were
significantly associated with a poor disease-free
survival (Po0.05 for all, Table 2, Supplementary
Figure 1B). As K19, EpCAM, and CAIX were
significantly correlated to each other, only CAIX,
the most predictive marker, was included for further
multivariate analysis (Supplementary Figure 1D).
High serum alpha-fetoprotein level and CAIX protein

Table 1 Clinicopathological features of hepatocellular carcinomas in cohort 2 according to the CAIX protein expression status

Clinicopathologic features CAIX positive n=13 (15%) CAIX negative n=72 (85%) P-value

Age (year) 52 (45–56) 54 (50–60) 0.067
Gender (male/female) 10 (77%)/3 (23%) 59 (82%)/13 (18%) 0.670
Etiology (hepatitis B/hepatitis C/alcohol/unknown) 11 (85%)/1 (8%)/1 (8%)/0 (0%) 59 (82%)/8 (11%)/4 (6%)/1 (1%) 0.941
Cirrhosis 13 (100%) 70 (97%) 1.000
Serum aspartate transaminase (IU/l) 42 (35–75) 46 (35–68) 0.779
Serum alanine transaminase (IU/l) 31 (13–58) 32 (20–40) 0.883
Serum albumin (g/dl) 3.0 (2.6–3.8) 3.3 (2.8–3.6) 0.399
Serum platelet (1000/μl) 66 (41–101) 79 (54–118) 0.173
Serum alpha-fetoprotein (IU/ml) 29.0 (2.9–246.2) 10.9 (4.8–60.9) 0.502
Serum PIVKA-II (AU/ml)a 76.0 (24.0–402.3) 37.5 (18.3–96.0) 0.131

Tumor pathology
Diameter of largest tumor (cm) 3.0 (2.3–3.5) 2.2 (1.6–3.5) 0.319
Total tumor diameter (cm) 3.5 (2.4–5.5) 3.6 (2.4–6.4) 0.665
Differentiation (Edmonson–Steiner grades I/II/III) 1 (8%)/11 (85%)/1 (8%) 27 (38%)/40 (56%)/5 (7%) 0.104
Capsule formation (absent/partial/complete) 0 (0%)/9 (69%)/4 (31%) 22 (31%)/32 (44%)/18 (25%) 0.063
Microvascular invasion 8 (62%) 13 (18%) 0.002b

Number of the lesion (1/2 or 3/≥4) 6 (46%)/6 (46%)/1 (8%) 23 (32%)/35 (49%)/14 (19%) 0.466
Milan status (in/out) 9 (69%)/4 (31%) 48 (67%)/24 (33%) 1.000
K19 protein expression 7 (54%) 8 (11%) 0.001b
EpCAM protein expression 5 (39%) 10 (14%) 0.048b

Variables are expressed as median (interquartile range) or number (%).
aSerum PIVKA-II levels not available for five patients.
bIndicates Po0.05.

Table 2 Univariate and multivariate analyses of disease-free survival in cohort 2

Variables

Univariate analysis Multivariate analysis

Hazard ratio (95% confidence
interval) P-valuea

Hazard ratio (95%
confidence interval) P-valuea

Age (≥60 years) 0.03 (0.0–8.1) 0.222
Gender (male) 0.8 (0.2–2.8) 0.677
Etiology (hepatitis B virus) 2.4 (0.3–18.7) 0.400
Serum alpha-fetoprotein (≥400 IU/ml) 8.4 (2.6–26.6) o0.001b 6.8 (1.8–26.1) 0.005b

Serum PIVKA-II (≥400 AU/ml) 6.0 (1.8–20.0) 0.004b 2.0 (0.5–8.7) 0.358
Microvascular invasion (positive) 2.4 (0.8–7.5) 0.138
Differentiation (Edmonson–Steiner grade III) 1.4 (0.2–10.6) 0.769
Milan status (out of Milan) 2.1 (0.7–6.4) 0.209
Pre-transplantation transarterial
chemoembolization (one or more sessions)

7.7 (1.0–59.5) 0.051

CAIX protein expression (positive) 7.4 (2.4–22.9) 0.001b 6.4 (1.9–22.0) 0.003b
K19 protein expression (positive)c 3.5 (1.4–8.7) 0.007b
EpCAM protein expression (positive)c 3.6 (1.4–8.8) 0.006b

aUnivariate and multivariate analyses were performed using the Cox proportional hazards model.
bIndicates Po0.05.
cK19 and EpCAM were not included in the multivariate analysis because of significant associations with CAIX.
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expression remained as independent prognostic
factors for recurrence (P=0.005, P=0.003, respec-
tively). Regarding overall survival, CAIX and K19
protein expression and microvascular invasion were
significant in univariate analysis (P=0.001,
P=0.040, P=0.006, respectively, Table 3 and
Supplementary Figure 1C). As in the analysis of
disease-free survival, only CAIX protein expression
was chosen for inclusion in multivariate analysis
(Supplementary Figure 1E), and it showed border-
line significance (P=0.062).

Among the 85 transplantation patients in cohort 2,
57 cases (67%) fulfilled the Milan criteria (Milan-In),
whereas 28 (33%) did not (Milan-Out). Combining
CAIX expression and Milan status yielded higher
integrative area under the curve values for predicting
recurrence and overall survival compared with
integrative area under the curve values for the Milan
status alone (estimated differences: 0.137 (95%
confidence interval, 0.012–0.309) for recurrence,
0.129 (95% confidence interval, 0.015–0.267) for
overall survival). The CAIX-negative/Milan-In
patients demonstrated the best outcomes compared
with other groups, and, interestingly, CAIX-negative/
Milan-Out patients demonstrated more favorable
outcomes than CAIX-positive/Milan-In or Out
patients (Figure 2d–g). The Milan status was deter-
mined regardless of whether the hepatocellular
carcinomas were early or progressed hepatocellular
carcinomas; however, the prognosis of early hepato-
cellular carcinoma is excellent when properly
treated.15,16 In cohort 2, 32 of the 85 patients (38%)
had one or more early hepatocellular carcinomas on
pathological examination of explanted livers, and,
therefore, 7 of 28 (25%) patients initially classified as
Milan-Out could have fulfilled the Milan criteria.
Thus, we analyzed prognoses according to the Milan
criteria after excluding all early hepatocellular

carcinomas. Therein, Milan criteria were shown
to be a significant prognostic factor for recurrence,
and CAIX-negative/Milan-In patients still showed
the best outcomes for recurrence and survival
(Supplementary Figure 2A, B).

The Expression of K19, EpCAM, and CAIX, and
Patient’s Outcome in Resected Hepatocellular
Carcinomas Without Preoperative Transarterial
Chemoembolization (Cohort 3, n=339)

We further investigated the relationship between
hypoxia markers and stemness-related markers, and
compared the clinicopathologic features according to
the expression status of these markers in resected
hepatocellular carcinomas without any preoperative
treatment (cohort 3, n=339; Supplementary Table 1).
The majority (82%) of these hepatocellular carcino-
mas were hepatitis B virus-related.

Immunohistochemical stains on the tissue micro-
array demonstrated 35 (10%) K19-positive, 117
(35%) EpCAM-positive, and 34 (10%) CAIX-
positive hepatocellular carcinomas (Figure 3a and
Supplementary Figure 3A). K19 or EpCAM expres-
sion was more frequently seen in CAIX-positive
hepatocellular carcinomas (Po0.001, P=0.004,
respectively, Figure 3b). EpCAM-positive hepatocel-
lular carcinomas were also more frequently positive
for K19 (Po0.001).

Table 4 lists the clinicopathological features of
cohort 3 according to the expression status of CAIX
protein. CAIX-positive hepatocellular carcinomas
were more frequently associated with high serum
alpha-fetoprotein (Po0.001) and PIVKA-II levels
(Po0.001), poorer differentiation (P=0.002), micro-
vascular invasion (P=0.002), and advanced TNM
stage (P=0.024) compared with CAIX-negative hepa-
tocellular carcinomas. To address the topographical

Table 3 Univariate and multivariate analyses of overall survival in cohort 2

Variables

Univariate analysis Multivariate analysis

Hazard ratio (95% confidence
interval) P-valuea

Hazard ratio (95%
confidence interval) P-valuea

Age (≥60 years) 1.2 (0.4–3.4) 0.705
Gender (male) 1.3 (0.5–3.7) 0.594
Etiology (hepatitis B virus) 0.6 (0.2–1.6) 0.302
Serum alpha-fetoprotein (≥400 IU/ml) 2.0 (0.6–6.9) 0.276
Serum PIVKA-II (≥400 AU/ml) 1.3 (0.3–5.8) 0.710
Microvascular invasion (positive) 3.6 (1.4–8.9) 0.006b 2.2 (0.7–6.5) 0.735
Differentiation (Edmonson–Steiner grade III) 1.3 (0.8–2.1) 0.354
Milan status (out of Milan) 1.2 (0.5–3.1) 0.685
Pre-transplantation transarterial chemoembolization
(one or more sessions)

2.4 (0.8–7.1) 0.128

CAIX protein expression (positive) 4.5 (1.8–11.2) 0.001b 2.9 (1.0–8.6) 0.062
K19 protein expression (positive)c 2.5 (1.0–6.1) 0.040b
EpCAM protein expression (positive)c 2.3 (0.9–5.4) 0.072

aUnivariate and multivariate analyses were performed using the Cox proportional hazards model.
bIndicates Po0.05.
cK19 and EpCAM were not included in the multivariate analysis because of significant associations with CAIX.
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correlation between CAIX expression and necrosis,
we compared the presence of necrosis and CAIX
expression in the tissue microarray cores. CAIX
expression was more frequently seen in the tissue
microarray cores with necrosis compared with that
without necrosis (Po0.001).

K19 and CAIX expression levels were associated
with significantly shorter disease-specific survival
(log-rank, P=0.043, P=0.037, respectively), and
also shorter extrahepatic recurrence-free survival

(log-rank, P=0.040, P=0.003, respectively, Figure 3c).
No significant differences were seen for disease-
specific survival or extrahepatic recurrence-free
survival according to the EpCAM expression status,
and disease-free and overall survival were not
significantly different according to K19, EpCAM, or
CAIX status (Supplementary Figure 3B–D).

On univariate analysis using a Cox proportional
hazards model, high serum PIVKA-II (≥400 AU/ml),
poor differentiation, TNM stage, and K19 and CAIX

Figure 3 Expression of K19, epithelial cell adhesion molecule (EpCAM), and carbonic anhydrase-IX (CAIX), and their value in predicting
outcome in resected HCCs (cohort 3, n=339). Venn diagram (a) and bar graphs (b) demonstrating the correlation between K19, EpCAM,
and CAIX expression in HCCs. (c) Survival curves showing decreased disease-specific survival or extrahepatic recurrence-free survival in
K19-positive and CAIX-positive HCCs. (d) Time-dependent iAUC analysis for extrahepatic recurrence, showing the increased iAUC value
for TNM stage combined with the CAIX status in comparison with the TNM stage alone. (e) Kaplan–Meier plot of extrahepatic recurrence-
free survival according to the TNM stage and CAIX expression status. *Po0.05. HCC, hepatocellular carcinoma; iAUC, integrative area
under the curve.
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expression were significantly correlated with extra-
hepatic recurrence (Po0.05 for all, Supplementary
Table 4 and Supplementary Figure 3E). As K19 and
CAIX were shown to be significantly correlated with
each other and CAIX had higher integrative area
under the curve value than K19 (Supplementary
Figure 3F), only CAIX was included in the subse-
quent multivariate analysis. On multivariate analy-
sis, TNM stage and CAIX protein expression
remained independent prognostic factors for extra-
hepatic recurrence (Po0.05 for all). To evaluate the
added value of CAIX over the TNM stage, we
performed integrative area under the curve analysis.
The integrative area under the curve value of the
TNM stage alone was 0.702, and when combined
with CAIX, the integrative area under the curve
value increased to 0.736. This increase in integrative
area under the curve value was statistically signifi-
cant (estimated difference: 0.035, 95% confidence
interval: 0.003–0.068; Figure 3d). Among hepatocel-
lular carcinoma patients of the same TNM stage,
hepatocellular carcinoma patients with CAIX expres-
sion showed shorter extrahepatic recurrence-free
survival compared with those without (Figure 3e).

Discussion

Cancer stem cells have been demonstrated to have
survival advantage to hypoxia in in vitro studies.4–7
Accordingly, a hypoxic tumor microenvironment
may affect the generation and maintenance of cancer

stem cells, which are implicated in the aggressive
biologic behavior of tumors.17 Transarterial chemo-
embolization, one of the most popular locoregional
therapy for hepatocellular carcinoma, specifically
destroys tumor blood supply and induces severe
hypoxia in tumors.13 The response to transarterial
chemoembolization is predictive of recurrence and
survival in post-transplantation patients18,19 and
survival in non-surgical candidates.20,21 Despite the
clinical significance of transarterial chemoemboliza-
tion non-responders, little is known about the
biologic background of these tumors.

To investigate the response to transarterial che-
moembolization in hepatocellular carcinomas with
stemness-related marker expression under hypoxic
microenvironment, the expression status of CAIX,
K19, or EpCAM and transarterial chemoemboliza-
tion response (proportion of residual tumor in
resected specimen) was evaluated in biopsy-
transarterial chemoembolization-resection-matched
hepatocellular carcinomas (cohort 1). CAIX-positive
hepatocellular carcinomas were also positive for
K19 and EpCAM, and the incidence of CAIX, K19,
or EpCAM expression was largely unchanged when
compared before and after transarterial chemoembo-
lization. Interestingly, all hepatocellular carcinomas
with positive expression of CAIX, K19, or EpCAM in
biopsy revealed variable extents of residual tumor,
whereas most (75%) hepatocellular carcinomas that
did not express any of the three markers showed total
necrosis in the resected specimens after transarterial
chemoembolization. Taken together, hepatocellular

Table 4 Clinicopathological features of hepatocellular carcinomas in cohort 3 according to the CAIX protein expression status

Clinicopathologic features CAIX positive n=34 (10%) CAIX negative n=305 (90%) P-value

Age (year) 51 (46–64) 56 (48–63) 0.400
Gender (male/female) 25 (74%)/9 (27%) 252 (83%)/53 (17%) 0.239
Etiology (hepatitis B/hepatitis C/alcohol/unknown) 28 (82%)/1 (3%)/1 (3%)/4 (12%) 249 (82%)/17 (6%)/14 (5%)/25 (8%) 0.791
Cirrhosis 17 (50%) 170 (56%) 0.587
Serum aspartate transaminase (IU/l) 30 (24–39) 30 (24–41) 0.816
Serum alanine transaminase (IU/l) 29 (19–40) 31 (22–46) 0.327
Serum albumin (g/dl) 4.4 (4.1–4.7) 4.4 (4.1–4.7) 0.882
Serum platelet (1000/μl) 164 (124–209) 163 (132–208) 0.962
Serum alpha-fetoprotein (IU/ml)a 194.9 (20.8–1315.5) 17.8 (3.8–183.6) o0.001b

Serum PIVKA-II (AU/ml)c 606.0 (117.0–1870.0) 72.0 (30.0–372.0) o0.001b

Tumor pathology
Diameter of largest tumor (cm) 3.9 (2.4–6.6) 3.0 (2.2–4.3) 0.062
Differentiation (Edmonson–Steiner grades I/II/III) 0 (0%)/20 (89%)/14 (41%) 26 (9%)/226 (74%)/53 (17%) 0.002b
Capsule formation (absent/partial/complete) 6 (18%)/21 (62%)/7 (21%) 53 (17%)/161 (53%)/91 (30%) 0.505
Microvascular invasion 28 (82%) 166 (54%) 0.002b

Tumor multiplicity 4 (12%) 33 (11%) 0.776
TNM stage (stages I/II/III) 5 (15%)/27 (79%)/2 (6%) 117 (38%)/173 (57%)/15 (5%) 0.024b

Immunoprofile, pathological finding in tissue microarray
K19 protein expression 13 (38%) 22 (7%) o0.001b

EpCAM protein expression 20 (59%) 97 (32%) 0.004b

Tumor necrosis (45% of the tumor core) 29 (85%) 31 (10%) o0.001b

Variables are expressed as median (interquartile range) or number (%).
aSerum alpha-fetoprotein level not available for one patient.
bIndicates Po0.05.
cSerum PIVKA-II level not available for 11 patients.
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carcinoma with expression of hypoxia-related mar-
ker (CAIX) or stemness-related makers (K19 and
EpCAM) in biopsied tissue showed poor response to
transarterial chemoembolization.

To further assess the difference in response to
transarterial chemoembolization in hepatocellular
carcinomas according to the expression status of
hypoxia- and stemness-related markers in a larger
number of cases, we studied explanted hepatocellular
carcinomas with/without preoperative trans-
arterial chemoembolization (cohort 2, n=85). The
positive rate of CAIX, K19, and EpCAM, and coex-
pression of these markers in residual tumors showed
a significant increase in parallel with the number of
transarterial chemoembolization sessions in cohort 2.
Considering that the totally necrotic post-transarterial
chemoembolization hepatocellular carcinoma cases
were not included in cohort 2, the frequent expression
of hypoxia- and stemness-related markers in residual
hepatocellular carcinomas, which survived after
multiple sessions of transarterial chemoembolization,
could be considered to be related with transarterial
chemoembolization resistance.

CAIX is a hypoxia-inducible component of the
tumoral pH-regulatory system, and the CAIX pro-
moter region contains a hypoxia-responsive element
that is located immediately upstream of its transcrip-
tion start site, which binds HIF1α. Indeed, HIF1α is
an exclusive regulator of CAIX activity in hypoxic
microenvironments.3 The detection of HIF1α is often
challenging because of its fairly short half-life (less
than 5min).22 On the other hand, CAIX protein is
more stable, and thus the detection of CAIX expres-
sion is more feasible, even by immunohistochemis-
try on paraffin-embedded tissues. In addition to its
role as a marker of hypoxia, CAIX has been recently
reported to be involved in tumor cell survival,
adhesion, and migration in hypoxic microenviron-
ments.23 Recently, it has been demonstrated that
CD44(+)/CD24(− /low) cells were more frequently
localized in CAIX-expressing areas of breast cancer,
suggesting an association between cancer stem cells
and hypoxia,24 and the depletion of CAIX has been
reported to inhibit both the hypoxia-induced expan-
sion of cancer stem cells in breast cancers.4 These
findings suggest that CAIX may be a key factor in the
regulation of stemness in hypoxic microenviron-
ments. Accordingly, this study showed that
stemness-related markers (K19 and EpCAM) and
hypoxia marker (CAIX) expression levels were well
correlated, and revealed that hepatocellular carcino-
mas with expression of K19, EpCAM, or CAIX showed
significantly higher treatment resistance to transarter-
ial chemoembolization with poor outcome. It is also
worth noting that CAIX expression in hepatocellular
carcinoma is often focal and patchy, and is preferen-
tially expressed around the necrotic area. Therefore,
assessment of CAIX expression in a limited amount of
tissue, such as biopsy or tissue microarray, could
result in underestimation of CAIX expression. In this
study, two 2-mm-core biopsies were taken from

different regions of individual hepatocellular carci-
noma paraffin blocks for tissue microarray construc-
tion. The incidence of CAIX expression was 10% in
cohort 3 (resected hepatocellular carcinomas without
transarterial chemoembolization, tissue microarray)
and 6% in cohort 2 (explanted hepatocellular
carcinoma without transarterial chemoembolization,
whole-tissue sections) and there was no significant
difference between the two groups.

Currently, the Milan criteria, based on the size and
number of tumors, are the benchmark selection
criteria for determining an individual’s suitability
for liver transplantation.13 However, there is an
increasing evidence that some patients who do not
meet the criteria still show good survival rates after
liver transplantation.25 Furthermore, among transplant
recipients who do satisfy the Milan criteria, recur-
rences have been reported in 8–40%, which in turn is
associated with shorter overall survival.26,27 There-
fore, the discovery of other factors that better reflect
tumor biology, beyond the size and number of
hepatocellular carcinomas, could improve the selec-
tion criteria for transplantation. A previous study
reported that the responses to locoregional therapy
was predictive for recurrence after transplantation.18
Recently, the progenitor cell signature (mainly K19
signature) was reported to be associated with poor
outcome of hepatocellular carcinoma beyond the
Milan criteria undergoing liver transplantation.28 In
our study, K19 and CAIX were expressed in 26% and
22%, respectively, in residual hepatocellular carcino-
mas after transarterial chemoembolization compared
with 6% and 6%, respectively, in those without
transarterial chemoembolization. The expression sta-
tus of K19 and CAIX was well correlated, and the
frequency of coexpression of these markers in residual
hepatocellular carcinoma increased with a greater
number of transarterial chemoembolization sessions.
In fact, CAIX expression held additional value for
predicting recurrence and survival among transplant
recipients over the Milan criteria. Therefore, consider-
ing the very high cost of liver transplantation and
shortage of donor livers, evaluation of markers for both
stemness (K19, EpCAM) and hypoxic tumor micro-
environment (CAIX) on biopsied tissue could poten-
tially serve as a selection tool and prognostic marker
for transplantation candidates, especially for those
downstaged by transarterial chemoembolization.

Solid tumors including hepatocellular carcinoma
often show spontaneous hypoxic necrosis, as the
rapid growth of the tumors outstrips their blood
supply. Therefore, we also evaluated hepatocellular
carcinomas without any preoperative treatment
(cohort 3, n=339). In this cohort, CAIX expression
was found in 10% of hepatocellular carcinomas and
showed significant correlation with tumor necrosis,
suggesting that CAIX is a good marker of a hypoxic
tumor microenvironment. CAIX-positive hepatocel-
lular carcinomas exhibited higher K19 and EpCAM
expression, and more invasive pathological features.
CAIX expression and TNM stage were independent
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predictors of extrahepatic recurrence, and the addi-
tion of CAIX to TNM stage significantly increased
integrative area under the curve values. Therefore, it
is considered that CAIX also has an additional value
to predict the outcome for hepatocellular carcinomas
without transarterial chemoembolization.

It is worth noting that the majority of our
hepatocellular carcinoma cases were hepatitis B
virus-related. Hepatitis B virus is frequently inte-
grated into host genomes, and integration of HBx has
been reported to be associated with the malignant
transformation of hepatocytes, by affecting the tran-
scriptional machinery.29 Recently, HBx was reported
to enhance hypoxia signaling through HIF1α
activation,30 and EpCAM expression via activating
β-catenin and regulating EpCAM promoter
methylation.31,32 Thus, HBx might be an additional
factor in the promotion of a switch in gene expression
to stemness in hepatocarcinogenesis, especially
under a hypoxic tumor microenvironment. There-
fore, controlling stemness in hypoxic microenviron-
ments may be more important in the treatment of
hepatitis B virus-related hepatocellular carcinomas.

In conclusion, the expression levels of stemness-
related (K19 and EpCAM) and hypoxia (CAIX)
markers were correlated to each other, and hepato-
cellular carcinoma expressing these markers more
frequently showed treatment resistance to transarterial
chemoembolization, and poorer outcome compared
with those without. This study also demonstrated that
CAIX expression holds additional value in predicting
patient outcomes after liver transplantation/resection
over putative prognostic factors, including Milan
criteria and TNM stage. Therefore, checking the
expression status of markers both stemness (K19,
EpCAM) and hypoxia (CAIX) may considered to have
an additional value in predicting hepatocellular
carcinoma outcome, especially for transarterial
chemoembolization-treated cases.
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