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Abstract

Carbonic anhydrase IX (CAIX) is involved in pathological processes including tumorgenicity,
metastases and poor survival in solid tumors. Twenty-two neuroblastoma samples of patients
who were surgically treated at the University Medical Center Hamburg-Eppendorf were
evaluated immunohistochemically for expression of CAIX. Results were correlated with clinical
parameters and outcome. Neuroblastoma Kelly and SH-EP-Tet-21/N cells were examined for
CAIX expression and inhibited with specific inhibitors, FC5-207A and FC8-325A. 32% of
neuroblastoma tumors expressed CAIX. This was significantly associated with poorer survival.
Kelly and SH-EP-Tet-21/N cells showed a major increase of CAIX RNA under hypoxic conditions.
Proliferation of Kelly cells was significantly decreased by CAIX inhibitors, FC5-207A and
FC8-325A, while proliferation of SH-EP-Tet-21/N cells was only significantly affected by
FC8-325A. CAIX is a potent biomarker that predicts survival in neuroblastoma patients.
CAIX-targeted therapy in neuroblastoma cell lines is highly effective and strengthens the
potential of CAIX as a clinical therapeutic target in a selected patient collective.

Keywords

Biomarker, CAIX, hypoxia, neuroblastoma,
survival

History

Received 5 March 2015
Accepted 11 March 2015
Published online 17 April 2015

Introduction

Neuroblastoma is the most frequent solid tumor in childhood
outside the central nervous system and most often arises from
sympathetic neuroblast cells in abdomen, neck and pelvis1,2. The
tumor can combine characteristics of the cells from which it
originates with extensive heterogeneity, pluripotential differenti-
ation and migratory abilities, leading to a wide range of clinical
presentation from spontaneous regression to fatal progression and
dissemination to preferential sites3,4. Neuroblastoma is respon-
sible for 15% of all cancer-related deaths in childhood5. The
outcome strongly correlates with clinical factors, such as age,
stage, pathology and biological factors (e.g. MYCN-amplifica-
tion). In general, children under 18 months or with limited disease
have a good prognosis through surgical intervention5, while
the prognosis of high-risk neuroblastoma with disseminated
disease (International Neuroblastoma Staging System stage IV)
is still poor6–12.

Carbonic anhydrase IX is a HIF-1a-inducible protein that
regulates intra- and extracellular pH homeostasis under hypoxia.

Tumor hypoxia, in a wide range of solid tumors, e.g. breast
cancer13, prostate cancer14, gastric cancer15, oral squamous cell
cancer16, leads to an increased malignancy with an increased
metastatic rate and treatment resistance with a poor prognosis. In
breast cancer, CAIX is vital for growth and metastasis of hypoxic
tumors, and has been shown to be a specific and targetable
biomarker for metastasis13,17.

In neuroblastoma, CAIX has previously been shown to be
up-regulated in patients with adverse clinicopathological and
biological factors, e.g. MYCN amplification and to correlate with
worse survival18. CAIX messenger RNA19 and protein20 have
been found to be up-regulated in neuroblastoma cells under
hypoxic conditions in vitro.

The aim of our study was to evaluate CAIX as a potential
therapeutic target for treatment of neuroblastoma by analyzing the
impact of CAIX expression on clinicopathological characteristics
and survival, as well as by evaluating the effect of CAIX-targeted
inhibitors on cell vitality and proliferation in neuroblastoma
cell lines.

Materials and methods

Patients

Samples from 22 patients with neuroblastoma, who were surgi-
cally treated at the University Medical Center Hamburg-
Eppendorf between July 2005 and October 2011, were used for
this study. Tumor samples were selected on the basis of
availability of tissues and follow-up data.
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Clinical follow-up data were obtained by reviewing the hospital
records, contacting patients on an outpatient basis or by phone call.
Overall survival was calculated from the date of surgery to the date
of death or last follow-up. None of the patients died from a cause
other than neuroblastoma. All tumors were categorized into groups
according to the International Neuroblastoma Staging System
(INSS)1. Histological grading was determined according to
Hughes21. None of the patients had been pre-treated. The study
was approved by the Ethics Committee of the Chamber of
Physicians in Hamburg, Germany. Written informed consent was
obtained from all parents of the patients for the use of the resected
samples and clinical data for research purposes.

Immunohistochemistry

For the immunohistochemistry, the HRP-ACE-System from R&D
Systems (Minneapolis, MN) was used. Sections were counter-
stained with Mayer’s hematoxylin solution (Merck, Darmstadt,
Germany). Tumor tissue was identified by hematoxylin-eosin
(HE) staining. The CAIX staining was performed using the
primary antibody M75 (BioScience Slovakia, Bratislava, Slovak
Republic) at a dilution of 1:200. Control sections were incubated
with antibody diluent (DAKO, Glostrup, Denmark) without
primary antibody at 4 �C overnight and then treated as other
samples. The immunostaining was scored by two examiners.

Cell culture

Neuroblastoma Kelly cells (Sigma-Aldrich, Munich, Germany)
and SH-EP Tet-21/N cells (reported by Lutz et al.22,23, and
provided by G. Eschenburg, Hamburg, Germany) were grown in
T75 culture flasks (Sarstedt, Nürmbrecht, Germany) in RPMI
1640 medium (Gibco, Thermo Fisher Scientific Inc., Waltham,
MA) with 10% FBS (Gibco, Thermo Fisher Scientific Inc.,
Waltham, MA) at 37 �C either in air with 5% CO2 under normoxic
or with 5% CO2, 5% O2 balanced with N under hypoxic
conditions.

Reverse transcription quantitative PCR (RT qPCR)

Cells were grown to confluence. Total RNA was isolated with
RNeasy Mini Kit (Qiagen, Hilden, Germany) in accordance to the
manufacturer’s protocol and reversely transcribed with Quantitect
Reverse Transcription Kit (Qiagen, Hilden, Germany). CAIX and
18S specific primers (CAIX: Cat. No. PPH01751A; 18S: Cat. No.
330001 PPH05666E, Qiagen, Hilden, Germany) were used for
amplification of cDNA, which was detected with Maxima SYBR
Green (Thermo Fisher Scientific Inc., Waltham, MA) in a
Lightcycler 4800 (Roche, Penzberg, Germany). Data were
analyzed using the 2(�Delta Delta C(T)) method as previously
described24.

Cell proliferation assay

Cells were seeded at 5000 cells/well in 96-well plates. After 24 h
of incubation, CAIX inhibitors FC5-207A and FC8-325A25

(Figure 3C) were added to the cells in final concentrations of
200mM and 500 mM. Cells were then cultured either under
hypoxic or normoxic conditions. The cell viability assay
(CellTiter 96 Aqueous One Solution Cell Proliferation Assay,
Promega, Mannheim, Germany) was carried out in accordance to
the manufacturer’s protocol at 24, 48 and 72 h. Absorbance was
measured at 490 nm (FLUOStar, Omega, Offenbrug, Germany).

Statistical analysis

The statistical analysis was conducted using SPSS version 13.0
(SPSS, Chicago, IL). A p value less than 0.05 was defined

as significant. Kaplan-Meier survival analysis and log-rank test
were performed to compare the survival time between groups.

Results

Patient characteristics and expression of carbonic
anhydrase IX

In total, 22 surgically resected pediatric neuroblastoma specimens
were included in this study. The mean age of the patients at the
time of operation was 667 days, with the mean follow-up time
of 1179 days. Staging and grading are summarized in Table 1.
Metastases had occurred in 59% of the patients of which 23%
were CAIX positive.

Carbonic anhydrase IX expression of the 22 neuroblast-
oma specimens was determined by immunohistochemistry.
Figure 1(A) shows representative staining patterns for CAIX
positive and negative tumor tissue. The lack of staining or weak
staining of CAIX (i.e. �20% of tumor cells expressed CAIX) was
classified as CAIX-negative expression and moderate to strong
staining (i.e.420% of tumor cells expressed CAIX) was classified
as CAIX-positive expression. A total of seven (32%) out of the 22
tumors were CAIX positive and 15 (68%) samples were CAIX
negative (Table 1). There was no correlation of CAIX expression
with age, staging, grading or metastatic dissemination in
univariate analysis (data not shown).

Impact of carbonic anhydrase IX expression on survival

Next, the relationship between CAIX expression and survival of
patients with neuroblastoma was examined. Overall survival was
analyzed by the Kaplan-Meier method, and the log-rank test was
used for univariate analysis (Figure 1B). The mean survival
was 1967 days. Expression of CAIX in the primary tumor was
statistically significantly associated with poorer overall survival
(p¼ 0.015) as compared to CAIX-negative expression (CAIX+
2225 versus CAIX- 1295 days).

Upregulation of carbonic anhydrase IX under hypoxia

Furthermore, Kelly and SH-EP Tet-21/N neuroblastoma cell lines
were examined for expression of CAIX. The levels of CAIX RNA
were quantified under normoxic and hypoxic conditions. Kelly
and, even more strongly, SH-EP Tet-21/N cells show a significant
upregulation of CAIX levels under hypoxic conditions (Figure 2).

Inhibition of carbonic anhydrase IX

The membrane impermeable carbonic anhydrase inhibitor FC5-
207A as well as a fluorescent probe FC8-325A (Figure 3C) were

Table 1. Patient characteristics.

Neuroblastoma patients n¼ 22

Age at operation d (mean) 14–2353 (666.91)
Follow-up time d (mean) 105–2351 (1179.09)
INSS stage (%)

1 6 (27.3)
2 0 (0)
3 5 (22.7)
4 7 (31.8)
4s 4 (18.2)

Hughes grade (%)
1 a/b 3 (13.6)
2 5 (22.7)
3 14 (63.6)

CAIX expression
Positive 7 (31.8)
Negative 15 (68.2)
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evaluated in the proliferation assay under hypoxic and normoxic
conditions. In Kelly cells, a significant reduction of proliferation
can be observed for both inhibitors under normoxia (FC5-207A:
p¼ 0.022; FC8-325A: p50.001), which is even stronger under

hypoxic conditions (FC5-207A: p¼ 0.004; FC8-325A: p50.001)
compared to the control (Figure 3A). In SH-EP Tet-21/N cells
(Figure 3B), a significant reduction of proliferation could only be
observed for substance FC8-325A (normoxia: p50.001, hypoxia:
p50.001), which was especially pronounced. Differences
between the control and substance FC5-207A were not signifi-
cant. Overall, the potency of the inhibitors is enhanced under
hypoxic conditions.

Discussion

In our patient cohort, a positive expression of carbonic anhydrase
IX was found in about a third of neuroblastoma tumor tissues of
all stages. This positive expression was significantly associated
with a negative impact on survival. To further evaluate CAIX as
a therapeutic target, Kelly and SH-EP Tet-21/N neuroblastoma
cells were, firstly, examined for CAIX expression, showing a
major increase of CAIX RNA under hypoxic conditions
compared to normoxia. Secondly, cells were exposed to treatment
with carbonic anhydrase IX inhibitors, FC5-207A and FC8-325A,
both leading to a significant decrease in proliferation of Kelly
cells, while only FC8-325A had a significant effect on SH-EP
Tet-21/N.

Impact of CAIX expression and survival

A hypoxic microenvironment furthers the exploitation of both
genetic and adaptive means of tumor cells to survive and
proliferate26,27. For example, this microenviroment can lead to a

Figure 1. Expression and impact on survival
of carbonic anhydrase IX. (A)
Immunohistochemistry: Representative
images of carbonic anhydrase IX positive and
negative immunohistochemical staining of
neuroblastoma tissue are shown (20� stand-
ard microscopic enlargement). (B) Overall
survival: For the Kaplan-Meier survival
analysis, patients were grouped according to
positive and negative carbonic anhydrase IX
expression. Overall survival of neuroblast-
oma patients with no carbonic anhydrase IX
expression was significantly better than that
of carbonic anhydrase IX positive patients
(p¼ 0.015).
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Figure 2. Carbonic anhydrase IX RNA expression under normoxic and
hypoxic conditions in Kelly and SH-EP Tet-21/N neuroblastoma cells.
Major increase of carbonic anhydrase IX RNA expression under hypoxic
conditions in Kelly and Tet neuroblastoma cells with respect to normoxic
conditions.
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natural selection of aggressive and metastasizing tumor cell
clones26. Hypoxic response markers, e.g. HIF-1alpha, CAIX and
GT-1 (glucose transporter-1) are well-established prognostic
markers in solid cancers26. The hypoxia-dependent expression
of CAIX has been described for many solid tumors, including
gastric cancer26,27, breast cancer28, prostate cancer14, colon
cancer29, oral squamous cell cancer16, esophageal cancer30,31,
where it is associated with malignant phenotype31, adverse
clinicopathological factors18, tumor cell dissemination29,32,33

and poor survival15,16,26,30,31.
Carbonic anhydrase IX has been shown to be involved in

numerous pathological processes including tumorgenicity16 and
was suggested to be involved in malignant transformation34. Its
expression in gastric cancer is associated with increased invasion,
supporting the hypothesis that increased CAIX expression may
contribute to invasion and thus advanced disease and tumor
progression34. The presence of CAIX has also been linked
with poorer survival/prognosis in several other solid
tumors15,16,26,30,31.

In neuroblastoma, a previous study has shown that CAIX is
expressed at significantly higher levels in tumors from patients
with adverse clinicopathological and biological factors18. In
this study, 23% of the patients showed a strong expression of
CAIX in immunostaining. Although CAIX expression, independ-
ent of high risk disease, could not be linked to significantly poorer
survival, these earlier findings indicate that CAIX is a biomarker
of aggressive disease in neuroblastomas18. In the current study,
we found a strong expression of CAIX in 32% of the tumors in
our patient cohort. In contrast to the earlier study, in our study

CAIX expression was significantly associated with poorer
survival.

CAIX as therapeutic target

The study on neuroblastoma by Dungwa et al.18 and our current
findings suggest that CAIX is a biomarker of aggressive disease in
neuroblastomas. Being a tumor-specific biomarker, CAIX has
been proposed as a possible therapeutic target for several tumor
entities18,32,33 for the hypoxic primary tumor as well as for
metastases. Further, CAIX had not previously been examined as a
target for neuroblastoma. There are several carbonic anhydrase
inhibiting substances available, which are CAIX specific, through
their unique structure and membrane impermeability35. To
evaluate the effectiveness of a CAIX-targeted treatment approach
for neuroblastoma, we firstly examined neuroblastoma cell lines
for their response regarding CAIX expression under hypoxic
conditions. Both cell lines showed a major increase of CAIX
RNA during hypoxia, SH-EP Tet-21/N cells even more strongly
compared to Kelly cells. When subjecting the neuroblastoma
cells to carbonic anhydrase inhibitors, FC5-207A and FC8-325A,
a significant decrease of cell proliferation was seen in Kelly cells.
In SH-EP Tet-21/N cells, only treatment with FC8-325A had a
significant anti-proliferative effect. The differences in response
of SH-EP Tet-21/N cells to the two inhibitors call for further
examination of the inhibitory mechanisms of these substances.
The present findings with neuroblastoma cell lines strongly
suggest the effectiveness of CAIX inhibitors in the treatment of
this tumor.
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Figure 3. Proliferation of Kelly and SH-EP Tet-21/N neuroblastoma cells under treatment with carbonic anhydrase IX inhibitors FC5-207A
and FC8-325A. (A) A significant reduction of proliferation can be observed for both inhibitors under normoxia (FC5-207A: p¼ 0.022; FC8-
325A: p50.001) and even more strongly under hypoxic conditions (FC5-207A: p¼ 0.004; FC8-325A: p50.001) compared to the control in
Kelly cells. (B) A significant reduction of proliferation could only be observed for substance FC8-325A (normoxia: p50.001; hypoxia: p50.001).
Differences between the control and substance FC5-207A were not significant. (C) Chemical structures of carbonic anhydrase inhibitors FC5-207A and
FC8-325A.
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Clinical implications

Our results show that inhibition of CAIX is a potent anti-
proliferative treatment in vitro. About a third of neuroblastoma
patients, in our study, showed expression of CAIX, thus making
CAIX a feasible clinical target in this selected patient cohort.
Further in vitro studies are necessary to shed light on the
mechanisms of suppression of tumor proliferation by various
CAIX inhibitors. Xenograft tumor model studies have shown that
the use of CAIX inhibiting sulfonamides is feasible in vivo, which
constitutes an important step towards clinical applicability36,37.
There are also preclinical and clinical trials on the way to
establish biological inhibitors for CAIX38–40. With this, CAIX-
targeted therapy could rapidly become even more attractive
clinically.

Conclusions

In our study, we found CAIX to be a potent biomarker that
predicts survival in neuroblastoma patients. Furthermore, CAIX-
targeted therapy in neuroblastoma cell lines is highly effective and
strengthens the concept of a role of CAIX as a clinical therapeutic
target in a selected patient cohort.
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