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Carbonic anhydrases (CA) influence intra- and extra-
cellular pH and ion transport in varied biological
processes. We recently identified CA9 and CA12 as
hypoxia-inducible genes. In this study we examined
the expression of these tumor-associated CAs by im-
munohistochemistry in relation to necrosis and early
breast tumor progression in 68 cases of ductal carci-
noma in situ (DCIS) (39 pure DCIS and 29 DCIS asso-
ciated with invasive carcinoma). CA IX expression
was rare in normal epithelium and benign lesions,
but was present focally in DCIS (50% of cases) and in
associated invasive carcinomas (29%). In compari-
son, CA XII was frequently expressed in normal
breast tissues (89%), in DCIS (84%), and in invasive
breast lesions (71%). In DCIS, CA IX was associated
with necrosis (P 5 0.0053) and high grade (P 5
0.012). In contrast, CA XII was associated with the
absence of necrosis (P 5 0.036) and low grade (P 5
0.012). Despite this, augmented CA XII expression
was occasionally observed adjacent to necrosis within
high-grade lesions. Neither CA IX nor CA XII expres-
sion was associated with regional or overall prolifer-
ation as determined by MIB1 staining. Assessment of
mammographic calcification showed that CA XII ex-
pression was associated with the absence of calcifica-
tion (n 5 43, P 5 0.0083). Our results demonstrate
that induction of CA IX and CA XII occurs in regions
adjacent to necrosis in DCIS. Furthermore, these data
suggest that proliferation status does not influence
expression of either CA in breast tissues, that hypoxia

may be a dominant factor in the regulation of CA IX,
and that factors related to differentiation, as deter-
mined by tumor grade, dominate the regulation of CA
XII. The existence of differential regulation and asso-
ciations with an aggressive phenotype may be impor-
tant in the development of selective inhibitors of CAs,
because the latter have recently been shown to prevent
tumor invasion. (Am J Pathol 2001, 158:1011–1019)

The management of pre-invasive ductal carcinoma in situ
(DCIS) of the breast has become an increasingly signif-
icant problem. This is due in part to both the increasing
number of these lesions detected by mammography,1,2

and the impetus provided by the demonstration that in-
vasive breast cancer may be delayed or inhibited by
tamoxifen therapy in women at high risk.3,4 Assessment
of DCIS and the risk of progression to invasive disease is
complicated by the small size and focal nature of most
breast lesions, and has traditionally been based primarily
on morphological classification and grading of pre-inva-
sive disease by the pattern of growth into comedo and
noncomedo subtypes. Recently, radiological studies
have suggested that abnormal patterns of calcification
may be associated with high-grade DCIS,5,6 whereas
pathological studies have developed more reproducible
and discriminating schema for classification of DCIS le-
sions.7 Consequently, the presence of necrosis and nu-
clear grade8,9 have emerged as important aspects to
consider when assessing breast lesions, although con-
sistent recognition and quantification of both parameters
remains problematic.10

Necrosis is believed to represent the extreme manifes-
tation of hypoxia within tissues.11 Interestingly, tumor
hypoxia has been shown to be a prognostic indicator for
many tumor types, being associated with aggressive
growth, metastasis, and poor response to treatment not
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only in patients treated with radiotherapy, but also in
those treated with surgery alone.12–16 Of potential impor-
tance for understanding these effects is the role of hyp-
oxia in regulating patterns of gene expression. Studies of
gene expression have defined several classes of genes
that are up-regulated by hypoxia and demonstrated that
activation of the transcriptional complex hypoxia-induc-
ible factor-1 is a key mediator of many of these ef-
fects.17,18 Genes that are up-regulated by microenviron-
mental hypoxia through hypoxia-inducible factor-1
activation include glucose transporters, glycolytic en-
zymes, and angiogenic growth factors.

We recently identified the two tumor-associated trans-
membrane carbonic anhydrases (CA) CA919–21 and
CA1220,22 as being up-regulated by hypoxia in epithelial
tumor cell lines.23 Furthermore, we demonstrated focal
perinecrotic expression of CA IX in invasive human tu-
mors, co-localizing with vascular endothelial growth fac-
tor mRNA expression and pimonidazole activation.23

CA9 and CA12 are members of a family of catalytically
active CAs that share the capacity to catalyze the revers-
ible hydration of carbon dioxide to carbonic acid.24 CA
IX19,21,25 has been studied extensively in several tumor
types including lung, kidney, colon, and cervix, where its
expression has been established as a marker of cellular
proliferation and early dysplasia.26–30 CA XII was initially
identified in renal carcinoma,22 and subsequently shown
to be associated with colon carcinoma where altered
expression occurs in early stages of tumorigenesis.31

However, the expression of these CAs in breast cancer
has not been examined.

We investigated CA IX and CA XII expression in breast
cancer in anticipation that their expression might serve as
indicators of tissue hypoxia, altered pH, and tumor pro-
gression. Specifically we wished to assess the pattern of
expression of these genes in DCIS, where the appear-
ance of necrosis and abnormal calcification is associated
with a high risk of progression to invasive disease.

Materials and Methods

Tissue Specimens

Sixty-eight pathological specimens containing DCIS of
the breast were selected from review of surgical resec-
tions collected from 1997 to 1999 at the John Radcliffe
Hospital and the Churchill Hospital, Oxford, UK. The co-
hort comprised 39 cases of pure DCIS (DCIS2) and 29
cases of DCIS associated with invasive carcinoma in the
same biopsy (DCIS1), either independent from or di-
rectly associated with adjoining invasive carcinoma.

All DCIS lesions were classified into histological
grades on the basis of the predominant grade present in
the tissue section studied for gene expression according
to the Van Nuys grading system.9,32 The presence of
intraductal necrosis within any component of DCIS within
the tissue section was evaluated in hematoxylin and eo-
sin-stained sections by light microscopy. The radiological
appearance was classified according to the presence
and pattern of calcification5,6 in preoperative mammo-

grams for a subset of cases in which films were available
(n 5 43). These classifications were performed by a
single pathologist (PHW) and radiologist (RE), respec-
tively, without reference to the cohort’s immunohisto-
chemical data and outcome. Among the series of cases,
the histological grades were as follows: 18 low grade (8
DCIS2, 10 DCIS1), 24 intermediate grade (15 DCIS2, 9
DCIS1), and 26 high grade (16 DCIS2, 10 DCIS1).
Intraductal necrosis was present in 51 cases (75%),
among which 29 were DCIS2 and 22 DCIS1. Mammo-
graphic calcifications were present in 35 of 43 cases,
among which 27 of 35 were DCIS2 and eight of 35
DCIS1. The pattern of calcification was classified as
linear type (14 cases) if the presence of any linear calci-
fication was seen, nonlinear type (21 cases), or absent
(eight cases).

Cell Lines and Immunoblotting

MDA-MB-231 and ZR-75.1 cell lines were from ATCC
(Rockville, MD). Hypoxic conditions were generated in a
Napco 7001 incubator (Precision Scientific, Winchester,
VA) with 0.1% O2, 5% CO2, and balance N2 for 16 hours.
Whole-cell protein extracts were prepared from tissue
culture cells by 10 seconds of homogenization in dena-
turing conditions as described.33 Whole-cell protein ex-
tracts were prepared from tumors by fine section of fro-
zen tissue and 30 seconds of homogenization in
denaturing conditions identical to tissue-culture extracts.
For Western analysis, aliquots were separated under re-
ducing conditions by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and transferred to Immo-
bilon-P membranes (Millipore, Hertfordshire, UK). CA IX
was detected using the mouse monoclonal anti-human
CA IX antibody M75 (1:50) as described.34 CA XII was
detected using a rabbit polyclonal anti-human CA XII
antibody (1:2000) as described.22 horseradish peroxi-
dase-conjugated goat-anti-mouse and swine anti-rabbit
immunoglobulins (DAKO, Cambridgeshire, UK) (1:2000),
respectively, were applied for 1 hour at room tempera-
ture. ECL Plus (Amersham Pharmacia, Buckinghamshire,
UK) was used for visualization.

Immunohistochemistry (IHC)

Formalin-fixed, paraffin-embedded tissue specimens col-
lected by standard surgical oncology procedures were
obtained from the Pathology Department, John Radcliffe
Hospital, Oxford, UK. Immunostaining of paraffin sections
was performed after dewaxing and rehydrating 5-mm
sections. Staining for CA IX, CA XII, and MIB1 was per-
formed on serial sections. Endogenous peroxidase was
blocked with 0.5% hydrogen peroxide in water for 30
minutes. Ten percent normal human serum in Tris-buff-
ered saline was applied for 15 minutes at room temper-
ature to block nonspecific protein binding. Primary anti-
bodies: anti-human CA IX murine monoclonal antibody
M75 (1:50);35 anti-human CA XII rabbit polyclonal anti-
body (1:2000); anti-human Ki67 murine monoclonal anti-
body MIB1 (1:50) (Immunotech). Primary antibodies were
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incubated for 30 minutes at room temperature in Tris-
buffered saline with 5% normal human serum, followed
by a 30-minute incubation with a peroxidase-conjugated
secondary antibody. After each incubation, slides were
washed twice with Tris-buffered saline for 5 minutes.
Visualization of staining was by diaminobenzidine sub-
strate for 8 minutes. Slides were counterstained with he-
matoxylin before mounting in Aquamount (BDH). Substi-
tution of primary antibody with PBS was used as a
negative control for each antibody. All staining was per-
formed on an automated IHC stainer (MiniPrep 75;
Tecan) at room temperature.

Assessment of CA IX, CA XII, and MIB1 Staining

Immunostaining for CA IX and CA XII was assessed by
light microscopy and semiquantitative scoring was per-
formed by a single pathologist (PHW), independently of
the pathological assessment. Expression and intensity
was scored (0, no staining; 1, weak staining; 2, moderate
staining; and 3, strong staining), together with the per-
centage of normal or neoplastic epithelial cells showing
expression within the tissue section (0 to 100%). The
product of the intensity and the percentage gave a final
immunostaining score (0 to 300; IHC score). MIB1 ex-
pression was assessed using a Chalkley point array
method adapted from methods used to assess vascular
density in breast sections.11 Briefly, MIB1-immuno-
stained section was reviewed at low magnification and
five areas showing the highest density of MIB1-positive
tumor cells were selected. These hot spots were then
assessed at higher magnification (325 objective) and the
number of grid points that coincided with positive and
negative tumor cell nuclei was counted. The mean ratio of
MIB1-positive/MIB1-negative cells was then calculated.
Each hot spot contained between 200 and 1000 tumor
cells depending on DCIS histology.

Results

CA IX and CA XII Antibody Specificity

The anti-CA IX and anti-CA XII antibodies used in this
study have been previously characterized for immuno-
staining in many human tissues.22,31,34,36 However, nei-
ther antibody has been applied extensively to breast
specimens. Therefore, initial experiments were per-
formed to compare IHC profiles with immunoblotting sig-
nals from a set of six invasive breast ductal carcinomas.
By IHC, two cases exhibited strong membranous staining
for CA IX that was restricted to the invasive ductal carci-
noma cells, one was weakly positive, and three were
negative (data not shown). Two of the tumors that were
either negative or weakly positive for CA IX by IHC ex-
hibited strong membranous staining for CA XII, whereas
four cases were negative (data not shown). Immunoblot-
ting for CA IX and CA XII was performed in parallel on
protein lysates obtained from the same tumor specimens.
As shown in Figure 1A, immunoblotting for CA IX re-
vealed a 54- to 58-kd doublet restricted to the two cases

that were strongly positive by IHC. Similarly, immunoblot-
ting for CA XII revealed a 46- to 48-kd doublet restricted
to the two cases that were positive by IHC.

CA IX and CA XII Expression in Breast Cell Lines

We have previously demonstrated wide-spread hypoxic
induction of CA9 and CA12 mRNA in various tumor cell
lines.23 Here we compared hypoxic induction of CA IX
and CA XII in two breast cell lines selected as represen-
tative of estrogen receptor (ER)-negative and poorly dif-
ferentiated (MDA-MB-231), and ER-positive and well-dif-
ferentiated (ZR-75.1) breast cancer (Figure 1B). CA IX
had an undetectable or low basal level of expression and
was markedly induced by hypoxia. In comparison, CA XII
had a higher level of normoxic expression and was fur-
ther induced by hypoxia in one of the two cell lines.

CA IX Expression in Breast Tissues

A series of 68 DCIS breast cases were studied for CA IX
expression by IHC. Subsets of these cases also con-
tained normal lobular and ductal components (n 5 47),
and invasive ductal carcinoma components (n 5 29). CA
IX expression was present in normal epithelium in one of
47 cases (2%), and in this case was limited to focal
expression adjacent to the site of a recent biopsy. In
many cases, benign breast lesions were present within
the tissue section, including cystic changes, apocrine
metaplasia, blunt duct, and sclerosis adenosis. No ex-
pression was observed in any benign breast lesion. In
DCIS lesions, focal membranous CA IX staining, typically
adjacent to areas of necrosis, was present in 34 of 68
(50%) cases, including 23 of 39 (59%) pure DCIS and 11
of 29 (38%) DCIS associated with invasive disease. In
those cases in which invasive disease was present on the

Figure 1. Immunoblotting for CA IX and CA XII. A: CA IX and CA XII
expression detected by Western blot correlates with the respective immuno-
staining (IHC) score in invasive breast carcinomas. CA IX and CA XII are
detected in tumor extracts that are strongly positive for CA IX or CA XII by
IHC in adjacent paraffin sections (IHC score for each CA is indicated). B: CA
IX and CA XII expression and response to hypoxia in two breast tumor cell
lines exposed to either normoxia (N; 20% O2) or hypoxia (H; 0.1% O2) for 16
hours.
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same tumor section, CA IX was expressed adjacent to
regions of necrosis where this was present within the
invasive component in four of 14 cases (29%). The pres-
ence of CA IX staining in both DCIS and invasive com-
ponents was correlated (r 5 0.55, P 5 0.04). The focal
perinecrotic nature of expression was reflected in the
distribution of IHC scores with only 13 (19%) tumors
scoring .10 (potential range of IHC score was 0 to 300,
as described in Materials and Methods). The range of
IHC scores was from 0 to 100 (median, 1; mean, 9; and
SD, 17). Representative examples of low and high CA IX
expression are illustrated in Figure 2, A and B. CA IX was
significantly associated with high grade (grade low ver-
sus intermediate versus high; mean (SD), 2 (5), 11 (16),
13 (22), P 5 0.012 analysis of variance) and the presence
of necrosis (necrosis negative versus positive; mean
(SD), 2 (5), 12 (19), P 5 0.0053, Mann Whitney; Figure 3
and Table 1).

CA XII Expression in Breast Tissues

The expression of CA XII was assessed by IHC in sec-
tions adjacent to CA IX-stained sections for all 68 DCIS
cases. Membranous staining of the basal-lateral aspects
of breast epithelial cells was present in normal lobular
and normal ductal epithelium in 42 of 47 (89%) cases and
in every benign breast lesion observed (Figure 2, C and
D). In ductal hyperplasia, CA XII expression was predom-
inately limited to basal epithelial cells. In DCIS lesions,
widespread membranous CA XII staining was present in
57 of 68 (84%) cases, including 31 of 39 (79%) pure DCIS
and 26 of 29 (90%) DCIS associated with invasive dis-

ease. In those cases in which invasive disease was
present on the same tumor section, CA XII was ex-
pressed in 10 of 14 cases (71%). The presence of CA XII
staining in both DCIS and invasive components was
highly correlated (r 5 0.91, P , 0.0001). Although ex-
pression in DCIS was typically homogeneous throughout
the tumor section, in intermediate- and high-grade DCIS
where CA XII expression tended to be lower, expression
was increased adjacent to areas of necrosis (Figure 2E).

Figure 2. CA IX and CA XII have different expression profiles in non-neoplastic and neoplastic breast tissues. Low levels of CA IX expression are detected in
low-grade DCIS (A) and more prominently in high-grade DCIS associated with central necrosis (B). CA XII expression in normal breast lobules and ducts (C),
in ductal hyperplasia (D), in high-grade DCIS with accentuation adjacent to central luminal necrosis (E), and at higher levels in low-grade DCIS (F). Original
magnifications, 310 (B–E) and 320 (A and F).

Figure 3. CA IX and CA XII expression are inversely related to grade and the
presence of necrosis in DCIS. CA IX expression shown relative to grade
(upper left) and necrosis (upper right) and CA XII expression shown
relative to grade (lower left) and necrosis (lower right). Columns (CA IX,
black; CA XII, hatched) represent the mean IHC score with bars showing SD
relative to DCIS grade (low, intermediate, high) and necrosis (absent,
present).
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The distribution of IHC scores was wider than for CA IX,
with 17 (25%) tumors scoring 60 or more (potential range,
0 to 300). The range of IHC scores was from 0 to 270
(median, 40; mean, 54; and SD, 61). Representative ex-
amples of low and high CA XII expression are illustrated
in Figure 2, E and F. CA XII was significantly associated
with low grade (grade low versus intermediate versus
high; mean (SD), 79(57), 50(69), 40(52), P 5 0.012 anal-
ysis of variance) and the absence of necrosis (necrosis
negative versus positive; mean (SD), 68(52), 49(64), P 5
0.036, Mann Whitney; Figure 3 and Table 1).

CA IX and CA XII Expression Relative to the
Proliferation Marker MIB1

A correlation between CA IX and proliferation has been
suggested previously.26 We therefore examined the rela-
tionship between proliferation and CA IX and CA XII in our
breast tissue specimens (Figure 4). Comparison of mi-
totic rates within positively stained ducts for CA IX and
CA XII and within different zones in these ducts (adjacent
to the stroma or the lumen), indicated that neither CA IX
nor CA XII expression correlated regionally with mitosis.
Whereas CA IX expression was typically localized to
areas adjacent to necrosis, mitotic figures did not show a
similar distribution, being most numerous in the cells
adjacent to stroma and farthest removed from necrosis.
Similarly, CA XII expression was not restricted to the
areas of highest mitotic activity and was typically uniform
throughout the intraductal epithelium, with occasional ac-
centuation in luminal cells adjacent to necrosis. To con-
firm these morphological observations, a random subset
of cases (n 5 26) were immunostained for the prolifera-
tion marker MIB1 and the MIB1 score was determined by
Chalkley counting. In agreement with previous observa-
tions,37 we found MIB1 to be associated with both grade
(low versus intermediate versus high; mean (SD),
0.16(0.07), 0.4(0.18), 0.56(0.33), P 5 0.0026 analysis of
variance) and the presence of necrosis (necrosis nega-
tive versus positive; mean (SD), 0.19(0.09), 0.51(0.28),
P 5 0.001 Mann Whitney; Figure 5). However, MIB1 was
not significantly related to the expression of either CA IX
or CA XII (CA IX negative versus positive; MIB1 mean
(SD), 0.44(0.37), 0.37(0.21); CA XII negative versus pos-
itive; MIB1 mean (SD), 0.43(0.31), 0.38(0.26); Table 1).

Similarly, when CA IX and CA XII expression were divided
into low and high expression using the median IHC score
of the series for each (CA IX positive, .1 and CA XII
negative, .40), no association was detected between
the expression of either CA and MIB1 staining.

CA IX and CA XII Expression Relative to
Mammographic Calcification

CA IX and CA XII expression were assessed in relation to
the presence and pattern of calcification detected in
preoperative mammograms in a subset of cases in which
films were available for review (n 5 43). The presence of
calcification was associated with the presence of necro-
sis (P 5 0.0036, chi-square) and higher grade (P 5
0.0057, chi-square) (Table 2). When CA gene expression
was classified as low or high on the basis of the median
IHC score of the series (CA IX positive, .1 and CA XII
positive, .40) a significant relationship was observed
between lower CA XII expression and the presence of
calcification (P 5 0.0083, chi-square), as shown in Table
2. The level of CA XII expression was also inversely
associated with calcification (calcification absent versus
present, mean (SD), 94(60), 42(60), P 5 0.03, Mann
Whitney). The pattern of calcification was not significantly
different with respect to either CA gene expression. De-
spite this, comparison of cases with nonlinear versus
cases with some component of linear calcification re-
vealed a trend toward an increased proportion of CA IX
positive cases (8 of 21 vs. 9 of 14 or 38% vs. 64%),
whereas the proportion of CA XII positive cases was no
different (6 of 21 vs. 3 of 14 or 29% vs. 21%). Additionally,
cases with linear calcification tended to be associated
with higher levels of CA IX expression than cases with
nonlinear calcification (CA IX IHC score mean (SD), 9
(12) vs. 5 (10), P 5 n.s.) whereas there was no such trend
for CA XII (CA XII IHC score, 41 (69) vs. 43 (55), P 5 n.s.).

Discussion

We have shown that the tumor-associated CAs CA IX and
CA XII are both expressed by malignant breast epithe-
lium. CA IX expression was rare in normal ductal and
lobular epithelium, and in benign breast lesions, occur-

Table 1. Relationship between CA IX or CA XII Expression and Grade, Necrosis, and MIB1 Staining

DCIS
parameter No.

CA IX CA XII

Negative Positive Negative Positive

Grade
Low 18 14 4 P 5 0.0091

P 5 0.0023 (t)

7 11 ns (P 5 0.072)
P 5 0.025 (t)Intermediate 24 12 12 15 9

High 26 8 18 19 7
Necrosis

Negative 17 14 3 P 5 0.002 7 10 ns (P 5 0.55)Positive 51 20 31 17 34
MIB1

Low 13 6 7 ns (P 5 0.42) 6 7 ns (P 5 0.69)High 13 4 9 5 8

Statistical significance estimated by x2 test and x2 test for trend (t).
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ring primarily in pre-invasive DCIS and invasive breast
carcinomas. In DCIS, expression was focal and specifi-
cally associated with regions of necrosis and high-grade
lesions. In contrast, CA XII was frequently expressed in
normal breast tissue as well as in benign, pre-invasive,
and invasive breast lesions. In DCIS, expression was
typically homogeneous and associated with the absence
of necrosis and low-grade lesions. However, focal induc-
tion of CA XII was observed in high-grade DCIS adjacent
to necrosis. The finding that both CA IX and CA XII are

induced in vivo in breast tumor cells adjacent to regions of
necrosis suggests that these CAs may be important com-
ponents of the breast epithelial cellular response to hyp-
oxia. This observation is compatible with our recent find-
ings in a variety of tissue-culture cell lines,23 where both
CA9 and CA12 are induced by hypoxia, and that at least
for CA9 this induction is hypoxia-inducible factor-1-de-
pendent. However, future studies to establish co-local-
ization of CA expression with hypoxia-inducible factor-1
in tissue sections will be important to confirm in vivo.

Figure 4. CA IX and CA XII expression is unrelated to MIB1 expression. The pattern of expression of CA IX (A and B), CA XII (C and D), and MIB1 (E and F),
was assessed in serial sections from intermediate-grade DCIS (left column) and high-grade DCIS (right column). CA IX expression is restricted to the inner zone
of luminal epithelium adjacent to central necrosis. CA XII expression is present throughout the duct wall, but accentuated adjacent to necrosis in high-grade DCIS,
and also in the adjacent portion of non-neoplastic ductal epithelium (C, upper left). In contrast, MIB1-positive nuclei are distributed throughout the duct in both
intermediate- and high-grade DCIS, and are absent from normal epithelium (E, upper left). Arrows within F indicate MIB1-positive nuclei. Original
magnifications, 320.
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CAs have been studied in a spectrum of tumor types in
relation to their potential role as diagnostic and prognos-
tic markers. Earlier studies focusing on CAs I, II, and IV
revealed no clear relationships with tumorigenesis.26

More recently, CA9 has been identified as overexpressed
in multiple tumor cell lines and in several human tumor
types. In various studies, CA9 has been found to be
associated with aspects of early tumorigene-
sis,20,26,30,35,38 and it has therefore been proposed to
serve as a biomarker for dysplasia. In accordance with
these findings, we have shown that whereas CA IX ex-
pression is rare in normal or benign breast lesions, CA IX
expression occurs in pre-invasive DCIS of the breast
where it is limited to malignant epithelium. In the breast
specimens examined, CA IX expression was not related
to proliferation and was strongly associated with necro-
sis, indicating that hypoxia may be an important pathway
for induction of CA IX in breast tumors in vivo.

CA12 was initially identified as a renal carcinoma-as-
sociated gene20,22 and has subsequently been found to
be expressed in a range of normal tissues including
endometrium, pancreas, and colon.31,39,40 Interestingly,
in the normal colon CA XII is expressed highly by the
differentiated surface epithelium relative to the cells of the
crypt base, and whereas no change in the surface ex-
pression occurs with tumorigenesis, increased basal/
deep mucosal expression is associated with increasing
dysplasia and invasive tumor stage.31 Similarly, and in
striking contrast to CA IX expression, we have observed
constitutive expression of CA XII in normal breast epithe-
lium and benign ductal hyperplasia. This suggests that
CA XII may play a role in the control of pH in normal
breast tissue. The function of this membrane-associated
extracellular CA may be coupled to that of an intracellular
CA such as CA II, as has been hypothesized for other
secretory/excretory organs such as the salivary glands,
pancreas, and kidney.40 Clearly, a detailed examination
of the interplay between the many CAs is warranted. We
have also shown that CA XII expression persists in ma-
lignant pre-invasive DCIS. Although focal induction of CA
XII was observed in areas adjacent to necrosis, the dif-
ferentiation status of the DCIS lesion (as indicated by
grade) had a more dominant role in determining CA XII

Figure 5. MIB1 expression relative to CA IX or CA XII expression, DCIS
grade, and the presence of necrosis. Columns (CA IX, black; CA XII, hatched;
MIB1, clear) represent the mean MIB1 IHC score with bars showing SD
relative to CA IX or CA XII expression (negative, positive), DCIS grade (low,
intermediate, high), and necrosis (absent, present).

Table 2. Relationship in DCIS between the Presence of Calcification and CA IX or CA XII Expression, Necrosis, and Grade

DCIS
parameter No.

Mammogram calcification

Negative Positive

CA IX
Negative 21 3 18 ns (P 5 0.477)Positive 22 5 17

CA XII
Negative 28 2 26 P 5 0.0083Positive 15 6 9

Necrosis
Negative 10 5 5 P 5 0.0036Positive 33 3 30

Grade
Low 9 5 4 P 5 0.0057,

P 5 0.0137 (t)Intermediate 15 1 14
High 19 2 17

Statistical significance estimated by x2 test and x2 test for trend (t).
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expression, which was reflected in the pattern of expres-
sion observed in the ER-negative and ER-positive cell
lines examined. Of note, differentiation has been pro-
posed to play a role in the expression of other CAs,
including CA I whose induction is association with differ-
entiation in the colon,41 and CA II whose expression is
associated with differentiation in pancreatic cell lines un-
der the influence of tumor necrosis factor-a.42

An abnormal pattern of calcification in a breast mam-
mogram is an important indicator of DCIS.5 In particular,
the presence of linear type calcification is associated with
high-grade DCIS and may predict outcome of associated
small invasive tumors.5,6,43,44 Calcification is believed to
reflect a disruption of the normal vascular architecture
caused by abnormal proliferation within the intraductal
epithelium.45 This leads to a reduction in luminal pH,
changes in the equilibria of many ions, and resulting
calcification.46 Inherited alteration and deficiency of CA II
activity causes metabolic acidosis and ectopic tissue
calcification.47 Similarly, changes in extracellular pH in-
fluenced by CA IX and CA XII expression may affect the
extent and pattern of calcification in DCIS of the breast. In
the current series, increased mammographically detect-
able calcification was associated with reduced CA XII
expression, as well as the presence of high-grade DCIS
and necrosis, as previously reported.48 Our inability to
demonstrate a relationship between calcification and CA
IX staining could relate to the fact that CA IX staining was
only present very focally. Therefore, the tissue block as-
sessed for CA IX expression may not correspond to the
status of the area of the mammogram assessed for cal-
cification, which encompassed the entire biopsy. Further-
more, our results suggest that whereas overall loss of CA
XII expression is important in the development of calcifi-
cation, local gain of CA IX expression adjacent to the
ductal lumen may influence the pattern of calcification.
However the significance of these observations awaits
confirmation by larger studies as this subset of cases is
small and includes a disproportionate number of cases
with calcification present, reflecting the fact that calcifi-
cation is a key factor in detection of tumors by mammog-
raphy.5

The effect on local pH and the significance for breast
tumor progression of reciprocal changes in the expres-
sion of these CAs remains to be determined. However,
there is additional evidence to suggest that a switch in pH
regulatory pathways may occur in breast tumor progres-
sion. Although a decrease in the activity of the Na1/H1

exchanger was noted in response to serum deprivation in
nontumor breast cells, stimulation of this exchanger and
an increased capacity for extracellular acidification was
observed in tumor cells.49 In terms of tumor progression,
maintenance of high levels of CA XII may be important for
both the function and survival of the ductal epithelium in
normal tissue. Loss of CA XII expression with progression
to higher grade DCIS may reflect the acquisition of alter-
native cellular responses to ameliorate the effects of dis-
ruption of tissue architecture, altered pH, and hypox-
ia.18,50 One facet of this adaptation may be provided by
the induction of other CAs such as CA IX to modulate the
effects of local hypoxia. This view predicts that overall

loss of CA XII and/or gain of CA IX expression may be
associated with a high risk of progression to invasive
disease and therefore be of prognostic significance. In-
terestingly, inhibition of CA activity has recently been
demonstrated to suppress invasion of some tumor cell
lines.51

In conclusion, we have shown that CA IX and CA XII
are expressed in breast tissues, and that the profile of
expression of these CAs in DCIS suggests that whereas
hypoxia may be a dominant factor in the regulation of CA
IX, the regulation of CA XII is dominated by other factors
related to cellular differentiation.
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