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stage were also independent prognostic factors for worse
disease-free survival (P < 0.05).
Conclusions: CA IX expression of tumor cells may be
an indicator for poor disease-free survival in early-stage
NSCLC.
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ABSTRACT
Purpose: Tumor hypoxia is associated with poor prognosis and increased tumor aggressiveness. Carbonic anhydrase (CA) IX, an endogenous marker for tumor hypoxia,
catalyzes the hydration of carbon dioxide into carbonic acid
and contributes to the pH regulation of tumor cells. Therefore, CA IX might allow tumors to acclimate to a hypoxic
microenvironment, promoting tumor cell proliferation. We
hypothesized that CA IX expression is related to tumor cell
proliferation and poor disease-free survival in patients with
early-stage non–small-cell lung cancer (NSCLC).
Experimental Design: CA IX expression was measured
in 75 resected NSCLC tumors to assess prognostic implications for disease-free survival. The relationship of CA IX
expression with microvessel density (MVD) and proliferation (Ki-67) index was assessed via colocalization analysis.
Results: All patients had operable NSCLC (stage I, 58;
stage II, 17). CA IX expression was present in 54 (72%) of 75
patients and was associated with tumor necrosis (P < 0.05).
CA IX-positive tumor areas showed greater cell proliferation as measured by Ki-67 index (P < 0.05) and less MVD
(P < 0.05) than did CA IX-negative areas in colocalization
analysis. The percentage of CA IX-positive tumor cells was
significantly related to postoperative recurrence and poor
disease-free survival (P < 0.05). Ki-67 index and pathologic
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INTRODUCTION
The tumor microenvironment, which includes the interaction between proliferating tumor cells and angiogenesis, has
been shown to be relevant in tumor progression toward a more
malignant phenotype (1). Thus, assessment of tumor microenvironment may provide information about patients with high
risk of recurrence and poor prognosis. Tumor hypoxia has been
considered as a functional marker of the tumor microenvironment and could result from an imbalance between tumor cell
proliferation and angiogenesis (2). Although it has long been
known as a cause of treatment resistance, tumor hypoxia is also
associated with increased tumor cell survival and aggressiveness
via clonal selection of cells with increased malignant potential
(3–5). In addition, hypoxia itself has been reported to lead to
genetic alterations promoting tumor cell growth and angiogenesis (6, 7).
Carbonic anhydrase (CA) IX, an endogenous marker for
tumor hypoxia, is a transmembrane enzyme (8) that catalyzes
the reversible hydration of carbon dioxide into carbonic acid (9).
Although the role of CA IX in tumor progression is still unclear,
CA IX might help maintain a normal pH in tumor cells under
hypoxia, allowing tumors to acclimate to a hypoxic microenvironment, which may permit continued tumor cell proliferation
away from blood vessels (10, 11). Transfection of CA IX
promotes cell proliferation (12, 13), whereas blockade of CA IX
results in increased cell death under hypoxic conditions (14).
CA IX expression has been reported to have prognostic significance in several tumor types including head and neck, and
kidney (15, 16). However, the value of this marker is controversial, because other studies have not shown significant correlations between CA IX and outcome in cervical nor in head and
neck cancers (17, 18).
In non-small cell lung cancer (NSCLC), a relationship
between CA IX expression and overall survival has been reported (19, 20). However, its relation with postoperative recurrence and disease-free survival has not been assessed. Considering the substantial incidence of postoperative recurrence in
early-stage (stage I-II) NSCLC (21), a relationship of CA IX
with recurrence might identify a patient group with high risk of
recurrence. Furthermore, analyzing the interrelationship of CA
IX, cell proliferation, and angiogenesis should provide a better
understanding of the tumor microenvironment and complementary information relevant for treatment. Therefore, we examined
the relationship between CA IX expression and both diseasefree survival and overall survival in early-stage NSCLC. To gain
additional insights into the role of CA IX function in malignant
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disease, we also examined the spatial relationship of its expression with tumor cell proliferation and tumor angiogenesis.

MATERIALS AND METHODS

Immunohistochemistry
Immunohistochemistry for CA IX, CD31, and Ki-67 was
performed with consecutive 5-m serial sections of formalinfixed, paraffin-embedded tissues placed onto positively charged
glass slides with a single-staining procedure. The Ki-67 index
was assessed by one investigator (R. T. V) and evaluation of CA
IX and CD31 expression was performed by two investigators
(S. J. K. and Z. N. R.). All of the interpretations of immunohistochemistry were performed without knowledge of clinical outcome.
CA IX. For the detection of CA IX, we used the anti-CA
IX mouse monoclonal antibody clone M75 (gift from Dr. Oosterwijk, Department of Urology, University Hospital Nijmegen,
the Netherlands). Tissue sections were dewaxed and rehydrated.
After peroxidase was quenched with methanol and 3% hydrogen
peroxide for 10 minutes, microwave antigen retrieval was done
twice on high power for 5 minutes each. After blocking with
10% donkey serum, the slides were incubated with the primary
antibody (3 g/mL) overnight at 4°C and were washed with
Tris-buffered saline (TBS). Positive control was human cervical
squamous cell carcinoma tissue, which has previously been
established as positive for CA IX (18, 23). Simultaneous incubation of slides in which primary antibody was omitted served
as negative control. Biotinylated donkey antimouse antibody
(1:1000, v/v) was applied for 30 minutes at room temperature,
followed by application of ABC kit (Vector Lab, Inc., Burlingame, CA). Slides were again washed in TBS, and color was
developed by 5 minutes’ incubation in 3,3⬘-diaminobenzidine

Assessment of Tumor Necrosis
Tumor necrosis was assessed on both CA IX-stained sections and hematoxylin and eosin (H&E)-stained sections. The
extent of necrosis was assessed at low magnification (⫻40), and
cases were divided into three groups according to the extent of
necrosis as follows: minimal necrosis group, with necrosis in
less than 5% of the optical fields; severe necrosis group, with
necrosis in more than 15%; and moderate necrosis group, consisting of all other cases.
Colocalization of Markers
Because serial sections from each tumor had been studied
for all three markers, the regional correlation of the three markers was investigated. Eighty-two tumor areas having strong CA
IX expression were chosen from 30 strongly CA IX-positive
cases (⬎2⫹) and were compared with 31 tumor areas without
CA IX expression from the same cases. In corresponding areas,
microvessels and positively stained nuclei for Ki-67 were
counted.
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Study Population
Seventy-five patients with previously untreated NSCLCs
from the Durham Veterans Affairs Hospital were included in
this study. Morphologic classification of the carcinomas was
assigned according to the WHO criteria; 38 patients had squamous cell carcinomas, 27 adenocarcinomas, 6 large-cell carcinomas, and 4 untyped non–small-cell carcinomas. All of the
patients were staged at the time of surgery following the guidelines of the American Joint Committee on Cancer Staging (21),
and all of the patients had mediastinal lymph node evaluation at
the time of surgery by mediastinoscopy and/or mediastinal
lymph node sampling as currently recommended for early-stage
NSCLC (22). Fifty-eight patients had stage I tumors and 17
patients had stage II tumors. All patients had surgical resection
of the primary tumor. Six patients received adjuvant or neoadjuvant therapy. Two patients received adjuvant chemotherapy
(T2N0 and T2N1) on clinical trials. One patient received neoadjuvant combined chemotherapy/radiation (T2N1) on a clinical
trial. Three patients received postoperative radiation therapy for
positive margins (one T1N0 and two T1N1). All patients were
male, and their ages ranged from 53 to 86 years (median, 67
years). The median follow-up of surviving patients at the time of
analysis was 35 months (range, 4 – 84 months). Follow-up data
were obtained from medical records. Survival times were measured from the date of surgery.

(DAB) solution. Slides were counterstained with hematoxylin.
To assess variability of immunostaining, we included slides
from a strongly staining case in each batch of 20 tumor samples.
Two investigators (S. J. K. and Z. N. R.) evaluated all slides
independently, and differences between the two observers were
resolved by consensus. After the slides were scanned at low
magnification (⫻40), three to seven areas (per case) of maximum CA IX expression were selected. The degree of positive
CA IX staining on the section was assessed at high magnification (⫻200) based on the semiquantitative scale of 0 to 4, and
the percentage of tumor cells staining for CA IX was measured
at low magnification (⫻40). The mean value of the examined
fields was the final value. The CA IX score was derived from
the product of the percentage of tumor cells staining for CA IX
and the average intensity of that staining.
CD31. Microvessel counting was used to assess angiogenesis. The anti-CD31 mouse monoclonal antibody clone
JC70A (Dako, Copenhagen, Denmark) was used to stain microvessels. Primary antibody (dilution, 1:20) was applied at
room temperature for 60 minutes, and the slides were stained by
the avidin-biotin method, as described above. After the slides
were scanned at low magnification (⫻40), four areas (per case)
of high vascularization were chosen for microvessel counting.
Microvessel density (MVD) was expressed as the number of
vessels per field. The mean value from four fields was recorded
as the MVD for each tumor.
Ki-67. The anti-Ki-67 rabbit monoclonal antibody, NCL
Ki67 (Novocastra Laboratory Ltd., Newcastle, United Kingdom) was applied (dilution, 1:500) overnight at 4°C, and slides
were stained by the avidin-biotin method, as described above.
Tumor cells were considered positive for the Ki-67 antigen if
there was intranuclear DAB staining. After the slides were
scanned at low magnification (⫻40), the cells with positively
stained nuclei were counted in a maximum of 10 fields at a
magnification of ⫻650. Four hundred to 2,000 tumor cells were
counted, and Ki-67 index was calculated as the percentage of
positive cells per positive and negative cells.
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RESULTS
CA IX Expression, Percentage of CA IX-Positive Tumor Cells, and CA IX Score. CA IX expression was analyzed with three methods: (a) mean staining intensity, on a
grading scale of 0 to 4; (b) the percentage of positive cells; and
(c) the product of the staining intensity and percentage of
positive cells (CA IX score). Cases were classified as positive if
the mean staining intensity was grade 1 or greater. Of the 75
cases analyzed, 54 (72%) cases were positive for CA IX. The
staining pattern was characteristic membranous and cytoplasmic
localization. The median percentage of CA IX-positive tumor
cells was 7.5%, and the median CA IX score was 11.4. We
examined the correlation of these three CA IX variables with
pathologic variables in our patients with NSCLC (Table 1).
All three variables were higher in squamous cell carcinomas than in adenocarcinomas (P ⬍ 0.05). For example, 31
(82%) of 38 of the squamous cell carcinomas were positive for
CA IX, but only 15 (56%) of 27 adenocarcinomas were positive.
Tumor necrosis was strongly associated with CA IX expression
(P ⬍ 0.01). Forty-one (89.1%) of 46 cases with moderate or
severe necrosis were positive for CA IX. Both the CA IX score

Table 1

Fig. 1 Correlations between the percentage of CA IX-positive cells,
MVD, and Ki-67 index. In A, the mean MVD tended to decrease as the
percentage of CA IX-positive tumor cells increased (r ⫽ -0.336, P ⫽
0.003), suggesting that less vascularized areas are more hypoxic. In B,
Ki-67 index showed a weak correlation with the percentage of CA
IX-positive tumor cells, but it was marginally significant (r ⫽ 0.202; P
⫽ 0.082). Spearman Correlation Test was used.

Correlation of CA IX variables with pathologic variables
CA IX expression

Variables
Histology
Squamous cell carcinoma (n ⫽ 38)
Adenocarcinoma (n ⫽ 27)
Large-cell carcinoma (n ⫽ 6)
Others (n ⫽ 4)
T stage ‡
T1 (n ⫽ 33)
T2 (n ⫽ 39)
T3 (n ⫽ 3)
N stage ‡
N0 (n ⫽ 66)
N1 (n ⫽ 9)
Stage ‡
I (n ⫽ 58)
II (n ⫽ 17)
Tumor necrosis
Minimal (n ⫽ 29)
Moderate to severe (n ⫽ 46)

Negative

Positive

% of CA IX-positive cells

P value *

⬍7.5

ⱖ7.5

0.02 †
7
13
1
1

31
14
5
3

8
14

25
25
3

18
4

48
5

17
5

41
12

17
5

12
41

⬍11.4

ⱖ11.4

14
20
2
1

24
7
4
3

17
19
1

16
20
2

32
5

34
4

28
9

30
8

19
18

10
28

0.02 †
15
19
2
1

23
8
4
3

17
19
1

16
20
2

31
6

35
3

26
11

32
6

18
19

11
27

0.29

0.83

0.31

0.99

P value *
0.01 †

0.83

0.43

⬍0.01

P value *

CA IX score

0.74

0.18

0.79

0.10

0.03

* Fisher’s Exact test was applied to the association of CA IX, MVD, and Ki-67 index with clinicopathologic variables.
† The association of three CA IX variables with squamous cell carcinoma and adenocarcinoma was analyzed by Fisher’s exact test.
‡ Pathologic stage was used.
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Statistical Analysis
The Fisher’s Exact Test was applied to assess the association between categorical variables. Coefficient of correlation
(r) between expressions of markers was calculated with the
Spearman Rank Test. Disease-free survival and overall survival
curves were calculated with the Kaplan–Meier Method and were
compared by the Log-Rank test. The Cox proportional hazards
regression model was used for multivariate analyses. All of the
statistical analyses were performed with a statistical software
package, SPSS, version 10.0 (SPSS Inc., Chicago, IL). Statistical significance was defined as P values less than 0.05. All P
values were two-sided.
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Ki-67 index was positively correlated with CA IX expression in the colocalization analysis. Seventy-one of 82 CA IXpositive areas showed Ki-67 expression levels greater than
5.6%. Further, Ki-67 expression greater than 5.6% was found
more frequently in CA IX-positive than in CA IX-negative areas
(71 (87%) of 82 versus 19 (61%) of 31; P ⬍ 0.01). These
findings suggest that CA IX expression is correlated with increased oxygen consumption induced by relatively high tumor
cell proliferation (24).
CA IX and Postoperative Recurrence. Among the 20
cases with tumor recurrence, 18 were local recurrences and two
were at distant sites. The percentage of CA IX-positive tumor
cells was significantly correlated with recurrence (P ⫽ 0.02;
Table 2). Fifteen cases (39.5%) had tumor recurrence among the
38 patients with high percentage of CA IX-positive tumor cells
(⬎7.5%). CA IX score and Ki-67 index trended higher in those
cases that recurred, although this did not reach statistical significance (P ⫽ 0.06, for both). However, CA IX expression, as
a binary variable (positive or negative), was not associated with
recurrence (P ⫽ 0.39). Patients with pathologic stage II had a
nonsignificant higher recurrence rate [7 (41.1%) of 17] compared with patients with stage I [13 (22.4%) of 58; P ⫽ 0.21].
To evaluate the association of MVD and recurrence, we dichotomized based on the value of MVD of 15, 20, 25, and 30%, and
median value. All of them failed to show statistically significant
relationship with postoperative recurrence. The presence of
tumor necrosis was also not related to recurrence.
Relationship of CA IX to Disease-Free Survival and
Overall Survival. Thirty-two (43%) of the 75 patients died
during the follow-up period (median follow-up, 35 months). The

Fig. 2 Colocalization of CA
IX, MVD (CD31), and Ki-67 in
a representative NSCLC tumor.
Immunohistochemistry is performed on serial tissue sections
as described in the Materials
and Methods (⫻200). A, browncolored cytoplasmic staining,
CA IX expression. B, CD31
staining, microvessels (black
arrows); C, brown-colored nuclei (black arrows), Ki-67 expression,. CD31 staining in B
(red) and Ki-67 in C (yellow)
are overlaid on the CA IX staining in D.
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and the percentage of CA IX positive tumor cells trended toward
higher values in tumors with necrosis, but the differences were
not statistically significant (P ⫽ 0.10). There was no significant
association between CA IX variables and other pathologic conditions such as tumor size, nodal involvement, or pathologic
stage.
Association of CA IX with Angiogenesis and Cell Proliferation. To assess interrelationships between CA IX and
angiogenesis or cell proliferation, the CA IX variable values
were compared with MVD and Ki-67 index, respectively, with
the Spearman Rank Test (Fig. 1). All three CA IX variables
showed statistically significant, but weak, inverse correlations
with MVD. Comparisons were also made by examining average
Ki-67 and MVD values, grouped above or below the median CA
IX variable values. For example, in the group with high percentages of CA IX-positive tumor cells (⬎7.5%), the mean
Ki-67 index was significantly greater than the low percentage
group (16.7 ⫾ 20.3 versus 8.1 ⫾ 9.6; P ⫽ 0.02). The other two
CA IX variables were not significantly correlated with Ki-67.
The comparisons above were done without regard to spatial
localization of the variables. To examine the spatial correlation
between angiogenesis and cell proliferation, we quantified colocalization of expression of the three markers: CA IX, CD31,
and Ki-67. In the subgroup of 30 cases with high levels of CA
IX staining, 82 regions were assessed. Qualitatively, areas staining positive for CA IX showed fewer microvessels than negatively stained areas (Fig. 2). Overall, microvessels were not
observed in 74 (90%) of these sections. By comparison, all 31
areas without CA IX expression contained microvessels (P ⬍
0.01).
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Table 2

Relationship of CA IX variables and other pathologic
variables to disease recurrence

Variables

Nonrecurrence Recurrence P value *
45
10

13
7

0.21

18
37

4
16

32
23

5
15

0.02

31
24

6
14

0.06

26
29

10
10

0.99

31
24

6
14

0.06

23
32

6
14

0.43

0.39

* Fisher’s Exact test was used.
† Pathologic stage was used.

cause of death was either primary tumor recurrence (n ⫽ 18) or
other causes (n ⫽ 14) including infection. Thus, the cancerrelated death rate was 24%. The relatively high overall death
rate reflects the high rate of comorbidity among veteran populations seen at Veteran’s Affairs hospitals and an associated
higher mortality rate in NSCLC (25).
To examine the importance of CA IX to survival, we
performed multivariate analysis. To maximize the power of
analysis, we used the three CA IX variables—MVD, Ki-67
index, and the extent of tumor necrosis—as continuous variables. Stage, race, and histology were used as binary variables
(i.e., stage I versus II, Caucasian versus African American, and
squamous cell carcinoma versus non-squamous cell carcinoma).
Gender was not included because all of the patients were male.
The percentage of CA IX-positive tumor cells and Ki-67 index
were strong independent prognostic indicators for disease-free
survival (P ⬍ 0.01; Table 3). Pathologic stage II was also

Table 3

DISCUSSION
Several techniques have been used to measure tumor hypoxia, including oxygen microelectrodes (e.g., Eppendorf pO2
histograph) and nitromidazole derivatives (e.g., EF5 and pimonidazole; refs. 4, 17, 26). However, the oxygen microelectrode measurement is an invasive procedure, and nitromidazole
derivatives must be administered before obtaining the tumor
sample. Thus, both methods require prospectively designed
studies to evaluate the role of hypoxia in treatment outcome.
Alternative methods of assessing hypoxia are required for application to archival samples and routine clinical practice.
Assessment of tumor hypoxia with endogenous hypoxia
markers is an attractive alternative to the aforementioned methods. CA IX is one of several endogenous hypoxia markers that
have been investigated. There is in vitro evidence that this
protein is up-regulated under hypoxic conditions. For example,

Cox proportional hazards regression model analysis of disease-free survival and overall survival
Disease-free survival

Overall survival

Variables

Coefficient

SEM *

P value

Coefficient

SEM *

P value

% of CA IX-positive cells †
Ki 67 index (%) †
Stage II ‡
% of tumor necrosis †
Microvessel density †
Age *
Squamous cell carcinoma‡
African American ‡

0.267
0.057
1.305
⫺0.035
⫺0.010
0.002
0.441
⫺0.030

0.083
0.014
0.649
0.028
0.038
0.034
0.545
0.743

⬍0.01
⬍0.01
0.04
0.20
0.78
0.95
0.41
0.98

0.112
0.028
1.163
⫺0.022
⫺0.005
0.003
0.561
⫺0.153

0.058
0.010
0.482
0.020
0.028
0.023
0.432
0.547

0.05
⬍0.01
0.02
0.28
0.84
0.87
0.19
0.78

* SEM of the coefficient.
† These variables were used as continuous variables with units of percent.
‡ Binary variables were used: stage I versus II, squamous cell carcinoma versus non-squamous cell carcinoma, Caucasian versus African
American
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Stage †
I
II
CA IX expression
Negative
Positive
% of CA IX-positive cells
⬍7.5%
ⱖ7.5%
CA IX score
⬍11.4
ⱖ11.4
Microvessel density
⬍21
ⱖ21
Ki-67 index (%)
⬍5.6
ⱖ5.6
Tumor necrosis
Minimal
Moderate to severe

significantly associated with shorter disease-free survival (P ⫽
0.04). When patients were divided into two groups based on the
median value of the percentage of CA IX-positive tumor cells,
distinctly different disease-free survival times were found, as
illustrated by Kaplan–Meier curves (Fig. 3A). In each stage, the
percentage of CA IX-positive tumor cells was also significantly
associated with shorter disease-free survival (P ⬍ 0.01, both
Fig. 3B and C).
In contrast, CA IX score and the mean intensity of CA IX
staining were not independent prognostic factors for diseasefree survival when they were used as continuous variables in the
multivariate analysis (data not shown). In addition, when all
cases with non-zero staining of CA IX were considered as
positive and the cases were dichotomized as a binary variable
(positive or negative), there was no relationship with diseasefree survival in univariate analysis (P ⫽ 0.125; data not shown).
In the multivariate analysis of overall survival, Ki-67 index
and pathologic stage were significantly associated with worse
overall survival (P ⬍ 0.05; Table 3). The percentage of CA
IX-positive tumor cells also showed significance for overall
survival (P ⫽ 0.05), indicating that a higher percentage of CA
IX-positive tumor cells was associated with shorter disease-free
survival (Table 3). Other variables including age, race, extent of
necrosis, MVD, and histologic type were not significantly related to disease-free survival or overall survival (P ⬎ 0.05).
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studies with various human cancer cell lines showed elevated
levels of CA IX gene expression in response to hypoxia (27, 28).
CA IX protein expression has been particularly strong when pO2
levels are ⬍20 mmHg (11, 29). On the molecular level, the
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Fig. 3 Disease-free survival by percentage of CA IX-positive tumor
cells. The median value of 7.5% was used as a cutoff value for grouping.
In A, among all 75 cases, percentage of CA IX-positive cells is associated with shorter disease-free survival (P ⬍ 0.01). In B and C, high
percentage of CA IX-positive cells is related with shorter disease-free
survival in stage I and II (P ⫽ 0.029 and 0.003, respectively). Curves
were constructed with the method of Kaplan–Meier and compared by
the Log-rank Test. Tick marks, censored data.

promoter region of CA IX contains a hypoxia response element
that is the binding site of the transcription factor, HIF-1 (30).
The ␣ subunit of HIF-1 is stabilized by hypoxia because, under
normoxic conditions, HIF-1␣ is rapidly degraded by proteosomes after being targeted for ubquitinization (6, 7).
Antibodies binding CA IX have facilitated its evaluation in
biopsied tissue samples by immunohistochemistry. Initially, CA
IX was reported to be expressed around necrotic areas in human
tumor tissues, suggesting a relationship with hypoxia (8). A
more definitive proof that it marks hypoxic regions in tumor
tissues came from studies that correlated CA IX expression with
the exogenous hypoxia marker, pimonidazole (17). However,
there is controversy about how well CA IX identifies hypoxic
regions. For example, the correlations were weak, and areas of
mismatch between pimonidazole and CA IX were also found in
the above-mentioned study. Furthermore, a lack of correlation
was also found between oxygen microelectrode measurements
and CA IX expression in carcinoma of uterine cervix (17, 18).
Thus, the utility of CA IX as a hypoxia marker is still not
established and should be thoroughly examined.
In our present study, CA IX expression was clearly related
to the extent of necrosis, supporting its putative relation with
hypoxia as reported previously (8). CA IX was predominantly
expressed in areas adjacent to necrosis, and this perinecrotic
expression is consistent with findings from other studies (19,
20). CA IX was more frequently expressed in squamous cell
carcinoma than was adenocarcinoma. This is consistent with the
fact that squamous cell carcinomas are more necrotic than other
types of NSCLC (29). In addition, there was a weak but statistically significant inverse correlation between CA IX and MVD
in our study, suggesting poor neovascularization is related to
hypoxia-induced CA IX expression. Although high vascularization has been regarded as a predictor for aggressive behavior of
tumors, the relationship between CA IX and MVD remains
controversial. A direct relationship between CA IX and MVD
was reported in one study of head and neck cancer (31) whereas
an inverse relationship, similar to that found in our study, has
been reported in another study of head and neck cancer (15).
This discrepancy may be the result of heterogeneity of vascularization and various abnormalities of tumor vasculature (32,
33), or it may be the result of differences in the methods of
evaluation.
To evaluate the prognostic significance of immunohistochemically detected CA IX expression in tumors, various indicators of CA IX staining have been used in previous studies:
percentage of CA IX-positive tumor cells, positive or negative
CA IX expression, and CA IX score (18 –20, 34 –36). However,
the impact on survival varied across studies depending on the
CA IX variables or tissue type. Direct comparison of the three
variables in the same study population had not been performed.
Thus, all three CA IX variables were compared in this study,
which found that the percentage of CA IX-positive tumor cells
was most strongly correlated with postoperative recurrence,
disease-free survival, and overall survival. Thus, the percentage
of tumor cells staining for CA IX may provide more information
about tumor recurrence and prognosis of patients than grading
the staining intensity. CA IX score, the product of staining
intensity and percentage positive cells, was less informative than
percentage itself. Therefore, measuring percentage of positively
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Fig. 4 Clonal selection of tumor cells
via tumor hypoxia.

CAIX expression. These findings are consistent with the previous report showing clear regional match between Ki-67 and CA
IX in colorectal tumors (44). Ki-67 has been shown to present
only in S, G2, and M phases of the cell cycle as well as in the
proliferation-associated part of G1, but not in G0 (45). Thus,
when tumor cells are positively stained by Ki-67 in the area of
CA IX expression, the presence of proliferating cells, not quiescent cells under hypoxia, are indicated.
The positive relationship between CAIX and Ki67 is
somewhat surprising, as one would typically expect hypoxic
cells to be nutrient deprived and therefore more likely to be
quiescent. The findings of this study suggest two somewhat
interrelated alternative mechanisms. First, it is possible that
increased tumor cell proliferation increases oxygen consumption thereby leading to hypoxia and increased CAIX expression. Second, the expression of CA IX in hypoxic regions
may help continued tumor cell proliferation by maintaining a
pH adequate for cell survival under hypoxia. It has been
reported that the oxygen consumption rate of proliferating
cells is three to five times higher than that of quiescent cells
(46). Proliferation of cells within a hypoxic environment will,
by necessity, lead to increased acid production as a result of
a switch from aerobic to anaerobic metabolism. CA IX,
which is induced by hypoxia, produces bicarbonates via
hydration of carbon dioxide into carbonic acid. Bicarbonates
are exchanged for intracellular chloride to maintain the intracellular pH of tumor cells under hypoxia, and this allows
tumors to acclimate to the acidic microenvironment, which is
associated with increased anaerobic glycolysis (10, 11).
Thus, the expression of CA IX may assist in maintaining
intracellular pH at a level that will permit continued proliferation. Although the exact cause-and-effect relationships
between hypoxia and cell proliferation could not be determined from the present study, hypoxia might provide survival advantage to proliferating tumor cells and promote
clonal selection of viable hypoxic tumor cells with increased
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stained cells appears to be the most informative assessment of
CA IX expression.
Prognostic information can be maximized when variables
are used as continuous variables instead of being reduced to a
binary variable separated at a cut-point (37). Thus, we used
continuous variables for multivariate analysis, and the percentage of CA IX-positive tumor cells was significantly associated
with disease-free survival and overall survival in multivariate
analysis. Together with pathologic stage and the percentage of
CA IX-positive tumor cells, Ki-67 index was also significantly
related with shorter disease-free survival and overall survival.
Although prognostic significance of Ki-67 index has been reported in a variety of tumor types, including NSCLC, these
studies used Ki-67 index as a cut-point– derived binary variable
(38, 39). To our knowledge, this is the first study to demonstrate
prognostic significance of CA IX and Ki-67 index when used as
continuous variables in multivariate survival analysis. Prognostic significance of CA IX and Ki-67 index in our present study
suggests a worse prognosis for more rapidly proliferating and
more hypoxic early-stage NSCLCs. Recently, proteinomic analysis identified another hypoxia-induced protein, the glycolytic
enzyme phosphoglycerate kinase 1 (PGK1), as a poor prognostic predictor in lung adenocarcinoma, consistent with our findings (40).
It has been suggested that tumor cell proliferation-induced
oxygen consumption might be a more important influence on
the development of tumor hypoxia than reduced oxygen supply
(41). Thus, as tumor cells proliferate, their microenvironment
may become hypoxic. Although cells under prolonged hypoxic
conditions are thought to proliferate slowly or die, the continuous proliferation of tumor cells in the hypoxic tumor compartment and the correlation between fast tumor cell doubling time
and low tumor oxygenation have been previously reported (23,
42, 43). These findings suggested a possible interaction between
cell proliferation and development of hypoxia. In the current
study, the colocalization analysis demonstrated a significantly
higher Ki-67 index in tumor areas that showed relatively high

7932 CA IX in Early-Stage NSCLC

ACKNOWLEDGMENTS
We thank Marguerite Adkins for secretarial support.

REFERENCES
1. Bussink J, Kaanders JH, van der Kogel AJ. Tumor hypoxia at the
micro-regional level: clinical relevance and predictive value of exogenous and endogenous hypoxic cell markers. Radiother Oncol 2003;67:
3–15.
2. Dang CV, Semenza GL. Oncogenic alterations of metabolism.
Trends Biochem Sci 1999;24:68 –72.
3. Rofstad EK. Microenvironment-induced cancer metastasis. Int J Radiat Biol 2000;76:589 – 605.
4. Hockel M, Schlenger K, Aral B, Mitze M, Schaffer U, Vaupel P.
Association between tumor hypoxia and malignant progression in advanced cancer of the uterine cervix. Cancer Res 1996;56:4509 –15.
5. Kim CY, Tsai MH, Osmanian C, et al. Selection of human cervical
epithelial cells that possess reduced apoptotic potential to low-oxygen
conditions. Cancer Res 1997;57:4200 – 4.
6. Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer
2003;3:721–32.
7. Blancher C, Harris AL. The molecular basis of the hypoxia response
pathway: tumour hypoxia as a therapy target. Cancer Metastasis Rev
1998;17:187–94.
8. Opavsky R, Pastorekova S, Zelnik V, et al. Human MN/CA9 gene,
a novel member of the carbonic anhydrase family: structure and exon to
protein domain relationships. Genomics 1996;33:480 –7.
9. Lindskog S. Structure and mechanism of carbonic anhydrase. Pharmacol Ther 1997;74:1–20.
10. Ivanov SV, Kuzmin I, Wei MH, et al. Down-regulation of transmembrane carbonic anhydrases in renal cell carcinoma cell lines by
wild-type von Hippel-Lindau transgenes. Proc Natl Acad Sci USA
1998;95:12596 – 601.
11. Yamagata M, Hasuda K, Stamato T, Tannock IF. The contribution
of lactic acid to acidification of tumours: studies of variant cells lacking
lactate dehydrogenase. Br J Cancer 1998;77:1726 –31.
12. Beasley NJ, Leek R, Alam M, et al. Hypoxia-inducible factors
HIF-1alpha and HIF-2alpha in head and neck cancer: relationship to
tumor biology and treatment outcome in surgically resected patients.
Cancer Res 2002;62:2493–7.
13. Pastorek J, Pastorekova S, Callebaut I, et al. Cloning and characterization of MN, a human tumor-associated protein with a domain
homologous to carbonic anhydrase and a putative helix-loop-helix DNA
binding segment. Oncogene 1994;9:2877– 88.
14. Potter C, Harris AL. Hypoxia inducible carbonic anhydrase IX,
marker of tumour hypoxia, survival pathway and therapy target. Cell
Cycle 2004;3:164 –7.
15. Koukourakis MI, Giatromanolaki A, Sivridis E, et al. Hypoxiaregulated carbonic anhydrase-9 (CA9) relates to poor vascularization

and resistance of squamous cell head and neck cancer to chemoradiotherapy. Clin Cancer Res 2001;7:3399 – 403.
16. Bui MH, Seligson D, Han KR, et al. Carbonic anhydrase IX is an
independent predictor of survival in advanced renal clear cell carcinoma:
implications for prognosis and therapy. Clin Cancer Res 2003;9:802–11.
17. Kaanders JH, Wijffels KI, Marres HA, et al. Pimonidazole binding
and tumor vascularity predict for treatment outcome in head and neck
cancer. Cancer Res 2002;62:7066 –74.
18. Hedley D, Pintilie M, Woo J, et al. Carbonic anhydrase IX expression, hypoxia, and prognosis in patients with uterine cervical carcinomas. Clin Cancer Res 2003;9:5666 –74.
19. Giatromanolaki A, Koukourakis MI, Sivridis E, et al. Expression of
hypoxia-inducible carbonic anhydrase-9 relates to angiogenic pathways
and independently to poor outcome in non-small cell lung cancer.
Cancer Res 2001;61:7992– 8.
20. Swinson DE, Jones JL, Richardson D, et al. Carbonic anhydrase IX
expression, a novel surrogate marker of tumor hypoxia, is associated
with a poor prognosis in non-small-cell lung cancer. J Clin Oncol
2003;21:473– 82.
21. Mountain CF. Revisions in the international system for staging lung
cancer. Chest 1997;111:1710 –7.
22. Smythe WR. Treatment of stage I non-small cell lung carcinoma.
Chest 2003;123:181S–7S.
23. Loncaster JA, Harris AL, Davidson SE, et al. Carbonic anhydrase
(CA IX) expression, a potential new intrinsic marker of hypoxia: correlations with tumor oxygen measurements and prognosis in locally
advanced carcinoma of the cervix. Cancer Res 2001;61:6394 –9.
24. Freyer JP. Rates of oxygen consumption for proliferating and quiescent cells isolated from multicellular tumor spheroids. Adv Exp Med
Biol 1994;345:335– 42.
25. Yu W, Ravelo A, Wagner TH, et al. Prevalence and costs of chronic
conditions in the VA health care system. Med Care Res Rev 2003;60:
146S– 67S.
26. Evans SM, Hahn S, Pook DR, et al. Detection of hypoxia in human
squamous cell carcinoma by EF5 binding. Cancer Res 2000;60:
2018 –24.
27. Ivanov S, Liao SY, Ivanova A, et al. Expression of hypoxiainducible cell-surface transmembrane carbonic anhydrases in human
cancer. Am J Pathol 2001;158:905–19.
28. Lal A, Peters H, St Croix B, et al. Transcriptional response to hypoxia
in human tumors. J Natl Cancer Inst (Bethesda) 2001;93:1337– 43.
29. Wykoff CC, Beasley NJ, Watson PH, et al. Hypoxia-inducible
expression of tumor-associated carbonic anhydrases. Cancer Res 2000;
60:7075– 83.
30. Pantuck AJ, Zeng G, Belldegrun AS, Figlin RA. Pathobiology,
prognosis, and targeted therapy for renal cell carcinoma: exploiting the
hypoxia-induced pathway. Clin Cancer Res 2003;9:4641–52.
31. Beasley NJ, Wykoff CC, Watson PH, et al. Carbonic anhydrase IX,
an endogenous hypoxia marker, expression in head and neck squamous
cell carcinoma and its relationship to hypoxia, necrosis, and microvessel
density. Cancer Res 2001;61:5262–7.
32. Dewhirst MW. Concepts of oxygen transport at the microcirculatory level. Semin Radiat Oncol 1998;8:143–50.
33. Konerding MA, Malkusch W, Klapthor B, et al. Evidence for
characteristic vascular patterns in solid tumours: quantitative studies
with corrosion casts. Br J Cancer 1999;80:724 –32.
34. Hui EP, Chan AT, Pezzella F, et al. Coexpression of hypoxiainducible factors 1alpha and 2alpha, carbonic anhydrase IX, and vascular endothelial growth factor in nasopharyngeal carcinoma and relationship to survival. Clin Cancer Res 2002;8:2595– 604.
35. Turner KJ, Crew JP, Wykoff CC, et al. The hypoxia-inducible
genes VEGF and CA9 are differentially regulated in superficial vs
invasive bladder cancer. Br J Cancer 2002;86:1276 – 82.
36. Giatromanolaki A, Koukourakis MI, Sivridis E, et al. DEC1
(STRA13) protein expression relates to hypoxia- inducible factor 1-

Downloaded from http://aacrjournals.org/clincancerres/article-pdf/10/23/7925/1954153/zdf02304007925.pdf by guest on 01 December 2022

adaptation to hypoxia, driving the tumor toward a more
aggressive phenotype (Fig. 4).
Although the staging system of the American Joint Committee on Cancer Staging is the accepted predictor of prognosis
in lung cancer, the survival data of each stage have suggested
the presence of heterogeneous populations containing patients at
higher risk for recurrence than others within the same stage (21).
Therefore, identifying patients at high risk for recurrence would
allow the development of tailored treatment strategy to the
particular patient. Considering the prognostic significance of
CA IX and its relation with recurrence and cell proliferative
index, CA IX expression status might be a selection tool for
patients who require additional treatment before or after primary
treatment.

Clinical Cancer Research 7933

42. Schmaltz C, Hardenbergh PH, Wells A, Fisher DE. Regulation of
proliferation-survival decisions during tumor cell hypoxia. Mol Cell
Biol 1998;18:2845–54.
43. Nordsmark M, Hoyer M, Keller J, Nielsen OS, Jensen OM, Overgaard J. The relationship between tumor oxygenation and cell proliferation in human soft tissue sarcomas. Int J Radiat Oncol Biol Phys
1996;35:701– 8.
44. Saarnio J, Parkkila S, Parkkila AK, et al. Immunohistochemical
study of colorectal tumors for expression of a novel transmembrane
carbonic anhydrase, MN/CA IX, with potential value as a marker of cell
proliferation. Am J Pathol 1998;153:279 – 85.
45. Gerdes J, Lemke H, Baisch H, Wacker HH, Schwab U, Stein H.
Cell cycle analysis of a cell proliferation-associated human nuclear
antigen defined by the monoclonal antibody Ki-67. J Immunol 1984;
133:1710 –5.
46. Freyer JP. Decreased mitochondrial function in quiescent cells
isolated from multicellular tumor spheroids. J Cell Physiol 1998;176:
138 – 49.

Downloaded from http://aacrjournals.org/clincancerres/article-pdf/10/23/7925/1954153/zdf02304007925.pdf by guest on 01 December 2022

alpha and carbonic anhydrase-9 overexpression in non-small cell lung
cancer. J Pathol 2003;200:222– 8.
37. Pinto CA, Carvalho PE, Antonangelo L, et al. Morphometric evaluation of tumor matrix metalloproteinase 9 predicts survival after surgical resection of adenocarcinoma of the lung. Clin Cancer Res 2003;
9:3098 –104.
38. Brown DC, Gatter KC. Ki67 protein: the immaculate deception?
Histopathology 2002;40:2–11.
39. Pugsley JM, Schmidt RA, Vesselle H. The Ki-67 index and survival
in non-small cell lung cancer: a review and relevance to positron
emission tomography. Cancer J 2002;8:222–33.
40. Chen G, Gharib TG, Wang H, et al. Protein profiles associated with
survival in lung adenocarcinoma. Proc Natl Acad Sci USA 2003;100:
13537– 42.
41. Secomb TW, Hsu R, Ong ET, Gross JF, Dewhirst MW. Analysis of
the effects of oxygen supply and demand on hypoxic fraction in tumors.
Acta Oncol 1995;34:313– 6.

