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Accumulating evidence suggests that phosphatases play an important role in regulating a variety of signal
transduction pathways that have a bearing on cancer. The kinase-associated phosphatase (KAP) is a human
dual-specificity protein phosphatase that was identified as a Cdc2- or Cdk2-interacting protein by a yeast
two-hybrid screening, yet the biological significance of these interactions remains elusive. We have identified
the KAP gene as an overexpressed gene in breast and prostate cancer by using a phosphatase domain-specific
differential-display PCR strategy. Here we report that breast and prostate malignancies are associated with
high levels of KAP expression. The sublocalization of KAP is variable. In normal cells, KAP is primarily found
in the perinuclear region, but in tumor cells, a significant portion of KAP is found in the cytoplasm. Blocking
KAP expression by antisense KAP in a tetracycline-regulatable system results in a reduced population of
S-phase cells and reduced Cdk2 kinase activity. Furthermore, lowering KAP expression led to inhibition of the
transformed phenotype, with reduced anchorage-independent growth and tumorigenic potential in athymic
nude mice. These findings suggest that therapeutic intervention might be aimed at repression of KAP gene
overexpression in human breast and prostate cancer.

Human cancer development is a multistage process that
results from the stepwise acquisition of genetic alterations.
These alterations may involve the dysregulation of a variety of
normal cellular functions, leading to the initiation and progres-
sion of a tumor. Among normal cellular functions, regulatory
control of the cell cycle plays an important role in normal cell
proliferation, and genetic alterations that affect cell cycle con-
trol have been shown to be associated with tumor progression
(reviewed in references 26, 28, 30, 32, 44, and 46). The tran-
sition from one stage of the cell cycle to another is regulated by
the transcription of a number of cyclin genes, the degradation
of cyclin proteins, and the modification of the cyclin-dependent
kinase proteins by phosphorylation (reviewed in references 11,
29, and 30). These controls play important roles in preventing
tumorigenesis (26, 28, 30, 31).

Cell cycle progression in mammals requires multiple cyclin-
dependent kinases (Cdks) (44). The activity of these kinases
depends on their association with a family of positive regula-
tory protein subunits known as cyclins during the cell cycle.
Proteins that interact with Cdks play distinct and specific roles
in cell cycle regulation. Among these, the mammalian G1 Cdk
inhibitors have been shown to be involved in diverse processes
such as repair of DNA damage, differentiation, tumor suppres-
sion, and cellular senescence (12, 22, 24, 25, 37, 52). The
identification of these negative regulators of Cdks has provided
key insights into how the cell cycle can be controlled.

A Cdk-interacting protein called KAP/Cdi1 was first identi-

fied as a novel G1- and S-phase dual-specificity phosphatase
that associates with Cdk2 and/or Cdc2 (22, 24). Further studies
demonstrated that kinase-associated phosphatase (KAP) binds
to Cdk2 and dephosphorylates Thr160 when the associated
cyclin subunit is degraded or dissociated (2, 42). However, the
biological significance of the interactions remains to be eluci-
dated. It has been reported that KAP may inactivate a specific
protein kinase, probably Cdk2 or Cdc2, by removing phos-
phates from the cyclin complexes, and this may contribute to
cell cycle control (2, 24, 42). However, the physiological sub-
strate(s) for tyrosine dephosphorylation of KAP has not yet
been identified.

Accumulating evidence suggests that deregulation of protein
phosphorylation is a key event in neoplastic transformation.
Phosphatases have also been shown to play an important role
in regulating a variety of signal transduction pathways that
have a bearing on cancer (reviewed in references 5, 9, 29, 31,
36, and 39). In an effort to search for candidate genes whose
function or expression is altered causally in carcinogenesis, we
identified the KAP gene as an overexpressed gene in human
breast and prostate cancer using differential screening. We
report that breast and prostate malignancies are associated
with high levels of KAP expression. We demonstrate further
that selective inhibition of KAP overexpression by an antisense
approach in the HeLa and LNCaP cancer cell lines decreased
their transformed phenotype in vitro and their tumorigenicity
in nude mice. In addition, blocking KAP overexpression re-
sulted in a decreased population of S-phase cells during cell
cycle progression and reduced Cdk2 kinase activity. Together,
these data suggest that KAP plays a role in normal growth
control and that deregulated KAP expression may contribute
to the malignant phenotypes.
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MATERIALS AND METHODS

Ds-DD. The quality of total RNA from each normal and tumor cell was tested
by Northern blot analysis before the reverse transcription. Total RNA (1 mg) was
reverse transcribed in a final volume of 20 ml using oligo(dT) or random primers,
20 mM deoxynucleoside triphosphates, and 200 U of Super Script II reverse
transcriptase (Life Technologies, Inc.) and incubated for 60 min at 37°C. The
cDNA products were used for display PCRs. Domain-specific differential display
(Ds-DD) was performed by modifying the conventional differential-display (DD)
technique, which uses random artificial primers for the PCR (34). Instead of
using a short, arbitrary 59 primer and 39 one- or two-base anchored deoxyribo-
sylthymine primers for PCR, primers representing the tyrosine phosphatase
catalytic domain motif (VHCSAG) (21, 40) and an arbitrary primer (OPA1;
Operon Inc.) were used in the display PCRs (1 mM each). Each cDNA reaction
mixture (2 ml) was amplified by PCR in the presence of 35S-dATP for labeling.
The PCR cycling parameters were as follows: 94°C for 20 s, 40°C for 1 min, and
72°C for 45 s (30 cycles) and then 72°C for 5 min. The PCR products were
denatured at 80°C for 2 min and then electrophoresed through a 6% polyacryl-
amide denaturing gel at 80 W for 2.5 h. The gels were then dried and exposed to
autoradiography overnight at 280°C. cDNAs of interest were cut out of the gel
and boiled in 100 ml of double-distilled water. Three to five microliters was
reamplified by PCR using the same primers as those described above but without
the radioactive nucleotide. The PCR products were run onto an agarose gel,
purified, labeled with a 32P-labeled random primer, and used as a probe for
Northern blot analysis. The candidate clones were selected for further experi-
ments. The positive clones whose expression was differentially regulated in nor-
mal and cancer cells were sequenced by the dideoxynucleotide chain termination
method with Sequenase (USB Inc.).

Cell lines and cultures. Primary human normal mammary epithelial cells
(hNMECs) were established from reduction mammoplasties obtained through
the Cooperative Human Tissue Network (CHTN) and were designated 12N,
15N, and 17N, as described previously (1, 13, 23). These cells were grown in
DFCI-1 medium (D complete) as described previously (1) and were used at
early to mid-passage, i.e., 5 to 10 population doublings. Human breast cancer
cells (HBL100, BT20, T47D, SKBR3, ZR75-1, MDAMB231, MDAMB435,
MDAMB436, MDAMB157) were obtained from the American Type Culture
Collection (ATCC). 21MT-2 was provided by V. Band. MCF10 and MCF7 were
gifts from S. Ethier (University of Michigan). Benzo[a]pyrene-immortalized
mammary epithelial cell line 184B5 was also obtained from ATCC. Growth
medium for these mammary cancer cells was Dulbecco modified Eagle medium
(DMEM)–10% fetal bovine serum (FBS). Primary human normal prostate cells
were derived from normal adjacent tumor tissue biopsies received from CHTN
and were designated NPrEC-1 and -2. These cultures were grown in Clonetics
prostate epithelial media. The human prostate carcinoma cell lines PC3, LNCaP,
and DU145 were purchased from the ATCC and maintained in DMEM–10%
FBS. ND1 was kindly provided by P. Narayan. HeLa-tTA cells, which contain the
transactivator for tetracycline (tet)-regulated expression, were obtained from
Clontech Inc. pTet-AS-KAP, pTet-Sense-KAP, or pTet-luciferase plasmid DNA
was transfected into HeLa-tTA cells using the standard Lipofectin (Lipo-
fectamine; GIBCO-BRL) methods. Transfectants were double selected in the
presence of hygromycin (150 mg/ml) and G418 (500 mg/ml). Individual clones of
stable transfectants, designated HeLa/AS-KAP or HeLa/luciferase, were se-
lected for further analysis. Stable transfectants from the pTet-Sense-KAP trans-
fection were selected, and resistant colonies were pooled for further analysis. All
the stable clones were cultured in the presence or absence of tet (2 mg/ml) in
DMEM–10% FBS. To induce the expression of antisense KAP, sense KAP, or
luciferase in HeLa cells, cells were washed three times with phosphate-buffered
saline (PBS) and fresh medium without tet was added.

Soft-agar clonogenic assay. For soft-agar assays, cells were plated at a density
of 104 in 35-mm-diameter tissue culture plates containing 0.33% top low-melt
agarose–0.6% bottom low-melt agarose. After the first 4 days, cells were fed
every 3 days. Foci or colonies were counted and measured after 2 weeks.

Immunohistoperoxidase staining. Immunohistologic studies were performed
on 5-mm-thick frozen sections cut from tissues embedded in OCT. Tissue blocks
(breast and prostate) were obtained from the CHTN, Eastern Division. Immu-
nostaining of sections was performed by the avidin-biotin peroxidase complex
(ABC) method using the Vectastain Elite ABC kit (Vector Laboratories) as
follows. Tissues were treated to remove endogenous peroxidase activity, blocked
with goat serum for 30 min at room temperature, and then incubated with
anti-KAP monoclonal antibodies (Transduction Labs and Santa Cruz Biotech-
nology Inc.; 10 mg/ml) for 2 h. Sections were washed three times in PBS–0.1%
Tween 20 (PBST) and then incubated with a secondary anti-rabbit antibody
conjugated to horseradish peroxidase (HRP) for 30 min. Following PBS washes,
the sections were incubated with ABC Elite reagent for 30 min at room tem-
perature and washed three times in PBS. The bound HRP complexes were
developed using diaminobenzidine tetrahydrochloride (Fastdab; Sigma) accord-
ing to the manufacturer’s instructions. The sections were counterstained with
hematoxylin, dehydrated, and mounted with glass coverslips.

KAP immunofluorescence. Cells were plated onto chamber slides (Lab-Tek)
and, when 50% confluent, were fixed with 3.7% paraformaldehyde in PBS. Cells
were permeabilized with 0.1% Triton X-100 for 5 min prior to immunostaining.
Staining was carried out as follows: cells were blocked with PBST–5% goat

serum–3% milk powder and then incubated with KAP antibody (K32120; Trans-
duction Labs) at a concentration of 5 mg/ml for 2 h, followed by incubation with
secondary anti-mouse fluorescein isothiocyanate (FITC) antibody for 1 h.

Western and Northern blot analysis. For Western blot analysis, samples were
adjusted for equal protein levels and separated on sodium dodecyl sulfate–12%
polyacrylamide gel electrophoresis (SDS–12% PAGE) gels under reducing con-
ditions. Gels were transferred to a nitrocellulose membrane, and blots were
probed with antibodies to KAP (Transduction Labs and Santa Cruz Biotechnol-
ogy), Cdc2 and Cdk2 (Santa Cruz Biotechnology), and b-actin (clone AC-15;
Sigma). Bands were detected using the ECL chemiluminescence detection
method (Amersham) and exposed to X-ray film. For Northern blot analysis, total
RNA was extracted, denatured, and electrophoresed through a 1% agarose–
formaldehyde gel (20 mg of total RNA/lane). The gel was transferred to a nylon
membrane (Bio-Rad) and hybridized as follows. Human KAP, histone H4, and
36B4 (loading control) probes were 32P-labeled by using randomly primed DNA
labeling techniques. Blots were exposed on X-ray film after washing. In all cases,
films were scanned (ScanJet IIcs; Hewlett-Packard) and analyzed using Adobe
Photoshop software.

FACS analysis. Subconfluent cultures with and without tet were pulse-labeled
for 30 min with 10 mM bromodeoxyuridine (BrdU; Sigma), harvested, fixed in
70% ethanol, and then double stained with FITC-conjugated anti-BrdU antibody
(Becton Dickinson) and 5 mg of propidium iodide (Sigma)/ml. Cell cycle analysis
was performed on a fluorescence-activated cell sorter (FACS; FACScan;
Coulter). Data were analyzed using Elite software (Coulter).

In vitro kinase assay. Following lysis, 500 mg of total cell protein per sample
was precleared with 20 ml of protein A-triacryl GF-2000 beads (Pierce) for 30
min at 4°C. Immunoprecipitation of Cdk2 was performed overnight with 2 ml of
anti-Cdk2 (M2; Santa Cruz Biotechnology). Immunoprecipitates were washed
three times with NET-N (20 mM Tris [pH 8.0], 100 mM NaCl, 1 mM EDTA,
0.5% NP-40, 100 mM sodium fluoride, 2 mM sodium vanadate, 2 mM phenyl-
methylsulfonyl fluoride, 10 mg of aprotinin/ml) and twice in kinase buffer (50 mM
Tris [pH 7.4], 10 mM MgCl, 1 mM dithiothreitol). For the kinase reaction,
immunocomplexes were incubated in kinase buffer supplemented with 50 mM
ATP, 5 mCi of [g-32P]ATP (Amersham), and 10 mg of histone H1 (Boehringer
Mannheim) for 30 min at 30°C, and the reaction was terminated by adding
sample buffer. Samples were then separated on an SDS–10% PAGE gel, and the
phosphorylated H1 was visualized by autoradiography.

Tumorigenicity assay of nude mice. HeLa cells were harvested and washed
twice in PBS. Cells were resuspended in 0.25 ml of cold serum-free DMEM, and
the suspension was mixed with an equal volume of cold Matrigel (10 mg/ml;
Becton Dickinson) at a final concentration of 2 3 106 cells/ml. The cell suspen-
sion was injected subcutaneously (bilaterally; 0.5 ml per site, 106 cells) into 5- to
6-week-old nude athymic mice [Taconic; Cr:(NCr)-nu fBR]. Tumors were har-
vested 3 weeks after injection and weighed. Some mice were fed with water
containing 500 mg of doxycycline/ml in 1% sucrose.

Mitotic index determination. Tumors were harvested, weighed, fixed in for-
malin, and processed for routine histology and hematoxylin and eosin staining.
Tumor sections were examined for mitotic figures by counting mitotic figures
from 10 3 40 fields per tumor. Each group contained six tumors.

RESULTS

Identification of the KAP gene as an overexpressed gene in
breast cancer through a modified DD-PCR method. Differen-
tial hybridization reactions were performed to compare the
mRNA expression profiles of normal (12N and 15N) and can-
cerous (MCF7 and MDAMB435) human breast epithelial
cells. Degenerate PCR primers based on the sequences of the
regions exhibiting the well-conserved catalytic domains of pro-
tein tyrosine phosphatases (PTP) were designed to amplify
cDNA fragments for DD-PCR. A reverse 39 primer corre-
sponding to a portion of the PTP catalytic domains (5, 9, 21)
(the VHCSAG motif) and an arbitrary primer (OPA1;
Operon, Inc.) as the forwarding 59 primer were used for the
DD-PCR experiments. This PCR-based DD using a conserved
domain primer of known proteins from the PTP catalytic do-
main produced a less banded but more clearly resolved pattern
on the gel than conventional DD-PCR. Potentially differen-
tially expressed clones were selected for further characteriza-
tion by Northern blot analysis and DNA sequencing. A PCR
product, named initially PTP-2, was identified from the display
gel. The PTP-2 clone was strongly overexpressed in human
breast cancer cells. Initial DNA sequencing of a PTP-2 cDNA
partial clone revealed that it encoded a protein phosphatase
which was previously identified as KAP/Cdi1, a dual-specificity
phosphatase (22, 24). Using the full-length KAP cDNA as a
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probe, we examined expression levels in normal and tumor
human mammary epithelial cells as well as normal and tumor
prostate cells by Northern and Western blot analyses. The
breast and prostate cancer cell lines examined had levels of
KAP mRNA (Fig. 1A) and protein expression (Fig. 1B) that
were variable but that were substantially higher, regardless of
estrogen receptor status, than the levels of expression detected
in any of the human normal mammary and prostate epithelial
cells analyzed (Fig. 1A and B). KAP was also overexpressed in
a majority of human tumor cells of epithelial origin tested (Fig.
1C, left). KAP mRNA expression in various human tissues was
also examined (Fig. 1C, right). Longer exposure of a Northern
blot demonstrated the presence of KAP mRNA in normal
human tissues. It was expressed at relatively low levels in heart,
brain, spleen, and skeletal muscle and was barely detectable in

the lung, liver, kidney, and pancreas. This broad expression
pattern may imply an important role in many cell types.

Tumor-specific overexpression of KAP in human breast and
prostate cancer patient specimens. The expression of the KAP
protein was evaluated using immunohistochemistry in a num-
ber of normal and tumorous tissue specimens of human breast
and prostate to further define the relationship between levels
of KAP expression in normal and cancer cells. A total of 32
different breast tissue samples were analyzed, including 13
normal biopsies and 19 tumor biopsies (10 in situ carcinomas
and 9 infiltrating ductal carcinomas). In addition, expression of
the KAP protein in 12 matched (total of 24 samples) normal
and tumorous human prostate specimens was evaluated. There
was little or no detectable expression of KAP either in the
epithelial or stromal cells of ductal units of normal breast or
prostate tissue (Fig. 2A and E). However, many tumors (15 of
19 breast and 9 of 12 prostate tumor specimens) showed in-
tense immunostaining for the KAP protein in the majority of
tumor cells (Fig. 2B, C, and D [prostate cancer], and Fig. 2F
and G [breast cancer]).

As shown in Fig. 2A, normal prostate gland had no detect-
able expression of the KAP protein. However, a weakly inva-
sive carcinoma of the prostate stained with relatively high
levels of KAP in epithelial cells (Fig. 2B). An invasive carci-
noma of the prostate showed intense cytoplasmic and nuclear
immunoreactivity (Fig. 2C and D), whereas normal prostate
tissue shown in the same field had little KAP expression. Nor-
mal mammary gland epithelium also stained very weakly for
KAP (Fig. 2E). In contrast, invasive carcinoma cells of the
breast (Fig. 2F) showed significant expression of the KAP
protein. A normal ductal unit having lower KAP expression is
also shown in the same field (Fig. 2F). In breast cancer sam-
ples, KAP expression led to staining that was more intense in
an invasive carcinoma than in a preinvasive ductal carcinoma
in situ (Fig. 2G). These findings indicate that KAP overexpres-
sion is a frequent occurrence in breast and prostate cancer.

Differential cellular localization of KAP between normal
and tumor mammary epithelial cells. The cellular distribution
of the KAP protein was next analyzed by immunofluores-
cence (Fig. 3). In hNMECs, KAP staining was predominantly
perinuclear, while breast tumor cells (MDAMB435 and
MDAMB231) exhibited staining in both the cytoplasm and
perinuclear area. Moreover, the pattern of KAP localization in
human cancer cells was more diffuse than that observed in
normal cells. The cytoplasmic localization of the KAP protein
as well as its overexpression might be involved in KAP dys-
function in breast cancer cells.

Effects of antisense inhibition of KAP overexpression on cell
cycle progression in human cancer cells. In order to elucidate
the role of KAP overexpression in tumor cells, we introduced
antisense KAP expression into HeLa and LNCaP cells. In
HeLa cells a tet-regulatable expression system (20) was uti-
lized. A BamHI fragment consisting of approximately 550 bp
of partial KAP cDNA encoding the N-terminal region and a 59
untranslated sequence was inserted into a tet-regulated plas-
mid in the antisense (pTet-AS-KAP) or sense (pTet-S-KAP)
orientation. HeLa-tTA cells, which have high KAP expression,
were transfected with pTet-AS-KAP, pTet-S-KAP, or pTet-
luciferase plasmids. Several stably transfected clones with an-
tisense or sense KAP constructs (HeLa/KAP-sense1) or the
luciferase (HeLa/luciferase) expression plasmid were recov-
ered, and the inhibition of KAP protein expression was
determined by Western blot analysis. Two clones, desig-
nated HeLa/KAP-AS1 (Fig. 4A) and HeLa/KAP-AS4 (Fig.
5A, left), showed reduced levels of KAP proteins within 48 h
after removal of tet compared to the level of KAP proteins

FIG. 1. Overexpression of KAP in human mammary and prostate carcinoma
cell lines. (A) Northern blot analysis showed overexpression of KAP mRNA in
human mammary and prostate cancer cell lines (Tu) compared to normal human
breast (12N, 15N, 17N) and prostate (PrN1, PrN2) epithelial cells. Twenty
micrograms of total RNA, isolated from exponentially growing cells (70 to 80%
confluence), was hybridized to a 32P-labeled KAP cDNA probe. A 36B4 cDNA
probe was used as a loading control. I, immortal. (B) Western blot analysis was
used to determine the level of KAP protein expression in several normal breast
(12N and 15N) and prostate (PrN1 and PrN2) cell lines and in a number of
immortal and cancerous mammary cell lines. Aliquots of cell lysates obtained
from the indicated cell lines were loaded in each lane. Blots were probed with
antibodies to KAP and b-actin. Immunoblotting for b-actin was used to achieve
equal loading for protein samples. (C) KAP mRNA expression patterns in a
variety of human normal and tumor cell lines (left) and in normal human tissues
(right). Lanes 1 to 3, human normal cells; lanes 4 to 12, human cancer cell lines.
Lane 1, hNMECs; lane 2, human normal urothelium; lane 3, human normal
keratinocytes; lane 4, neuroblastoma cell line (SK-M-MC); lane 5, HeLa cells;
lane 6, Jurkat cells; lane 7, 293 cells; lane 8, a renal carcinoma cell line (UMRC);
lane 9, small-cell lung carcinoma cell line (H747); lane 10, melanoma (SK-
MEL5); lane 11, osteosarcoma (HOS); lane 12, colon carcinoma cell line
(HT29). Right, expression of KAP in human normal tissues. H, heart; B, brain;
S, spleen; L, lung; Li, liver; Sm, skeletal muscle; K, kidney; P, pancreas.
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from the same cells grown in the presence of 2 mg of tet/ml.
However, no change in pTet-S-KAP- (sense KAP) or pTet-
luciferase-transfected cells with or without tet was observed
(Fig. 5A, left).

Studies were performed to determine if the induction of
antisense KAP modifies the kinetics of cell cycle progression.
HeLa/KAP-AS1 cells were maintained in the presence or ab-
sence of tet for 3 days, followed by analysis using simultaneous
flow cytometry for both DNA content and DNA synthesis, with
propidium iodide staining and BrdU labeling, respectively.
Following tet removal, cells exhibited a reduction of BrdU
incorporation, with the population of S-phase cells declining
from 43.0% with tet to 28.0% without tet (Fig. 4B). Con-
versely, the percentages of cells in G1 and G2/M phases in-

creased from 31.3 and 22.0%, respectively, with tet to 44.0 and
27%, respectively, without tet by 3 days. Next, we investigated
the effect of decreased KAP expression on Cdk kinase activity
with and without antisense KAP induction. HeLa/KAP-AS1
cells cultured in the presence or absence of tet were lysed, and
Cdk2 immunocomplexes were assessed for in vitro kinase ac-
tivity using histone H1 as the substrate. As shown in Fig. 4C,
Cdk2 kinase activity was reduced after 3 days of antisense KAP
induction by ;60% as measured by the phosphorylation of
histone H1 in the absence of any detectable change in Cdk2
protein level. In contrast, Cdk2 kinase activity was reduced to
an undetectable level as early as 24 h after wild-type p53
induction in p53-null human bladder cancer cells (EJ), as ex-
pected from the known potent inhibitory activity of p53-in-

FIG. 2. Tumor-specific overexpression of KAP in breast and prostate cancer patient samples. Expression of the KAP protein was evaluated using immunohisto-
chemistry for a number of human normal and tumor tissue specimens of prostate (A to D) and breast (E to H). (A) Normal prostate gland had no noticeable staining
of KAP protein. (B) Weakly invasive carcinoma of the prostate stained with high levels of KAP in epithelial cells. (C and D) Invasive carcinoma of the prostate showed
intense cytoplasmic and nuclear immunoreactivity (arrow). Note normal prostate gland (arrowhead) with low or no KAP expression. (E) Normal breast epithelium had
low expression of KAP. (F) Invasive carcinoma cells of the breast showed strong staining for KAP protein (arrow). Normal ducts with lower KAP expression are also
shown in the same field (arrowhead). (G) KAP expression led to stronger staining in an invasive carcinoma than in a preinvasive ductal carcinoma in situ (arrow). (H)
Negative control with normal immunoglobulin G showed no immunoreactivity in both invasive and ductal carcinomas in situ. Bar, 75 mm. Tissues were fixed in 3%
paraformaldehyde and embedded in paraffin, and 5-mm-thick sections were processed for detection of the KAP protein. Immunocomplexes were identified by an ABC
procedure, and 1% toluidine blue was used as a counterstain. There was little or no detectable expression of KAP either in the epithelial or stromal cells of ductal units
of normal breast or prostate. However, in many tumors, large numbers of KAP proteins were displayed in a majority of cells.
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duced p21. Inhibition of the cell cycle was consistent with the
level of Cdk2 kinase reduction by antisense KAP.

Effects of antisense KAP on the transformed phenotype. We
next evaluated whether inhibition of KAP overexpression had
an effect on the in vitro- and in vivo-transformed phenotype.
First, a soft-agar colony-forming assay showed that HeLa/
KAP-AS1 and -AS4 cells formed smaller colonies in agarose in
the absence of tet than in the presence of 2 mg of tet/ml in soft
agarose (Fig. 5A, right). However, colony sizes of HeLa/KAP-
sense1 and HeLa/luciferase cells grown in the absence of tet
were similar to those of cells grown in the presence of tet (Fig.
5A, right). In addition, mammalian expression vector pcDNA3
containing an antisense construct of KAP cDNA (a 550-bp
BamHI fragment) driven by a cytomegalovirus promoter was
transfected into LNCaP cells. Stable clones were selected, and
expression levels of KAP were evaluated by Western blot anal-
ysis. Two clones, AS4 and AS11, had reduced levels of KAP
protein expression and were further characterized. Consistent
with HeLa cells containing antisense KAP, LNCaP/AS4 and
-AS11 cells formed smaller colonies in soft agarose (Fig. 5B).
Together, these results suggest that antisense inhibition of
KAP expression led to suppression of anchorage-independent
growth.

To determine whether inhibition of KAP overexpression
reduced tumorigenicity in vivo, xenograft studies were con-
ducted using HeLa cells expressing antisense KAP mRNA and

control cells expressing luciferase in the absence of tet. Six
mice were injected with each cell population (106 cells mixed
with Matrigel) in two different sites. As shown in Fig. 6A,
HeLa cells expressing antisense KAP mRNA showed a re-
duced overall tumor size when injected into nude athymic mice
(HeLa-KAP tumors), compared with that shown by HeLa cells
expressing a control luciferase vector (HeLa-luciferase tu-
mors). The mean size of HeLa-KAP tumors was 1.15 g, signif-
icantly less than that of HeLa-luciferase tumors, which were
3.76 g on average (P , 0.008).

Antisense KAP and control KAP tumors harvested after 3
weeks of growth were processed for histological studies. He-
matoxylin and eosin sections were examined for mitotic figures
(10 3 40 fields for every tumor), and significant differences
were observed. HeLa control tumors had a mean of 33.6 mi-
totic figures, whereas HeLa-antisense KAP tumors showed a
significant reduction and on average had 6 mitotic figures,
indicating that antisense KAP has an antiproliferative effect.
Figure 6B shows a representative hematoxylin and eosin sec-
tion of a control tumor, displaying several mitotic figures (ar-
rows), whereas a similar section of an antisense KAP tumor
shows no mitotic figures (Fig. 6B). In addition, close examina-
tion of the antisense KAP tumors (HeLa/KAP-AS) revealed
many cells undergoing apoptosis, as evidenced by the con-
densed, fragmented nuclei, characteristic of cells undergoing
early stages of apoptosis (Fig. 6B, right).

FIG. 3. Subcellular localization of KAP in hNMECs (15N) and tumor mammary epithelial cells (MDAMB435 and MDAMB231). The cultures were fixed with 3.7%
paraformaldehyde in PBS. Cells were permeabilized with 0.1% Triton X-100 prior to KAP antibody staining. Notice that the staining was restricted to the perinuclear
region in hNMECs, while breast tumor cells (MDAMB435 and MDAMB231) had staining in both the cytoplasm and perinuclear area (arrows). The corresponding
phase-contrast photograph is shown at the right of each fluorescence image. Bar, 10 mm.
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DISCUSSION
There is emerging evidence that the altered regulation of

protein phosphorylation can directly contribute to multistep
carcinogenesis. The link between cancer and protein phos-
phorylation was established by an understanding of the contri-
bution of kinases to cancer. It is now well established that
phosphatases also have important roles in regulating a variety
of signal transduction pathways that have bearing on human
cancer (29, 39, 49). In the present study, we describe the
identification and characterization of KAP, a dual-specificity
phosphatase, whose gene is a potential oncogene and whose
overexpression is a frequent occurrence in breast and prostate
cancer. To date, several phosphatases have been implicated in
the etiology of tumors, including protein phosphatase 2A (39,
40), PTEN/MMAC1 (33, 42), and CDC25A and -B (15). The

serine-threonine phosphatase PP2A suppresses growth factor
proliferative signals by interaction with the mitogen-activated
protein kinase family members ERK1 and ERK2 (45). PP2A is
also known to bind to viral oncogenes such as those of the
simian virus 40 and polyoma small-t antigens (35, 38, 45). The
PTEN gene is a tumor suppressor gene implicated in many
types of human cancer, including breast cancer, prostate can-
cer, melanoma, glioblastoma, and endometroid ovarian cancer
(33, 42). Overexpression of PTEN can suppress colony forma-
tion, growth in soft agar, and tumor formation in nude mice (7,
14). It has been suggested that PTEN may function, at least in
part, through regulation of focal adhesion kinase and the sub-
sequent inhibition of adhesion and migration (47, 48). How-
ever, several recent reports suggest that PTEN might regulate
cell cycle progression by blocking activation of downstream
targets of phosphatidylinositol 3-kinase such as the Akt proto-
oncogene (4, 27, 51). In the mouse, loss of PTEN leads to
hyperplasia and dysplasia in the skin, gastrointestinal tract, and
prostate and increased tumor formation (10).

Several lines of evidence suggest a role for genes of the
dual-specificity phosphatases CDC25A and -B as oncogenes
(16, 18). CDC25A and -B genes have been shown to cooperate
with the Ha-ras oncogene in oncogenic transformation (16). In
addition, CDC25A alone was sufficient enough to induce tu-
mor formation in Rb-null fibroblasts (16). CDC25A and -B are
significantly overexpressed in some cancer cell lines and in
several human cancers including breast and prostate cancer
(16, 18), suggesting that deregulated expression of CDC25A
and -B may play an important role in the development of a
number of human cancers.

Our efforts to discover candidate genes whose function or
expression is altered during breast carcinogenesis led to the
identification of KAP whose expression is significantly upregu-
lated in breast and prostate cancer cells both in vitro and in
vivo. Of note, KAP is also a dual-specificity phosphatase and
was previously identified as a protein interacting with Cdk2 or
Cdc2, suggesting that KAP may play a role in cell cycle regu-
lation (3, 22, 24). Overexpression of KAP was demonstrated by
us in the majority of in situ and invasive ductal carcinomas
examined, while there is little or no detectable expression of
KAP either in the epithelial or stromal ductal units of normal
breast or prostate. The predominant pattern of KAP overex-
pression in transformed cells in vitro and in vivo indicates a
potential diagnostic and prognostic value for breast and pros-
tate cancer development.

The KAP gene previously mapped at 14q22 (8) at which
chromosome abnormalities linked to several neoplasms have
been localized (19, 43, 50). Of note, a comparative genomic
hybridization study demonstrated an amplification of the band
14q22 region in the PC3 prostate cancer cell line (2). Whether
overexpression of KAP is due to gene amplification or other
mechanisms remains to be elucidated.

To assess the functional significance of KAP overexpression
in tumorgenic phenotypes of human cancer cells, we used
antisense approaches to selectively suppress KAP expression.
We established tet-regulated expression of antisense KAP in
HeLa cells and stable antisense KAP expression in LNCaP
cells. Suppression of KAP expression in HeLa cells caused a
reduction of the population of S-phase cells. In these cells,
repression of KAP protein expression also led to suppression
of anchorage-independent growth in soft agar and a significant
reduction in the growth rates of tumors in nude mice. These
findings argue that KAP overexpression may not merely be a
consequence of, but instead might contribute to, the tumori-
genesis.

In the initial characterization of KAP/Cdi1, Gyuris et al. (22)

FIG. 4. Cell cycle analysis and inhibition of Cdk2-associated histone kinase
activity in HeLa/AS-KAP cells following antisense KAP induction. (A) Western
blot analysis of KAP in antisense KAP cDNA-transfected HeLa cells (HeLa/
KAP-AS1) in the presence or absence of tet (2 mg/ml). (B) Cell cycle analysis was
performed on a FACS (FACScan; Becton Dickinson). Cells were maintained
with tet (1) or without tet (2) for 3 days. y axis, BrdU uptake, as measured by
FITC fluorescence; x axis, DNA content, as measured by propidium iodide
fluorescence. Populations of cells in different phases of the cell cycle are gated as
shown. The percentage of cells in each gate is indicated for each sample. (C)
Upper gel, level of phosphorylation of histone H1 by Cdk2; lower gel, Western
blot analysis of Cdk2 protein level at different times after induction of antisense
KAP. HeLa/AS-KAP cells were grown in medium with or without tet for the
indicated times. In vitro kinase assays were carried out using cell cycle lysates as
described in Materials and Methods.
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presented evidence of cell cycle-dependent variation in RNA
expression, with highest levels in late G1 phase and early S
phase. In our studies, overexpression of KAP RNA and protein
did not show significant cell cycle variation in MCF7 tumor
cells (data not shown). Gyuris et al. (22) also presented evi-
dence that transfection of HeLa cells with a KAP expression
vector led to no reduction in colony formation but that selected
transfectants showed a reduction in the S-phase fraction.
These findings led to the suggestion that KAP overexpression
may retard passage through these phases of the HeLa cell cycle
(22). How both exogenous overexpression and decreased KAP
expression might contribute to retardation in cell cycle pro-
gression remains to be resolved.

The phosphorylation of Cdk2 on Thr160 is catalyzed by
Cdk-activating protein kinase CAK, while its dephosphoryla-
tion is catalyzed by KAP in a cyclin A-dependent manner in

vitro (3, 41). In the presence of cyclin A, phosphorylated
Thr160 is resistant to dephosphorylation by KAP. However,
given its phosphatase activity toward substrates containing
phosphotyrosine as well as phosphoserine residues, KAP might
act as a positive regulator for specific Cdks by activating ty-
rosine-phosphorylated Cdks. In addition, KAP/Cdi1 interacts
with Cdks with different affinities. KAP interacts strongly with
Cdc2 and Cdk3 and, to a lesser extent, with Cdk2 (22). It
remains to be elucidated whether it dephosphorylates Cdc2- or
Cdk3-associated proteins such as cyclins, thus indirectly affect-
ing Cdk activity. It is also possible that excess amounts of KAP
in transformed cells affect the levels of dephosphorylation of
Cdk2 or Cdc2 and their association with their cyclin partners,
which results in dysregulation of cell division.

Overexpression of CDC25A and -B can be induced by Myc
overexpression, and CDC25A and -B are known to be direct

FIG. 5. Effects of antisense (AS) KAP on the in vitro-transformed phenotype. (A) Suppression of KAP expression by antisense KAP resulted in reduced
anchorage-independent growth in soft agarose in tet-regulated HeLa cells. Left, Western blot analysis of KAP in antisense or sense KAP cDNA-transfected HeLa cells
in the presence or absence of tet (2 mg/ml); right, anchorage-independent growth of antisense KAP-transfected cells (HeLa/KAP-AS1 and -AS4) as well as of two
control lines (HeLa/KAP-sense1 and HeLa/luciferase) in soft agarose for 2 weeks with or without tet. Two stable antisense KAP clones that contained reduced levels
of KAP protein exhibited inhibition of colony formation in soft agarose in the absence of tet compared to the same cells in the presence of tet. In addition, colony sizes
of HeLa/KAP-sense1 and HeLa/luciferase cells grown in the absence of tet were similar to those of cells grown in the presence of tet. (B) Reduced KAP expression
in LNCaP cells resulted in smaller colonies in soft agarose. Western blot analysis shows that antisense KAP-expressing cells (PC3/KAP-AS4 and -AS11) had relatively
lower KAP expression than controls. Right, reduced anchorage-independent growth of antisense KAP-expressing LNCaP cells in soft agarose.
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FIG. 6. Inhibition of KAP overexpression reduces tumorigenicity in nude mice. (A) Antisense (AS) KAP expression inhibited the tumorigenic potential of HeLa
cells. Athymic nude mice were injected with 2 3 106 HeLa/KAP-AS1 cells or HeLa/luciferase cells/ml mixed with an equal volume of Matrigel. The cell suspension
was injected subcutaneously (bilaterally; 0.5 ml per site) into nude mice. Results are average tumor sizes for six animals in two different sites per experimental condition
3 weeks after injection. The mean tumor size of AS KAP-expressing HeLa cells was significantly less than that of the HeLa-luciferase tumor. Similar relative tumor
sizes were obtained from mice injected with HeLa/KAP-AS1 cells and fed with water containing 500 mg of doxycycline/ml (data not shown), compared to sizes of
HeLa-luciferase tumors. (B) HeLa/KAP-AS cells showed reduced mitotic index. AS KAP and control tumors harvested after 3 weeks of growth were processed for
histological studies (hematoxylin and eosin sections). Top, representative hematoxylin- and eosin-stained section of control (HeLa/Luc) and AS KAP tumors
(HeLa/KAP-AS). Mitotic figures are shown as arrows, and apoptotic cells are shown with arrowheads.
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transcriptional targets of c-myc (17). Thus, it is possible that
KAP overexpression might also be associated with the overex-
pression of a specific oncogene in breast and prostate cancer.
By whatever mechanism KAP is overexpressed during tumor-
igenesis, our studies imply that it can play an important role in
the proliferation of tumor cells. Given its overexpression in a
high percentage of breast and prostate tumors, we hypothesize
that the KAP gene may behave as an oncogene, and as such
could have importance not only as a marker but as a thera-
peutic target.
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