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Abstract

Cell proliferation requires calmodulin, a protein that
regulates calcium-dependent enzymes involved in sig-
nal transduction pathways in eukaryotic cells. Calmo-
dulin-like protein (CLP) is found in certain epithelial cell
types, including normal breast epithelium, and,
although it closely resembles calmodulin in amino acid
sequence, CLP interacts with different proteins than
does calmodulin. The observation that CLP mRNA
expression is dramatically reduced in transformed
breast epithelial cells led to two hypotheses: (1) CLP
helps to maintain the differentiated state in epithelial
cells; and (2) downregulation of CLP accompanies
malignant transformation of breast epithelial cells. The
objective of this study was to determine if the expres-
sion of CLP in human breast cancer specimens is
reduced in comparison to its expression in normal
breast tissue. Eighty human breast cancer biopsy
specimens were analyzed immunohistochemically for
CLP expression by using a polyclonal rabbit antihuman
CLP antibody. CLP expression was reduced in 79% to
88% of the invasive ductal carcinoma and lobular
carcinoma specimens and in a similar fraction of the
ductal carcinoma in-situ specimens, compared with
normal breast specimens. None of the breast cancer
specimens showed an increase in CLP expression.
These findings support the hypotheses that CLP
behaves as a functional tumor suppressor protein and
is downregulated early in breast cancer progression.

Keywords: breast cancer, calmodulin-like protein, epithelial differentiation, immuno-
histochemistry, tumorigenesis.

Introduction

Breast cancer is the most prevalent malignancy in women
and the second leading cause of cancer mortality in women in
the United States (1). Advances in molecular biology have
linked genetic alterations to numerous cancers. The activa-
tion of cellular oncogenes and the inactivation of tumor
suppressor genes appear to be directly involved in carcino-
genesis. Whereas tumor suppressors normally regulate cell

cycle progression, mutations in, or aberrant expression of,
these suppressor genes allow dysregulated cellular prolifera-
tion (2). Defective tumor suppressor genes such as the p53
gene and the BRCAT1 gene have been detected in some
breast cancers (3). The identification of additional genes with
altered expression or function in breast cancer remains an
area of intense research because of its potential to yield new
prognostic markers and treatment strategies (4).

As a sensor of intracellular Ca®*, calmodulin mediates
many activities involved in cell proliferation. Among its many
functions, calmodulin is important for normal cell cycle
progression (5—7), and increased levels of calmodulin are a
hallmark of rapidly proliferating cancer cells (8—10). In
addition to the ubiquitous calmodulin, a number of related
Ca?*-binding proteins are expressed in a cell- or tissue-
restricted pattern. Among them, several members of the S-
100 family of Ca®*-binding proteins as well as a calmodulin-
like protein (CLP) are highly expressed in epithelial cells, and
their levels can vary dramatically between the normal and
malignant state (11-14). The intronless CLP gene was
initially characterized by Koller and Strehler in 1988 (15).
Yaswen and colleagues subsequently identified CLP by
subtractive hybridization of transcripts expressed in normal
versus chemically immortalized human mammary epithelial
cells and designated the independently cloned gene, NB-1
(11). Although the 148 amino acid sequence of CLP shares
85% identity with calmodulin, the protein-binding activity of
CLP appears to differ significantly from that of calmodulin. For
example, although CLP’s activation of calmodulin kinase Il is
equivalent to that of calmodulin, its activation of phospho-
diesterase and the plasma membrane Ca®* pump is much
weaker than that of calmodulin, and CLP is unable to activate
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calcineurin, nitric-oxide synthase, or myosin-light-chain
kinase (16,17).

Evidence from studies by Yaswen and colleagues
suggests that CLP may have tumor suppressor function in
normal breast tissue. CLP expression is over 50-fold
decreased in tumorigenically transformed human mammary
epithelial cells compared with corresponding normal epithe-
lial cells (11). Further studies with reverse transcriptase
polymerase chain reaction (RT-PCR) and immunohisto-
chemistry demonstrated CLP expression in normal breast,
prostate, cervix and epidermal tissues but did not detect any
CLP protein or RNA in corresponding tumor-derived cell
lines. In addition, CLP expression was decreased in a small
number (n=2) of primary breast carcinomas (18). Taken
together, these data support the hypothesis that down-
regulation of CLP gene expression may accompany malig-
nant transformation of breast epithelial cells.

In this study, we explore the hypothesis that CLP
expression is reduced in breast cancer by comparing CLP
expression using immunohistochemical analysis in 80
paraffin-embedded archived human primary breast cancer
specimens of varying histologic type and axillary node status
to that in normal human breast tissue. The correlation
between CLP downregulation and the progression of breast
lesions from localized (in situ carcinoma) to invasive (node-
positive tumors) was also investigated. These data show that
loss of CLP expression occurs early in malignancy and may
thus be a marker of the transition from the normal to an
aberrant epithelial phenotype.

Materials and Methods

Generation of CLP and Characterization of CLP Antibodies

Recombinant human CLP was expressed in Escherichia
coli and purified to homogeneity by phenyl-Sepharose
affinity chromatography, followed by ion exchange and gel
filtration chromatography as described (16,19). Polyclonal
rabbit antibodies were raised against a peptide correspond-
ing to the C-terminal residues 127 to 148 of CLP (the most
divergent region between CLP and calmodulin; (15)). The
peptide was synthesized in the Mayo Protein Core and
attached via an extra cysteine residue to keyhole limpet
hemocyanin before use as antigen. Rabbits were maintained
and treated at Cocalico, Inc, Reamstown, PA. Antisera were
obtained with good specificity for CLP; however, they
showed considerable cross-reactivity with calmodulin (which
shares 85% identity with CLP) on Western blots. For use in
immunohistochemistry, one of the CLP antisera (TG7) was
therefore affinity-purified by chromatography over Poros-
Protein-A (PerSeptive Biosystems, Cambridge, MA), fol-
lowed by adsorption of calmodulin-cross-reacting antibodies
on calmodulin-agarose (Sigma, St. Louis, MO). CLP-specific
antibodies in the flow through of the calmodulin-agarose
column were finally isolated by CLP-Sepharose chromato-
graphy. CLP-Sepharose was prepared by coupling purified
recombinant CLP to CNBr-activated Sepharose 4B (Phar-
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Figure 1. Western blot analysis to determine the specificity of CLP antibody
TG7. Purified recombinant CLP (1 ng and 5 ng, left two lanes) or calmodulin
(CaM) (5 ng and 50 ng, lanes labeled CaM) was added to 20 g of carrier
protein (from a total lysate of MCF-7 breast cancer cells that do not express
CLP), electrophoresed on a 15% Sodium dodecy! sulfate-polyacrylamide gel,
blotted onto a poly-vinylidene fluoride (PVDF) membrane, and the membrane
probed with affinity-purified anti-CLP antibody TG7 (250 ng/mL). The position
of CaM and CLP on the gel is indicated on the left. Note that the antibody easily
detects 1 ng of CLP but shows no reaction with 5 ng of CaM and barely detects
it at 50 ng. Also note the slower migration of CaM compared with CLP under
the Ca®*-free conditions used (16). M, molecular mass marker lane.

macia, Piscataway, NJ) following the manufacturers’ instruc-
tions. Purified CLP antibodies showed excellent sensitivity
and specificity for CLP (Figure 1, lanes 1 and 2), whereas
cross-reactivity with calmodulin was strongly reduced and
observed with a sensitivity at least 50-fold lower than that for
CLP (Figure 1, lanes 3 and 4).

Tissue Specimens

Tissue samples were obtained from the Mayo Clinic
Tissue Registry under the IRB-approved protocol ‘Request
to Examine Paraffin-Embedded Specimens of Normal and
Tumor Tissue from Human Breast, Prostate, Cervix, and
Colon for the Immunohistological Presence of Calmodulin-
Like Protein’ (IRB 692-95). Five categories of breast cancer
specimens were requested from the Registry for this study:
Ductal carcinoma in situ (DCIS); invasive ductal carcinoma,
axillary node negative (IDC—); invasive ductal carcinoma,
axillary node positive (IDC+); invasive lobular carcinoma,
axillary node negative (ILC—); and invasive lobular carcino-
ma, axillary node positive (ILC+). The 25 most recent
specimens in each of these categories were requested. Of
the 125 specimens requested, 83 were available at the time
of this study. Samples were excluded if no paraffin-
embedded tissue blocks or representative hematoxylin-
eosin (H&E)-stained slides were available. Cases were
excluded if no tumor was found in the H&E slides for
available blocks or if tumor-containing blocks were unavail-
able. The pathology reports for all the specimens were
reviewed to verify correct classification. A total of 80 breast
cancer specimens was finally included in this study: 9 DCIS,
16 IDC—, 19 IDC+, 24 ILC—, 12 ILC+. In addition, seven
normal breast tissue specimens from patients who had
undergone reduction mammoplasty were included as con-
trols.
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Immunohistochemistry

The staining technique was modified from the avidin—
biotin peroxidase method of Hsu et al (20) and was
performed essentially as described (21). Sections (4 pm)
of paraffin-embedded tissue specimens were mounted on
positively charged slides, deparaffinized, and endogenous
peroxidase activity was blocked by treatment with H,O»/
methanol. After heat-induced epitope retrieval in 1 mmol/L
EDTA, pH 8.0, for 20 minutes, and blocking of nonspecific
protein-binding sites (in 5% normal goat serum in phosphate-
buffered solution (PBS)/0.05% Tween-20), the sections were
immunostained by sequential incubations in affinity-purified
CLP antibody (40 pg/mL in PBS, 0.05% Tween-20, 1%
normal goat serum), biotinylated goat anti-rabbit IgG (1:200
dilution, DAKO Corp, Santa Barbara, CA), and peroxidase-
conjugated streptavidin (1:300 dilution). The sections were
developed by incubation in 3-amino-9-ethylcarbazole in the
presence of H,O,, counterstained with hematoxylin, and
mounted with coverslips. Negative controls were incubated
with anti-CLP IgG preabsorbed with purified CLP and
showed no staining. Preabsorption with calmodulin caused
no reduction in staining intensity (data not shown).

Evaluation of Immunostaining

Four independent observers (M.S.R., M.A.F., T.B.C,,
P.C.R.) evaluated the expression patterns of CLP in the
breast cancer specimens, specifically the immunohisto-
chemical staining intensity in tumor cells compared with that
in adjacent normal epithelial cells. If no normal cells were
present on a slide, then the normal breast tissue slides were
used as the reference. For each specimen, the CLP-staining
intensity in tumor cells was scored in relation to the CLP-
staining intensity in normal cells using a three-point scale:
decreased (—1), unchanged (0), and increased (+1). After
the four observers independently scored the cancer speci-
mens, the scores were reviewed for consistency. A
conclusive score was assigned to a specimen only if at least
three of the four observers reported the identical score for
that specimen. If three observers did not report the same
score, the specimen’s score was designated ‘inconclusive.’

PCR Analysis of CLP Gene Status in Tumor Samples
Genomic DNA samples from microdissected breast tumor
tissue and peripheral blood from six patients were a kind gift
from Dr. J.S. Kovach (City of Hope National Medical Center,
Duarte, CA). One microliter (corresponding to 400-800 ng
DNA) of each sample was subjected to PCR in a 50-uL
reaction with primers CLP-1051 (5-CAC CCA CGC CGC
GGC CGC TGG CAT GGC C-3) and CLP-1536r (5-GGT
GGG CGC CGG CCT CAT TTG GAC AC-3') by using a
touchdown cycling profile (35 cycles) with a 94°C denatura-
tion (30 seconds), an annealing temperature beginning at
64°C, decreasing 1°C per cycle for 8 cycles, and remaining
at 56°C for the remainder of the profile (30 seconds), and an
extension temperature of 72°C (1 minute). The resulting
products were analyzed by electrophoresis in a 2% agarose

gel and directly sequenced with the primer CLP-1534r (5'-
TGG GCG AAG CTT TCA CTT GGA CAC CAG CAC ACG
GAC AAA CTC CTC G-3') in the Mayo molecular biology
core facility.

Results

Staining for CLP Immunoreactivity in Normal Tissue and
Breast Tumors

By using a polyclonal rabbit antihuman CLP antibody,
expression of CLP was readily detected in epithelial cells
lining the ducts of normal mammary glands (Figure 2A) as
well as in histologically normal breast tissue adjacent to the
tumors (Figure 2B). This finding is in agreement with the
observation that CLP is specifically expressed in normal
epithelial cells of a variety of organs including the breast (18).
No CLP staining was observed in the myoepithelial or
stromal cells or in the endothelial cells of blood vessels. This
result independently confirms the specificity of our CLP
antibody by demonstrating the absence of significant cross-
reactivity with calmodulin (which is abundantly expressed in
all cell types). CLP staining occurred primarily in the
cytoplasm of the normal epithelial cells, but a small
proportion of the cells (less than 5%) demonstrated nuclear
staining in addition to cytoplasmic staining. In normal ducts,
CLP staining was particularly intense in the basal portion of
the epithelial cell cytoplasm.

In contrast with the normal epithelial cells, cells in the
majority of tumors of all histological types showed a
decrease in CLP immunoreactivity. No increase in CLP
staining was observed in any of the tumor specimens. The
decrease in overall CLP staining was observed equally in

Figure 2. Immunohistochemical staining of normal breast tissue and breast
tumors for CLP. Sections of normal and tumor tissue were stained with
affinity-purified CLP antibody TG7 and counterstained with a light hematoxylin
as described in Materials and Methods. (A) Normal breast tissue. (B) Invasive
ductal carcinoma (node negative). Note the uniform and specific staining for
CLP in the epithelial cells lining the ducts of a normal mammary gland (A) and
the absence of staining in the surrounding myoepithelial and stromal cells.
Staining for CLP is also evident in epithelial cells of normal-appearing tissue
‘islands’ (N) in the tumor specimen (B) but is weak or absent in the
surrounding tumor cells (T).
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DCIS and in IDC—, IDC+, ILC—, ILC+. A representative
example is shown in Figure 2B; the tumor cells in this ductal
carcinoma are entirely devoid of CLP staining. The distinc-
tion of malignant and normal cells with respect to CLP
staining was patrticularly striking in cases in which an island
of normal-looking tissue was found interspersed with the
tumor tissue (N versus T in Figure 2B). Nuclear CLP staining
was rarely seen in the tumor cells.

Downregulation of CLP Expression in Breast Tumors
To obtain information on the prevalence of CLP down-
regulation in different breast tumors, an immunohistochem-

ical analysis of CLP expression was performed on 87
archival specimens. The control group consisted of seven
normal human breast specimens. The experimental group
consisted of 80 archival human breast cancer specimens
divided into subgroups based on the histological type and
axillary nodal status at the time of surgical resection of the
cancer. Sections of each specimen were stained for CLP and
evaluated by four independent observers as described in
Materials and Methods. The results are summarized in
Figure 3. A decrease in CLP staining was obvious in a
majority of all tumor types when compared to adjacent
normal tissue or the average staining intensity of normal
control tissue. Reduction or complete loss of CLP staining

100
90
80
70
60
50
40
30
20
10
0 ’ .
DCIS IDC- IDC+ ILC- ILC+ Total
DCIS IDC- IDC+ JLC- TILC+ Total
Decreased 6 14 15 20 10 65
Unchanged 1 0 1 2 2 6
Increased 0 0 0 0 0 0
Inconclusive 2 2 3 2 0 9
Total 9 16 19 24 12 80

Figure 3. Results of CLP immunostaining in breast tumors compared with normal breast epithelium. Top, percent of samples showing a decrease in CLP staining
relative to adjacent normal tissue; 95% confidence intervals are indicated. Bottom, summary of the results. Decreased, unchanged, and increased indicate
agreement among at least three of four observers that CLP staining was decreased, unchanged, or increased, respectively, relative to adjacent normal tissue.
Inconclusive indicates disagreement on the scoring by at least two of the four observers.
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was found in 67% of DCIS (n=9), 88% of IDC— (n=16), 79%
of IDC+ (n=19), 83% of ILC— (n=24), and 83% of ILC+
(n=12) tumors. In a minority of cases (ranging from 0%—17%
in the different tumor types), no change in staining was found
in the tumors compared to normal tissue. Although the
fraction of samples with reduced CLP staining appears to be
somewhat lower in DCIS than in the other tumors, this is not
significant (Fisher’s exact test) and can be explained by the
relatively large number (22%) of ‘inconclusive’ samples in
this rather small cohort (Figure 3). Specimens listed as
inconclusive generally were those where two of the
observers reported a decrease in CLP staining and the
other two observers reported no change. Indeed, this was
the case for the two ‘inconclusive’ DCIS specimens and for 7
of the 9 inconclusive samples listed in Figure 3.

PCR Analysis of CLP Gene Status in Tumors

Six tumors and peripheral blood from the same patients
were analyzed for the presence of an intact CLP gene. PCR
analysis of DNA from both tumor and peripheral blood
yielded 480 bp products (corresponding to the CLP gene) in
all samples (data not shown). Direct sequencing of these
PCR products showed no differences between these
sequences and the published CLP sequence (GenBank
accession number X13461). Together with data from
Yaswen et al (18), these results show that the down-
regulation of CLP expression in breast cancer occurs at the
transcriptional level and is not due to the loss of the CLP
gene or to deleterious mutations in its coding sequence.

Discussion
Calmodulin-like protein represents the closest relative of
calmodulin in humans, yet its highly epithelial-specific
expression, overlapping but distinct biochemical properties
(16,17), and apparently different role in cell growth and
differentiation suggest that it is not an isoform of calmodulin.
This is also supported by the inability of CLP to rescue the
lethal calmodulin knockout phenotype in yeast (22). More-
over, the apparent incompatibility of CLP expression with a
transformed cell phenotype is opposite to the properties of
calmodulin, which is required for cell cycle progression and
upregulated in many transformed cells (5 —-9,23).
Downregulation of CLP expression has previously been
noted in several carcinomas including lesions of breast,
prostate, and cervix (18), but only small numbers of primary
tumor samples have been studied so far. The data presented
here on the expression of CLP in 80 breast cancer speci-
mens of various histological types and axillary node status
demonstrate for the first time that a reduction or loss of CLP
expression is a frequent finding in breast cancers of all types.
The decrease in CLP expression, as determined by
immunohistochemical staining of archival paraffin-em-
bedded specimens, is evident in localized DCIS and equally
striking in the more advanced ILC+ and IDC+. None of the
tumor specimens showed an increase in CLP staining,

underlining the strong correlation between a downregulation
(and not merely dysregulation) of CLP and the malignant cell
phenotype. In some cases where histologically normal tissue
is tightly interspersed with tumorigenic tissue, the difference
in CLP reactivity is particularly striking: ‘Islands’ of CLP-
positive epithelial cells lining a morphologically normal duct
are found immediately adjacent to CLP-negative tumor cells.
The downregulation of CLP expression appears to be
specific for malignant cells because CLP staining in a small
number of benign breast hyperplasia samples is unaffected
(M.S.R., unpublished observation).

Previous studies with models for tumorigenesis, com-
bined with the present data on primary breast tumors show
that CLP downregulation likely occurs as a result of
decreased CLP gene transcription. The existence of some
residual CLP staining in tumor samples, combined with our
ability to amplify the CLP gene from six out of six tumor
samples, suggests that the CLP gene remains intact during
the transition from the normal to the tumorigenic phenotype.
Because our PCR primers flank only the coding portion of the
gene, the possibility of mutations/deletions in the promoter
and/or the untranslated regions of the CLP gene cannot be
excluded. Regardless, however, our data strongly suggest
that CLP downregulation during breast cancer development
occurs at the transcriptional level. This is further supported
by data published by Yaswen et al (18), who demonstrated
that in immortalized cells and established breast cancer cell
lines, the decrease in CLP protein levels is always
accompanied by a decrease in CLP mRNA levels. Although
the mechanism of the transcriptional downregulation of CLP
expression is unknown, aberrant cytosine methylation of the
gene’s regulatory regions is an attractive possibility. Hyper-
methylation of selective cytosine residues in CpG dinucleo-
tides has been shown to be a frequent epigenetic lesion
leading to the silencing of several tumor suppressor genes
such as the p16 cyclin-dependent kinase inhibitor or the Van
Hippel Lindau gene (reviewed in (24)). Site-specific CpG
hypermethylation has also recently been shown to be
responsible for the tumor-specific repression of the
S100A2 gene (25). Like CLP, S100A2 is a member of the
EF-hand family of Ca®* binding proteins, and its expression
in normal breast epithelial cells and downregulation in tumor
cells are reminiscent of the expression pattern of CLP.

Whereas it is now clear that CLP downregulation is a
common event in breast tumorigenesis, the role of CLP in
normal cells is still unknown. It is unlikely, however, that CLP
is simply a calmodulin isoform. Experiments with gel overlay
assays indicate that CLP interacts with a number of cellular
proteins distinct from those recognized by calmodulin, and a
recent two-hybrid search identified an unconventional
myosin as a potential CLP-specific interacting protein
(M.S.R. and E.E.S., unpublished observation). Participation
in regulating a molecular motor-driven process in the nucleus
(nuclear CLP staining is observed in a small fraction of
normal cells) or the cytoplasm of epithelial cells would be an
attractive possibility for CLP’s function. Whatever its role
may be, the fact that CLP expression is strongly reduced
early in the transition of an epithelial cell toward a malignant
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phenotype suggests that the expression of CLP can serve as
a marker for the nonmalignant state.

Because loss of CLP expression appears to occur early in
tumorigenesis and is observed in all breast tumors,
determination of the CLP expression status is unlikely to
provide prognostic information concerning disease progres-
sion. Rather, the untimely loss of CLP expression appears to
be linked with a failure of epithelial cells to undergo normal
terminal differentiation. Unraveling the processes that are
affected by the lack of CLP may, however, allow the
development of intervention strategies to reverse the
transition to malignancy, even at later stages in tumorigen-
esis.
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