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Amplification of the cyclin-dependent kinase 4
(CDK4) gene, located at 12q13-q14, has been found as
an alternative genetic alteration to CDKN2A inactiva-
tion in various human tumors including malignant
gliomas and sarcomas. In the present study, we have
evaluated the frequency of the CDK4 gene amplifica-
tion in sporadic breast cancer by applying a nonra-
dioactive quantitative differential polymerase chain
reaction based on fluorescent DNA technology. Fluo-
rescent-labeled polymerase chain reaction products
were analyzed with an automated DNA sequencer.
Amplification of CDK4 gene was detected in 15
(15.8%) of 95 breast cancers. All tumors with CDK4
gene amplification showed high CDK4 protein ex-
pression determined by immunohistochemistry. Fur-
thermore, the mean Ki-67 labeling index in tumors
with CDK4 gene amplification was significantly
higher than in those without CDK4 gene amplifica-
tion. No significant associations were observed be-
tween CDK4 gene amplification and any specific his-
topathological parameter. The findings of this study
provide the first evidence of CDK4 gene amplification
in breast cancer and suggest that CDK4 gene amplifi-
cation appears to be of importance in the pathogen-
esis of a subset of sporadic breast cancer. (Am J
Patbol 1999, 154:113-118)

Critical transitions in the different phases of the cell cycle
are regulated by sequential activation of cyclins and their
catalytic subunits, the cyclin-dependent kinases (CDKs).
Disruption of the cell cycle machinery might enhance
genomic instability, contribute to uncontrolled cell
growth, and lead to the development of cancer.’® When
activated by cyclin D1, CDK4 is able to phosphorylate the
retinoblastoma gene product (pRB) and can promote cell
cycle progression through G1-phase into S-phase.®* The
activation of CDK4, however, can be constrained by

binding the p16 protein, a cyclin-dependent kinase inhib-
itor encoded by the CDKN2A gene.®® Alterations of these
individual components have been implicated in the
pathogenesis of many tumor types. The involvement of
CDK4 gene in tumorigenesis has been suggested by the
findings that suppression of CDK4 can lead to terminal
differentiation of erythroleukemia cells, whereas overex-
pression of CDK4 can induce uncontrolled cell growth
and eventual malignant transformation.® Furthermore,
amplification and consequent overexpression of the
CDK4 gene, located in the 12g13-g14 region, have been
found in various cancers including different types of sar-
comas and glioblastomas.®~8 A somatic point mutation
(R24C) of CDK4 gene was identified in human melano-
mas, causing a tumor-specific antigen and disrupting the
interaction between CDK4 and its inhibitor p16.°

Alterations of cell cycle control genes, such as ampli-
fication of cyclin D1'°"" and inactivation of RB and
CDKN2A,">'* have been well documented in human
breast cancer. However, there has been no report on
amplification and overexpression of CDK4 in breast can-
cer so far, although amplification of 12913 has been
detected by cytogenetic analyses in breast cancer.'®'®
Moreover, increased expression of CDK4 was found
to be common in carcinogen-induced rat mammary
tumors.™”

To delineate the role of the CDK4 gene in the genesis
of breast cancer, we investigated CDK4 gene amplifica-
tion in breast cancer by fluorescent differential polymer-
ase chain reaction (PCR) followed by fragment analysis
on an automated DNA sequencer. This approach en-
ables rapid, nonradioactive quantitative analysis of gene
amplification on small tumor samples.'® The biological
relevance of CDK4 gene amplification was examined by
immunohistochemical staining for expression of CDK4
protein in breast cancer. CDK4 gene amplification and
expression were correlated to relevant clinical and tumor
characteristics.
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Materials and Methods
Tumor Samples and DNA Extraction

Snap-frozen samples were obtained from 95 patients
treated by surgery for primary breast cancer (80 ductal
and 15 lobular breast carcinomas) at the Department of
Obstetrics and Gynecology, Heinrich-Heine-University
Dusseldorf, Germany. None of the breast carcinoma pa-
tients had a positive family history (at least two cases of
breast or ovarian cancer, one case below the age of 60
years). None of the patients had distant metastases at the
time of primary surgery. In case of axillary dissection (at
least 10 lymph nodes), the number of lymph node me-
tastases was determined. Tumors were classified ac-
cording to the TNM classification (Union Internationale
Contre le Cancer). The histological grade was deter-
mined according to the criteria of Elston and Ellis."® His-
tological evaluation of frozen tumor sections assured that
all specimens studied contained at least 60% tumor cells.
High molecular weight DNA was prepared from tumor
tissues and blood lymphocytes as described previous-
ly.?° DNA from 20 malignant gliomas with CDK4 gene
copy number determined previously by Southern blot
analysis® were used as controls to establish the differen-
tial PCR assay.

Fluorescent Differential PCR

The gene dosage of the CDK4 gene was analysed by
differential PCR with fluorescein-labeled primers.'® Two
different reference loci were used: glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) on 12p13 and ad-
enine phosphoribosyltransferase (APRT) on 16923.
Primer sequences for CDK4 and the control loci were as
follows: 5'-CATGTAGACCAGGACCTAAGG (sense) and
5’-AACTGGCGCATCAGATCCTAG (antisense) for CDK4
resulting in a 206-bp PCR product, 5-F-AACGTGT-
CAGTGGTGGACCTG (sense) and 5'-AGTGGGT-
GTCGCTGTTGAAGT (antisense) for GAPDH generating
a 160-bp PCR product, and 5'-TGGGAAAGCTGTTTACT-
GCG (sense) and 5'-CAGGGAACACATTCCTTTGC (an-
tisense) for APRT generating a 134-bp PCR product. One
primer of each primer pair was labeled with fluorescein at
the 5’-end. PCR amplification was carried out in a 50-ul
volume containing 50 ng of genomic DNA, 1Xx PCR buffer
(10 mmol/L Tris/HCI, pH 9.0, 50 mmol/L KCI, 1.5 mmol/L
MgCl,, 0.001% gelatine), 150 umol/L dNTPs, 0.3 wmol/L
primers for CDK4 and GAPDH or APRT, and 2.0 units Taqg
DNA polymerase (Pharmacia, Freiburg, Germany). The
reaction consisted for 25 cycles of 94°C for 1 minute,
60°C for 1 minute, and 72°C for 1 minute followed by a
final extension for 8 minutes at 72°C. In each PCR exper-
iment, DNA extracted from 1) placenta and peripheral
blood leukocytes as reference tissue with normal CDK4
gene copy number and 2) two primary gliomas with
known CDK4 gene amplification were included as con-
trols. The fluorescein-labeled PCR products were sepa-
rated with an automated fluorescent DNA sequencer
(A. L. F.™ Pharmacia) on 6% denaturing polyacrylamide

gels. Quantitative analysis of the peak areas obtained for
CDK4 and GAPDH or APRT was performed with the Frag-
ment Manager™ (FM1.1) software (Pharmacia), and
CDK4 gene dose was calculated relative to control blood
as described.'® Only increases in the CDK4/GAPDH and
CDK4/APRT quotients of more than three times relative to
control blood and normal placenta were considered as
evidence of CDK4 gene amplification.

Southern Blot Analysis

DNA from tumors and normal leukocytes (2.5 ug) were
digested with the restriction enzyme Tagl, separated on
0.8% agarose gels, and blotted. The membranes were
sequentially hybridized with probes for CDK4 and the
control locus ERBB3, as described.®

Immunohistochemistry

Immunohistochemical stainings for CDK4 protein, the
proliferation-associated nuclear antigen Ki-67, ER, and
PgR were performed on paraffin-embedded formalin-
fixed sections using the indirect avidin-biotin peroxidase
method as described.?" To enhance immunoreactivity for
Ki-67, sections were pretreated by microwave heating in
10 mmol/L citrate buffer (pH 6.0) for 3 X 10 minutes.
Sections to be stained for CDK4 protein were treated in
0.1% trypsin for 5 minutes at 37°C. Histological sections
were incubated for 30 minutes in methanol with 1% hy-
drogen peroxide. The sections were incubated with goat
anti-CDK4 polyclonal antibody (C-22, Santa Cruz Bio-
technology, Inc., Santa Cruz, CA), MIB-1 mouse anti-
Ki-67 monoclonal antibody (Dianova, Hamburg, Germa-
ny), mouse anti-ER monoclonal antibody, or mouse anti-
PgR monoclonal antibody (Sigma, Deisenhofen,
Germany) for 16 hours at 4°C. This was subsequently
followed by biotinylated secondary antibodies and by
avidin-biotin-peroxidase complex (Vector Laboratories,
Burlingame, CA) according to the manufacturer’s instruc-
tions. As negative controls, irrelevant rabbit/mouse
monoclonal IgG were used instead of the primary anti-
bodies. ER and PgR immunoreactivities were analysed
and scored (according to recommendations of Remmele
and Stegner) as described previously.° Immunoreactiv-
ity for CDK4 and Ki-67 was quantified by counting posi-
tive and negative tumor cells. A minimal number of 1000
cells was counted for each case. For CDK4 expression, a
semiquantitative scoring was applied as described.??
The assigned score first reflects the staining intensity A
(0, negative; 1, weak; 2, moderate; 3, high) and second
the percentage of positive cells B (0, no positive cells; 1,
<25% positive cells; 2, 25 to 50% positive cells; 3, >50%
positive cells). The sum of A + B attained a maximum
score of 6. A score more than 3 was considered as
positive.

Statistical Analysis

Associations of CDK4 gene amplification and other fac-
tors were calculated by Fisher's exact test or Student’s
unpaired t-test.
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Figure 1. Correlation between Southern blot analysis and fluorescent differ-
ential PCR. Copy number of CDK4 in 20 human malignant gliomas was
determined by fluorescent differential PCR (PCR conditions see Material and
Methods) and compared with results from previous Southern blot analysis.®
The correlation coefficient was 0.86, the correlation rate was highly signifi-
cant (P < 0.01) according to Student’s test.

Results

Validation of Fluorescent Differential PCR

The fluorescent differential PCR method was established
and optimized in terms of amplimers, enzyme concentra-
tion, magnesium concentration, and cycle number to es-
tablish conditions for exponential amplification of CDK4
and GAPDH or APRT specific sequences. To validate the
sensitivity of differential PCR combined with detection of
fluorescent-labeled PCR products by an automated DNA
sequencer, CDK4 gene amplification of 20 malignant gli-
omas was determined by fluorescent differential PCR and
compared with results from previous Southern blot anal-
ysis.® Results of gene copy numbers showed a linear
relationship with a correlation coefficient of 0.86 between
detection of CDK4 by fluorescent differential PCR and by
Southern blot (Figure 1).

CDK4 Amplification in Breast Cancer

Ninety-five breast cancers were analyzed for CDK4 gene
amplification by the fluorescent differential PCR. Among
the 95 tumors analyzed, 15 (15.8%) were found to dem-
onstrate CDK4 amplification ranging from 3- to 10-fold
(12 tumors corresponded to a three to fivefold amplifica-
tion, three tumors presented 5- to 10-fold amplification).
Representative examples of CDK4 amplification are
shown in Figure 2.

Expression of CDK4 Protein in Breast Cancer

In order to determine if CDK4 gene amplification also
resulted in overexpression of the gene and increased
levels of the gene product, immunohistochemical analy-
sis of the tumor tissue specimens including the 15 breast
cancers with CDK4 gene amplification was performed by
using an antibody directed against CDK4 protein. Mod-
erate and intense nuclear and/or cytoplasmic stainings
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Figure 2. Analysis of CDK4 amplification by fluorescent differential PCR.
Electrophoretogram of PCR-products of CDK4 (206 bp) and the control gene
GAPDH (160 bp) in representative cases. The data were obtained with an
automated fluorescent DNA sequencer (A. L. F., Pharmacia) and analyzed
with the Fragment Manager™ software. The abscissa of the electrophoreto-
gram shows the fragment size in bp. Lane 13, tumor DNA without CDK4
amplification; lane 15, tumor DNA with CDK4 amplification (threefold);
lane 21, tumor DNA with CDK4 amplification (10-fold); lane 29, placenta
DNA as normal control.

were observed in breast cancer cells, and distribution of
positive cells was heterogeneous in a cancer nest and
between cancer nests (Figure 3, A and B). All 15 tumors
with CDK4 gene amplification showed overexpression of
the CDK4 protein. Overexpression of the CDK4 protein
was also observed in three tumors without gene amplifi-
cation. The other breast cancer samples were negative
for CDK4 protein, although scattered CDK4-positive tu-
mor cells were found in some instances (Figure 3C).

Relationships between CDK4 Gene
Amplification and Clinicopathological
Parameters

The association between CDK4 gene amplification and
clinicopathological characteristics was determined. No
significant associations were found between CDK4 gene
amplification and patient’'s age, tumor size, and lymph-
node status. Although statistically not significant, CDK4
gene amplification was observed more frequently in tu-
mors of higher histological grade (Table 1). The mean
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Figure 3. Immunohistochemical demonstration of CDK4 protein expression in breast carcinomas. Representative examples of invasive ductal adenocarcinomas
with CDK4 amplification showing strong nuclear staining (A) or moderate cytoplasmic staining (B). Negative staining results in an invasive ductal breast carcinoma
without CDK4 amplification (C) and in normal mammary epithelial cells (D). Original magnification, X400.

Ki-67 labeling index was significantly higher in breast Table 1. Correlation between CDK4 Amplification and
cancers with CDK4 gene amplification and overexpres- Clinicopathological Characteristics of 95 Breast
sion than in tumors with normal copy number of CDK4 Cancer Patients
gene (P < 0.05; Table 2). CDK4
Characteristics n =95 amplification P value
i H Age (years
Discussion g<5(g ) 25 4 P> 0.05
Oncogene amplification is a common mechanism of =50 0 1
Tumor size

proto-oncogene activation and contributes to neoplastic pT1 50 6
cell transformation and tumor progression. Detection of pT2 33 6 P> 0.05
oncogene amplification using fluorescent differential PCR pT3/4 12 3
as well as application of automated fluorescent DNA Lymph node status

. . N— 47 6 P >0.05
technology for LOH analysis have been described by Nt 48 9
various groups.'®2%24 |n this study, differential PCR and Grade
automated fluorescent DNA technology were applied for G1 12 1
quantitative determination of CDK4 amplification in breast G2 58 8 P>0.05
cancers. This approach offers several advantages com- ERG3 25 6
pared with other detection and staining methods: 1) Sep- Negative 43 7 P>005
aration and quantitative determination of PCR products Positive 52 8
can be performed automatically without the delay inher- PoR
ent in autoradiography, requiring approximately 3 hours ’g‘gg;‘ege 22 g P>0.05

only. 2) The enhanced sensitivity of the fluorescent de-
tection method requires 25 PCR cycles only to achieve
detectable results and allows to analyze PCR products in
the exponential phase of the PCR reaction. Furthermore,
linearity of fluorescence detection covers a much wider




Table 2. Correlation between CDK4 Amplification and
Nuclear Antigen Ki-67 Labeling Index of 95 Breast

Cancers
Index of Ki-67 (%)
CDK4 n mean * standard
Overexpression with gene 15 21.3 = 4.9*
amplification
Overexpression without gene 3 14.8
amplification
No amplification 77 47 3.2

*Significant difference compared with tumors without CDK4 gene
amplification (P < 0.05, t-test).

range than scanning of autoradiograms or ethidium bro-
mide or silver-stained gels, resulting in an improved qual-
ity of data. Therefore, this approach is particularly suit-
able for the routine clinical analysis of genetic alterations
in large series of samples.

By cytogenetic analysis, translocations and amplifica-
tions on 12013 have been detected in karyotypes of
breast carcinomas.'®'® Furthermore, increased expres-
sion of CDK4 occurs frequently in carcinogen-induced
rat mammary tumors.’” These findings have raised the
hypothesis that amplification of CDK4 might be one of the
genetic alterations in breast cancer, which contribute to
disruption of cell cycle control in the pathogenesis of
breast cancer. In the present study, we provide the first
evidence of amplification of the CDK4 gene in breast
carcinomas. The frequency of CDK4 amplification in
breast carcinomas (15.8%) determined here is similar to
that observed in malignant gliomas (13 to 15%) but lower
than the frequencies reported for human sarcomas (27 to
50%). Two previous studies on expression of CDK4 pro-
tein in breast cancer reported that immunoreactivity of
CDK4 protein was found in between 80 and 95% of
breast carcinomas analyzed by immunohistochemical
staining.?®2® In contrast, overexpression of CDK4 protein
was detected in 19% of our series of breast cancers. This
discrepancy should be attributed to the difference in
applied methods, the criteria for scoring of immunoreac-
tivity, and characteristics between the various primary
carcinoma tissues used for different studies. All breast
tumors of our series with CDK4 gene amplification
showed overexpression of CDK4 protein determined by
immunostaining. These findings are in line with recent
studies on other cancers and cancer cell lines revealing
increased levels of CDK4 protein in association with gene
amplification.?”?® In addition, overexpression of CDK4
without gene amplification in three breast cancers may
represent increased transcription or post-translational
modification of the protein in cancer cells. The recent
report of Zhang et al®® has demonstrated that overex-
pression of CDK4 protein is accompanied by a significant
increase in the number of proliferating cells in colon
adenomas as shown by BrdU incorporation and immu-
nostaining of proliferating cell nuclear antigen (PCNA). Ito
et al®® have found that overexpression of CDK4 deter-
mined by immunostaining was significantly more hetero-
geneous in breast tumors of larger sizes and/or at higher
stages. In agreement with these observations, a signifi-
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cant relationship between CDK4 amplification and Ki-67
labeling index has been found in breast cancers in this
study. The results presented here as well as the finding of
Ito et al thus indicate an important role of CDK4 amplifi-
cation and overexpression in human breast carcinomas.
Alterations in the cell cycle regulatory pathway involv-
ing p16, pRB, cyclin D1, and CDK4 have been implicated
in tumorigenesis. Inactivation of RB and CDKNZ2A or ac-
tivation of cyclin D1 or CDK4 have been demonstrated in
various types of human cancers.'~2® Furthermore, it has
been hypothesized that alterations of any of the compo-
nents in the growth-regulatory pathway (p16, pRB, cyclin
D1, and CDK4) may have a similar effect leading to
disturbance of the cell cycle regulatory system in favor of
cell proliferation.?2° This hypothesis is supported by the
following observations: 1) CDK4 amplification and alter-
ation of CDKN2A are not found concomitant in human
gliomas and sarcomas®’2'22; 2) loss of expression of
p16 is restricted to tumors with wild-type RB in lung
cancers and glioblastomas®*3*; and 3) amplification of
cyclin D1 is associated inversely with mutation of RB in
esophageal cancers.®® Previous studies in breast cancer
have reported that amplification of cyclin D7'°""35 and
inactivation of RB'2'3 are present in a significant fraction
of breast carcinomas. Hypermethylation of the 5-CpG
island of the CDKN2A gene associated with loss of
CDKNZ2A transcription is also frequently found in primary
breast cancers,' although homozygous deletions and
point mutations of this gene are rare in breast cancers.3¢
As presented here, CDK4 gene amplification may be an
additional genetic alteration in breast cancer. Additional
functional studies of CDK4 protein kinase activity and the
interactions of cell cycle regulatory proteins in breast
cancer with CDK4 amplification and overexpression may
clarify and extend the importance of the role of this reg-
ulatory pathway in the pathogenesis of breast cancers.
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