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In a previous study, we demonstrated that the G1
cell cycle checkpoint in carcinomas of the breast is
frequently abrogated by loss of p16, the product of
the CDKN2/INK4A gene, and, to a lesser extent, by
loss of pRB, the product of the retinoblastoma gene.
The purpose of the present study was to determine
whether other mechanisms of cell cycle deregula-
tion exist in breast cancers which have retained RB
and p16 function. Paraffin sections of 81 invasive
breast carcinomas (49 ductal, 26 lobular, 6 mixed)
were reacted with monoclonal antibodies against
cyclin D1 and p53, using optimized immunohisto-
chemical staining protocols. The staining results
were correlated with the expression of p16 and pRB,
and with a variety of pathological parameters and
DNA ploidy. Twenty-five tumors (31%) accumulated
(presumably mutant) p53 and 28 (35%) overex-
pressed cyclin D1; 7 carcinomas (not including any
pure lobular cancers) abnormally expressed both
proteins. p53 accumulation correlated with nuclear,
mitotic, and overall grade, but not with tumor size,
lymph node involvement, or DNA ploidy. Overex-
pression of cyclin D1 was not associated with any of
the patho-biological variables. There was an inverse
correlation between loss of p16 and high levels of
p53, but not cyclin D1. The G1 cell cycle checkpoint,
which is controlled by RB, cyclin D1, and p16, was
abrogated in 65% of carcinomas, and only p53 was
abnormal in an additional 17%. The number of ab-
normally expressed genes correlated with mitotic
activity and overall tumor grade, but not with tu-
mor histology, size, or nodal status, suggesting that
cell cycle deregulation is an early event in breast
tumorigenesis. Only 18% of the carcinomas showed
a normal level of expression of the four genes tested,

and p16 appeared to be the most common target of
cell cycle deregulation. These data point to the im-
portance of cell cycle regulatory protein abnormal-
ities in human breast cancer.
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It is generally accepted that several pathways need
to be abrogated in the genesis of a malignant neo-
plasm. There is an increasing body of evidence that
deregulation of one or more of the cell cycle check-
points is among the most common abnormalities in
human neoplasia. We have been particularly inter-
ested in the genes controlling the late G1 restriction
point. Possibly the most critical component of the
latter is pRB, the product of the retinoblastoma
gene. Hyperphosphorylation, and hence inactiva-
tion of pRB is catalyzed by cyclin dependent ki-
nases (CDKs), most notably CDK4 and 6. The CDKs
are activated by binding to their respective cyclins,
including cyclin D1 (1). They are inhibited by CDK
inhibitors including p15INK4B and p16INK4A (specific
for CDK4/6) and p21WAF1. The latter, in turn, is
partially under the transcriptional control of p53
(2).

We recently demonstrated that abnormal expres-
sion of the genes controlling the G1 restriction
point is a very common occurrence in carcinomas
of the lung and bladder (3, 4). These abnormalities
are associated with a variety of clinico-pathologic
features and may be of prognostic significance. In
an earlier study, we showed that some 50% of
breast cancers were negative for p16, and a smaller
number were pRB negative (5). We are particularly
interested in the molecular differences between so-
called ductal and lobular carcinomas; thus, the lat-
ter were purposely over-represented in this series.
In the present follow-up study, we wanted to test
the hypothesis that in those tumors that had re-
tained both pRB and p16, the G1 cell cycle check-
point might be abrogated by abnormal expression
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of two other important genes, specifically cyclin D1
and p53. Cyclin D1 has been reported to be over-
expressed in some 25 to 75% of breast cancers, and
this may be associated with better survival (6). Ac-
cumulation of p53, which occurs in 10 to 60% of
breast cancers, is usually taken as a surrogate
marker of a mutation in the gene. However, it is
well recognized that the concordance between level
of the protein and abnormalities at the DNA level is
by no means perfect (7–9). We wished to correlate
the expression patterns of cyclin D1 and p53 in
breast cancer with important pathological features
and with DNA ploidy, which is a weak but signifi-
cant prognostic indicator, particularly in node-
negative disease (10). In conjunction with our pre-
viously reported pRB and p16 expression data, we
were able to comprehensively evaluate the expres-
sion pattern of many of the genes controlling the G1
restriction point in the same series of breast can-
cers. The results show that the cell cycle checkpoint
was indeed abrogated in the great majority of cases,
and these abnormalities correlated with the prolif-
erative activity of the tumors but not with patho-
logical indicators of metastatic potential. In addi-
tion, they were relatively evenly distributed
between ductal and lobular carcinomas.

MATERIALS AND METHODS

Tissues
We previously reported pRB and p16 staining

results on 104 primary breast cancers (5). Of those,
79 cases had sufficient material for further studies.
We added two cases that had not been studied
before, for a total of 81. All tumors were from the
surgical pathology files of the University of North
Carolina Hospitals and had been accessioned be-
tween 1987 and 1995. The selection criteria were
previously described (5). One or two representative
paraffin blocks were utilized from each tumor. Be-
cause p53 antigenicity may be spuriously lost in
paraffin sections stored at room temperature (11),
we used test and control slides that had been stored
at 4° C. Because we are particularly interested in the
biological differences between ductal and lobular
carcinomas, the latter were purposely over-
represented. Most of the lobular cancers were of the
classical type. A small number of tumors showing
both lobular and ductal differentiation were also
included in this study. The grading of all carcino-
mas followed the Nottingham modification of the
Scarff-Bloom-Richardson scoring system (12). Re-
view of the original pathology reports yielded tumor
size, axillary lymph node status, and DNA ploidy in
many, but not all cases. The S-phase fraction could
not be reliably determined in a sufficient number of
cases. Because biochemical estrogen and proges-

terone receptor data were available for less than
half of the tumors, these data were not included in
our analysis.

Reagents
Rabbit polyclonal and murine monoclonal (clone

G175– 405) anti-p16 antibodies were obtained from
PharMingen (San Diego, CA). Murine monoclonal
anti-p53 antibody (clone DO7) was purchased from
Novocastra/Vector (Burlingame, CA). Murine
monoclonal anti-human cyclin D1 antibody (clone
DCS-6) was obtained from Lab Vision/NeoMarkers
(Freemont, CA). Nonspecific mouse IgG1 was used
as a negative control. The Vectastain Elite ABC kit
from Vector was used for the detection reactions.

Immunohistochemistry
The immunohistochemical assays for p16 using

the polyclonal and monoclonal antibodies, respec-
tively, were recently described in detail (3). Briefly,
the polyclonal antibody was used at a 1:400 dilution
at 4° C, and the monoclonal antibody at 2 mg/mL at
room temperature (RT) overnight. An antigen re-
trieval step (see below) preceded the p16 monoclo-
nal antibody incubation.

Standard ABC peroxidase techniques were used
to demonstrate the presence of cyclin D1 or p53 in
formalin-fixed, paraffin-embedded tissues.
Four-mm paraffin sections were incubated for 30
min in 0.01 M citrate buffer (95 to 100° C), and then
incubated with anti-p53 antibody DO7 diluted
1:500 for 25 min at RT. For detection of cyclin D1
expression, sections were incubated with antibody
DCS-6 diluted 1:30 for 2 hours at RT after antigen
retrieval in hot citrate buffer. Negative control
slides were treated with nonspecific mouse IgG1 at
equivalent conditions. The detection reactions for
p53 and cyclin D1 utilized the Vectastain Elite ABC
kit using conditions recommended by the manu-
facturer. Diaminobenzidine with hematoxylin
counterstain was used for color development.

The following external positive controls were
used. A small cell carcinoma of the lung known to
overexpress p16 and p53 was utilized as a positive
control for both proteins. A cyclin D1 overexpress-
ing parathyroid adenoma served as a positive con-
trol for cyclin D1. In addition, a cell block of lung
cancer cell line NCI-H441 was used as a positive
control for both p53 (missense mutation) and cy-
clin D1 (overexpression on Western blot).

Interpretation of Immunostains
Our simple dichotomous scoring system for pRB

and p16 has been described elsewhere (3, 13). Ab-
normal protein expression was evidenced by loss of
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nuclear staining specifically in the neoplastic cells,
with preserved reactivity in admixed normal cells.

In some cases, nuclear staining for p53 or cyclin
D1 could be observed in a small number of benign
epithelial and stromal cells. Thus, a cutoff value of
5% nuclear staining was chosen to separate the
normal (negative) from the abnormal (positive) tu-
mors. Cytoplasmic reactivity, if present, was disre-
garded. Some carcinomas had a small number of
scattered positive cells, comparable to the distribu-
tion in adjacent benign tissue, and these were con-
sidered normal.

Statistical Analysis
To probe for statistically significant correlations

between variables, x2 analysis and Fisher’s exact
test were performed. A P value of less than .05 was
considered statistically significant.

RESULTS

Staining Patterns
In our initial report, 18 of 104 breast cancers were

inconclusive with regard to their pRB or p16 expres-
sion patterns (5). Alternate paraffin blocks of 11 of
these tumors could be reanalyzed. The single pRB

inconclusive tumor was found to be positive on re-
analysis. Using the p16 polyclonal antibody, seven
previously unevaluable breast cancers were found to
be positive and three were negative. Because of our
recent observation that the p16 polyclonal antibody
may give false positive staining results (14), 37 of 45
cases that were positive for both p16 and pRB on
initial analysis were reanalyzed with the specific anti-
p16 monoclonal antibody. Thirty-one tumors re-
mained p16 positive, three were negative, and three
were inconclusive. A consensus p16 expression score
could be obtained in 77 of the 81 cases included in
this study. The remaining four cases either showed
nonspecific loss of antigenicity or had unacceptably
high background staining. Almost half of the inter-
pretable cases were p16 negative, in agreement with
our earlier results.

Eighty-one cases were evaluated for p53 and cyclin
D1. Twenty-five tumors (31%) had elevated levels of
p53 and 28 tumors (35%) overexpressed cyclin D1. In
most cases with p53 or cyclin D1 overexpression,
there was nuclear staining throughout the tumor
(Figs. 1A and 2A). However, rare tumors showed dis-
tinctly heterogeneous staining for p53 or cyclin D1 in
that the proteins were clearly expressed in some areas
of the lesion, but not in others (Fig. 1B). In one ductal
carcinoma, expression of cyclin D1 correlated with

FIGURE 1. Abnormal p53 expression patterns. A, ductal carcinoma with diffuse overexpression of p53. Almost all tumor cells show strong nuclear
staining. B, low-grade ductal carcinoma with focal p53 accumulation (intratumor heterogeneity). The neoplastic ducts on the right (arrows) show
strong nuclear staining, while the neoplastic ducts on the left (arrowheads) are negative.
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the biphasic morphology of the tumor: the poorly
differentiated areas stained for cyclin D1, whereas the
better differentiated areas were negative (Fig. 2, B-C).

Loss of p16 and Overexpression of p53 and
Cyclin D1 Stratified by Patho-Biological Features

Because our review of the surgical pathology
records yielded further information, we were able
to correlate the loss of p16 expression with addi-
tional parameters that were not available at the

time of our initial study (5). Abnormal p16 expres-
sion was not associated with axillary lymph node
involvement or DNA aneuploidy. However, it
tended to be more common in tumors larger than 2
cm (P 5 .08).

We were interested in the question whether ab-
normal expression of p53, cyclin D1, or both was
correlated with a number of histopathological tu-
mor characteristics. There was no statistically sig-
nificant difference in the expression pattern of the
two proteins between invasive ductal and lobular
carcinomas, although we did not find coaccumula-
tion of p53 and cyclin D1 in any of the 26 lobular
cancers in this study (Table 1). p53 positive tumors
were characterized by higher nuclear, mitotic, and
overall grades, but were not significantly larger,
more frequently metastatic, or DNA aneuploid,
compared to p53 negative cases (Table 2). In con-
trast, cyclin D1 overexpression was not associated
with DNA ploidy or any of the pathological param-
eters studied (Table 2).

Relationship Between Cell Cycle Regulatory
Proteins

We and others previously reported the strict in-
verse relationship between loss of p16 and pRB in
breast cancer (5, 15). Because the number of pRB
negative tumors in this study was small, no attempt
was made to correlate pRB expression with p53 and
cyclin D1 expression patterns. However, we found a
strong inverse correlation between p16 negativity
and p53 accumulation (P 5 .007), i.e., abnormal
expression of both tumor suppressor genes in the
same cancer was an uncommon occurrence (Table
3). In contrast, there was no statistically significant
relationship between p16 loss and cyclin D1 over-
expression, suggesting that these two events may
cooperate in cell cycle deregulation in a significant
subset of breast cancers (Table 3). Likewise, there
was no association between cyclin D1 and p53
overexpression, except that co-overexpression of
cyclin D1 and p53 was significantly less common in
tumors of low versus those of intermediate or high
nuclear grade (0/37 versus 7/37, P 5 .014).

FIGURE 2. Abnormal cyclin D1 expression patterns. A, ductal
carcinoma with diffuse overexpression of cyclin D1. The majority of
tumor cells show strong nuclear and weaker cytoplasmic staining. B
and C, ductal carcinoma with focal cyclin D1 overexpression
(intratumor heterogeneity). In the poorly differentiated areas of the
lesion, strong staining is observed (B). In the better differentiated areas,
the neoplastic cells do not stain (C).

TABLE 1. p53 and Cyclin D1 Expression Patterns

Stratified by Histological Tumor Type

p53/Cyclin D1 Expression Pattern

p53N/cycN p53A/cycN p53N/cycA p53A/cycA

Histology
Ductal (n 5 49) 19 (39%) 11 (22%) 13 (27%) 6 (12%)
Lobular (n 5 26) 12 (46%) 7 (27%) 7 (27%) 0 (0%)
Mixed (n 5 6) 4 (66%) 0 (0%) 1 (17%) 1 (17%)

Total (n 5 81) 35 (43%) 18 (22%) 21 (26%) 7 (9%)

The differences are statistically not significant.
cyc, Cyclin D1; N, normal expression pattern (#5% of tumor cells with

nuclear staining); A, abnormal expression pattern (.5% of tumor cells
with nuclear staining).
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Correlation of Abnormal Expression of Four Cell
Cycle Regulatory Proteins (pRB, p16, cyclin D1,
p53) with Patho-Biological Features

In conjunction with our previously published
data on pRB and p16 expression in this cohort of
breast cancers, our new data on p53 and cyclin D1
expression abnormalities allowed us to compre-
hensively study the association between cell cycle
deregulation and pathologic features. Abnormal
cell cycle regulatory protein expression was com-
mon in the 77 breast cancers that could be evalu-
ated for all four markers. Half of the tumors were
negative for pRB or p16, as previously reported.
Considering cyclin D1, two-thirds of the breast can-
cers showed an abnormal expression pattern of at
least one of the three proteins closely associated
with the G1 restriction point (Table 4). If p53 accu-
mulation was included, 63 of 77 breast cancers
(82%) showed immunohistochemical evidence of

cell cycle deregulation (Table 4). Interestingly, there
was no statistically significant difference in the fre-
quency of abnormal cell cycle protein expression
between ductal and lobular carcinomas (Table 4).
Over 50% of breast cancers abnormally expressed
one of the four genes, half as many abnormally
expressed two, and only three tumors showed evi-
dence of deregulation of three genes (Table 5). As
may be expected, the mitotic activity of the tumors
was strongly associated with the number of abnor-
mally expressed genes (Table 5). Tumors with in-
termediate or high mitotic activity had at least one
deregulated gene; the 14 “normal” cases all had low
mitotic indices. Conversely, the three most abnor-
mal cases had high proliferative activity. Overall
tumor grade was also correlated with abnormal
gene expression. In contrast, the number of abnor-

TABLE 2. p53 and Cyclin D1 Overexpression Stratified

by Tumor Size, Axillary Lymph Node (LN) Status, Grade,

and DNA Ploidy

p53 Cyclin D1

Normal Abnormal
P

Value
Normal Abnormal

P
Value

Tumor size .798 .659
#2 cm 21 11 20 11
.2 cm 24 11 23 10

Axillary LN
involvement

.907 .990

Negative 16 7 15 8
Positive 17 8 17 9

Architectural
grade

.203 .366

I 8 4 7 5
II 17 3 11 9
III 31 18 35 14

Nuclear grade .050 .262
I 30 7 26 11
II 20 11 17 14
III 6 7 10 3

Mitotic grade .007 .249
I 44 11 39 16
II 4 3 3 4
III 8 11 11 8

Overall grade .004 .238
I 36 10 32 14
II 15 5 10 10
III 5 10 11 4

DNA ploidy .749 .515
Diploid 18 8 18 8
Non-diploid 15 5 12 8

TABLE 3. Correlation Between Loss of p16 and

Overexpression of p53 or Cyclin D1

p53 Cyclin D1

N A N A

N 24 29 31 19
p16

A 19 5 12 15
P 5 .007 P 5 .157

N, normal pattern of expression; A, abnormal pattern of expression.

TABLE 4. Abnormal Expression of Cell Cycle Regulatory

Proteins in Invasive Ductal and Lobular Carcinomas

Ductal
(n 5 49)

Lobular
(n 5 23)

All Breast Cancers
(n 5 77)

Abnormal RB 3 (4%) 0 (0%) 4 (5%)
Abnormal RB or p16 24 (48%) 11 (48%) 38 (49%)
Abnormal RB or p16 or

cyclin D1
34 (68%) 12 (52%) 50 (65%)

Abnormal RB or p16 or
cyclin D1 or p53

42 (84%) 17 (74%) 63 (82%)

The differences are statistically not significant.

TABLE 5. Number of Abnormally Expressed Genes (RB,

p16, cyclin D1, and p53) by Histopathological Parameters

N

Number of
Abnormally Expressed

Genes P Value

0 1 2 3

Histology NS
Ductal 48 6 28 11 3
Lobular 23 6 10 7 0
Mixed 6 2 2 2 0

Tumor size NS
#2 cm 31 5 19 6 1
.2 cm 32 9 14 7 2

Axillary LN status NS
Negative 23 1 15 6 1
Positive 23 4 10 7 2

Architectural grade NS
I 12 2 6 4 0
II 19 2 11 5 1
III 46 10 23 11 2

Nuclear grade NS
I 33 10 15 8 0
II 31 4 15 10 2
III 13 0 10 2 1

Mitotic grade 0.007
I 51 14 25 12 0
II 7 0 4 3 0
III 19 0 11 5 3

Overall grade 0.035
I 42 11 20 11 0
II 20 3 9 7 1
III 15 0 11 2 2

Total 77 14 40 20 3
(typed and graded)

NS, not significant.
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mally expressed genes was not associated with ar-
chitectural or nuclear grade, tumor size, or metas-
tasis to axillary lymph nodes (Table 5).

DISCUSSION

There is a growing consensus that one feature
common to all malignant human neoplasms is ab-
rogation of cell cycle control. The cell cycle has
several restriction points that are controlled by
many regulatory genes including cyclins, CDKs, and
CDK inhibitors. The restriction point at the G1/S
boundary is comparatively well understood. It is
principally controlled by the pRB-CDK4/6-cyclin
D1-p15INK4B/p16INK4A pathway. We previously
showed that two critical components of this path-
way, pRB and p16, are lacking in over 50% of hu-
man breast cancers (5), and this was subsequently
confirmed by others (15). p16 appears to be the
primary target of inactivation. Using an antibody
that is quite specific for wild type p16 (14), we
confirmed that p16 is absent in almost half of our
breast tumors. However, it was evident that in a
substantial number of cases, the cell cycle had to be
deregulated by other mechanisms. Thus, we probed
for overexpression of cyclin D1, the effect of which
may, in principle, be comparable to the loss of p16.
Likewise, we probed for abnormalities in p53 be-
cause this gene also participates in the control of
the late G1 restriction point by virtue of its trans-
activational effect on p21WAF1, a less specific CDK
inhibitor (1).

In our series of breast cancers, cyclin D1 was
overexpressed in 28 of 81 lesions (35%), which is
well within the range of previously reported fre-
quencies (25 to 73%). Using the same antibody and
staining cut-off (5%), our data are very similar to
those reported by Bartkova et al. (16). Whereas we
did not probe for amplification of the gene, it is well
documented that gene amplification accounts for
less than half of the cases with cyclin D1 overex-
pression (17–19). Ductal and lobular carcinomas
had similar rates of cyclin D1 overexpression. This
is in keeping with previous reports (6, 17, 20 –22),
but is at variance with one report of a higher prev-
alence of cyclin D1 overexpression in lobular versus
ductal tumors (23). In our series, an elevated level
of cyclin D1 was not associated with important
pathological prognostic markers including tumor
size, axillary lymph node status, and grade. Most
previous reports also failed to demonstrate a corre-
lation between cyclin D1 overexpression and size of
the lesion, and no study has yet shown an associa-
tion with axillary lymph node involvement (6, 18 –
23). Likewise, the majority of published series failed
to report a correlation with tumor grade (18 –22),
although two groups reported a lower cyclin D1

positivity rate in high grade breast cancers (6, 23). It
is conceivable that the possible association with
low grade may in part explain the favorable prog-
nostic significance of cyclin D1 overexpression in
breast cancer reported by some (6). However, the
majority of published studies have found no sur-
vival difference between cyclin D1 negative and
positive tumors. Our data support the concept that
persistent elevation of intranuclear cyclin D1 oc-
curs early in mammary neoplasia and is maintained
during tumor progression (17). Like two other stud-
ies (22, 23), but unlike a third one (20), we found no
association between cyclin D1 status and DNA
ploidy. We were not able to study the association
between positive estrogen receptor status and cy-
clin D1 overexpression, as has been documented by
a number of other investigators (6, 18, 21, 22).

Twenty-five of our 81 breast cancers (31%) over-
expressed p53, which is near the average abnormal-
ity rate reported by other investigators (range, 11 to
58%). The level of p53 protein in non-neoplastic
cells is low but detectable by sensitive immunohis-
tochemical methods. Accumulation of p53 protein
is usually interpreted as a surrogate marker for a
missense mutation in the gene, which is the most
common mechanism of p53 inactivation in breast
cancer (9). However, elevated levels of wild type p53
may also result in a positive immunohistochemical
reaction, while non-missense mutations are usually
not detectable by immunohistochemistry (8, 9).
Thus, it is well established that this methodology
can only be regarded as a first approximation of p53
dysfunction. Nevertheless, we used immunohisto-
chemistry because of its relative ease and because it
allowed us to assess p53 expression in the various
compartments of a given tissue. One advantage of
the technique is that it enabled us to detect rare
cases of intratumoral heterogeneity in p53 expres-
sion (Fig. 1B).

Controversy exists whether p53 accumulation is
more common in ductal versus lobular carcinomas.
The data by Lipponen et al. (24) were affirmative,
whereas two other groups found no statistically
significant difference (25, 26). In our series, which
included a relatively large number of lobular can-
cers, p53 accumulation occurred at similar rates in
both major histological types of breast cancer. Like-
wise, there was no significant association with tu-
mor size or axillary lymph node status, which is in
agreement with the great majority of earlier reports
(24 –32). This also suggests that p53 plays an impor-
tant role in the early stages of mammary neoplasia,
but is not responsible for the differences in meta-
static potential of established breast cancers. On
the other hand, our observation that p53 accumu-
lation is more common in tumors with high mitotic
activity and of higher nuclear and overall grade is in
keeping with other studies (24 –26, 28, 30) and sug-
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gests a role of p53 in the locally aggressive pheno-
type of primary breast cancers. Whether p53 is im-
portant for tumor differentiation remains to be
determined. Like Pieteläinen et al. (26), we found
no correlation between p53 status and histologic
grade, whereas two other groups reported higher
p53 accumulation rates in poorly differentiated
breast carcinomas (25, 30). Although p53 is thought
to be a determinant of genomic instability (33), we
and others (24, 26, 27, 31) did not find an associa-
tion between abnormal p53 expression and DNA
aneuploidy. Such a correlation was, however, de-
scribed by Jacquemier et al. (7).

Whereas numerous publications explored the
role of either cyclin D1 or p53 in human mammary
neoplasia, we know of only two other immunohis-
tochemical studies on the expression of both pro-
teins in the same cohort of breast tumors. Our
findings largely coincide with those of Michalides et
al. (21), who studied 243 breast cancers and Bar-
bareschi et al. (22), who reported on 64 tumors. Like
both of these groups, we found no correlation be-
tween cyclin D1 and p53 abnormalities in the whole
cohort. This suggests that the cell cycle regulatory
effects of the two genes are not redundant. Alter-
natively, it is possible that in neoplasms that abro-
gate the G1 checkpoint by cyclin D1 overexpres-
sion, inactivation of p53 is an important
independent event that impacts on other cell cycle
checkpoints or on the apoptotic pathway. It is note-
worthy that high levels of cyclin D1 and p53 were
observed in 12% of ductal, but in none of 26 lobular
carcinomas. We previously noted the absence of RB
inactivation in lobular cancers (5). However, these
differences did not reach statistical significance
(P 5 .09 and P 5 .186, respectively).

We previously described the strict inverse corre-
lation between loss of p16 and inactivation of RB in
human mammary neoplasia (5), which has also
been noted in many other malignancies. Whereas
p53 accumulation was not less common in cyclin
D1 overexpressing breast cancers (see above), it
was decidedly less frequent in p16 negative tumors
(P 5 .007). This suggests that most mammary neo-
plasms require only one of these two events to
become clinically manifest. It is possible that the
deregulatory effect of p16 loss is stronger than that
of cyclin D1 upregulation and does not require the
additional downregulation of p21WAF1 that may be
accompanied by p53 inactivation. Alternatively, the
inverse correlation detailed in Table 3 may be re-
lated to inactivation of p14ARF, a structurally unre-
lated tumor suppressor protein that is also encoded
by the CDKN2/INK4A locus on chromosome 9p21
(34). Although we did not study the expression of
p14ARF, it is reasonable to assume that this protein
is missing in many or most of those breast cancers
with a homozygous deletion of the p16 gene, which

accounts for a high percentage of cases without
demonstrable p16 protein expression (35). It has
recently been shown that p14ARF acts as a p53 ag-
onist (36). Hence, inactivation of p53 and deletion
of CDKN2/INK4A would target the same functional
pathway, in which case a mutually exclusive rela-
tionship of p53 mutation and loss of p16INK4A/
p14ARF in the same neoplasm would be expected. In
contrast, loss of p16 and overexpression of cyclin
D1 often coexisted in the same tumors, indicating
that these two genes can cooperate in the phos-
phorylation of pRB and, thus, in the abrogation of
the G1/S restriction point. In an experimental sys-
tem, it was shown that loss of p16 and overexpres-
sion of cyclin D1 had a synergistic effect on the
proliferation of carcinoma cell lines (37). Whether
the simultaneous occurrence of both events is as-
sociated with a more aggressive clinical phenotype
remains to be determined.

Reports of abnormalities in more than two cell
cycle regulatory genes in the same group of breast
cancers are rare. Barbareschi et al. (22) reported on
the expression of pRB, cyclin D1 and p53, but not
p16, in 64 breast cancers. Dublin et al. (15) and
Nielsen et al. (38) studied breast tumors (n 5 192
and n 5 114, respectively) for pRB, cyclin D1 and
p16, but not p53 expression. Thus, we believe our
series of 77 breast cancers to be the first for which
immunohistochemical data on all four major cell
cycle regulatory proteins (pRB, p16, cyclin D1, and
p53) are available. Among the three proteins most
closely associated with the late G1 restriction point
(pRB, p16, cyclin D1), p16 was most frequently ab-
normally expressed. Two-thirds of breast cancers in
our cohort showed an abnormal expression pattern
for at least one of these proteins (Table 4). If p53
was included in the analysis, only 14 of 77 tumors
(18%) had a normal expression pattern for all four
proteins. Because we would not have detected non-
missense mutations in p53 by our immunohisto-
chemical method, this may be a conservative esti-
mate of cell cycle checkpoint deregulation.
Interestingly, these frequencies are very similar to
those observed by us in a series of 79 invasive
bladder carcinomas (4) and provide evidence for
the importance of cell cycle deregulation in human
neoplasia in general. We did not investigate abnor-
malities in CDK4, which is also intimately associ-
ated with the G1 cell cycle checkpoint. However, An
et al. (39) described amplification of this gene in 15
of 95 (16%) breast cancers. It is tempting to specu-
late that CDK4 amplification may be responsible for
cell cycle deregulation in many of the cases that
express pRB, p16, cyclin D1, and p53 at normal
levels.

We are particularly interested in the biological
differences between ductal and lobular carcinomas.
Our data show that abnormal expression of cell
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cycle regulatory genes occurs at comparable fre-
quencies in both types of tumors (Table 4). Given
that cell cycle deregulation may be a universal re-
quirement for the establishment of a malignant
neoplasm, this observation may not be too surpris-
ing.

We hypothesized that tumors in which the cell
cycle was abrogated by more than one mechanism
may have a more aggressive phenotype. We found a
strong correlation between the number of abnor-
mally expressed genes and mitotic activity of the
tumor (P 5 .007), as might be expected. Indeed,
carcinomas with mitotic grades of II or III (i.e.,
more than five mitoses per 10 high power fields)
abnormally expressed at least one of the four pro-
teins studied (Table 5). The association with overall
tumor grade (P 5 .035) was largely due to the mi-
togenic effect of abnormal cell cycle gene expres-
sion. Whether tumors with abnormal expression
patterns of two or, rarely, three genes are associated
with lower survival, remains to be investigated.
Somewhat surprisingly, larger or metastatic tumors
were not characterized by a larger number of ab-
normally expressed cell cycle genes compared to
smaller or nonmetastatic ones (Table 5). This sug-
gests that the aggressive potential of a breast cancer
is determined less by the extent of cell cycle dereg-
ulation and more by abnormalities in other path-
ways. Abrogation of cell cycle control may occur
early in the development of a neoplasm, while de-
regulation of other pathways that occur during tu-
mor progression may determine the metastatic po-
tential of the lesion.

In summary, our study confirms the significant
prevalence of p53 and cyclin D1 abnormalities in
human breast cancer. Abrogation of the late G1
checkpoint by abnormal expression of one or more
of four cell cycle regulatory proteins occurred in
some 80% of both ductal and lobular carcinomas.
These abnormalities correlated with proliferative
activity and grade of the tumors but not with patho-
logic markers of metastatic potential, suggesting
that they are relatively early events in the develop-
ment of breast cancers.

Acknowledgments: We thank Rob Maynard for per-
forming the immunohistochemical stains. We are
also indebted to Linda Summerville for expert sec-
retarial assistance and to Helena Furberg for per-
forming the statistical analyses.

REFERENCES

1. Sherr CJ. Cancer cell cycles. Science 1996;6:1672–7.
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rente M, Viens P, et al. p53 immunohistochemical analysis in
breast cancer with four monoclonal antibodies: comparison
of staining and PCR-SSCP results. Br J Cancer 1994;69:846 –
52.

8. Soong R, Robbins PD, Dix BR, Grieu F, Lim B, Knowles S, et
al. Concordance between p53 protein overexpression and
gene mutation in a large series of common human carcino-
mas. Hum Pathol 1996;27:1050 –5.
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Book Review

Lipp H-P, editor: Anticancer Drug Toxicity: Pre-
vention, Management, and Clinical Phar-
macokinetics, 558 pp, New York, Marcel
Dekker, 1999 ($195.00).

This multiauthored book was edited by a Ger-
man pharmacologist-pharmacist, aided by a
dozen German and American oncologists-
clinical pharmacologists. It consists of 13 chap-
ters, most of which were written or co-authored
by the editor himself, reflecting the fact that this
book is a an expanded and revised version of the
editor’s 1995 monograph on the same and re-
lated topics.

The first part of the book (;200 pages) deals
with the basic pharmacokinetics of cytostatic
drugs. As expected, this part contains formulas,
graphs, and numerical data. Although these data
are often presented in clinical context, this part
will be read only by those seeking specific infor-

mation on a specific drug. In the second part of
the book, devoted to organ-specific toxicity of
most widely used cytotoxic drugs, the emphasis
is more on clinical aspects of drug toxicity, and,
accordingly, this part will be of more interest to
clinicians, especially oncologists, clinical phar-
macologists, and toxicologists. However, I think
that it will have limited appeal to pathologists.

Each chapter is accompanied by references,
the most recent of which are from 1997. Even so,
the book is a valuable source of basic facts re-
garding common anticancer drugs. I see the
book as being used primarily as a library refer-
ence, and I assume that it will be updated peri-
odically in the future.

Nevena Damjanov
Temple University School of Medicine
Philadelphia, Pennsylvania
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