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ABSTRACT

Invasive lobular carcinoma comprises approximately 10% of human
mammary cancers, yet little is known about the molecular basis of this
carcinoma. Because cyclin Dl plays a role in the pathogenesis of breast
carcinomas of the ductal type, we hypothesized that this confirmed onco
gene might also participate in the development of lobular carcinomas. We
sought to determine the frequency of cyclin Dl protein overexpression in
invasive lobular carcinoma, to investigate the cause of the protein accu
mulation, and to identify the effects of high levels of the protein on the
regulation of the cell cycle. The study group comprises 27 indisputable
cases of invasive lobular carcinoma showing varying degrees of cytological
atypia. Immunohistochemical staining using well-characterized mono

clonal and polyclonal antibodies disclosed cyclin Dl protein in the major
ity of the invasive lobular carcinoma cells in 80% of the tumors. In
marked contrast, only rare cells of the noninvasive component (lobular
carcinoma in situ) in the same tissue sections showed positive staining.
Southern blotting of nine cases did not reveal evidence of cyclin Dl gene
amplification. Immunohistochemical staining for Ki-67, a protein present

in all dividing cells, showed that most cells positive for cyclin Dl did not
stain for Ki-67.

We conclude that the vast majority of invasive lobular carcinomas show
overexpression of cyclin Dl protein. The absence of cyclin Dl protein
expression in the noninvasive cells suggests that the molecule plays a role
in the progression to the invasive form of lobular carcinoma. In contrast
to the ductal types of breast cancer, cyclin Dl gene amplification does not
seem to cause the cyclin Dl protein overexpression in lobular cancers. The
lack of correlation between cyclin Dl and Ki-67 expression suggests that

the cyclin DI oncogene acts through mechanisms other than simple ac
celeration of the cell cycle clock in this subtype of human breast carci-

INTRODUCTION

Cyclin D1/PRAD1 belongs to the family of G, cyclins, which
regulate progression through the G, phase of the cell cycle and entry
into the S phase (1, 2). Cyclin Dl protein binds to cyclin-dependent

kinases 4 and 6, and the complex phosphorylates the retinoblastoma
tumor suppressor gene product (pRb; Ref. 3). The products of the
CDKN2/MTS1 gene, piÃ³ (4), and the p27kipl protein (5) inhibit this

phosphorylation. Three lines of evidence indicate that cyclin Dl is a
human oncogene: (a) genetic alterations that yield high levels of
cyclin Dl protein characterize certain human tumors (6). Most mantle
cell lymphomas, in which cyclin Dl is now recognized as the BCL1
oncogene (7, 8), as well as a subset of parathyroid adenomas (9, 10)
show direct clonal rearrangement of the cyclin DI gene. A subset of
primary breast cancers exhibits amplification of the Ilql3 region,
where the gene resides (11-21); (b) overexpression of the cyclin Dl
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gene and protein in mammary cells of transgenic mice results in
aberrant proliferation of the epithelial cells and the development of
carcinomas (22); and (c) expression of an antisense cyclin Dl cDNA
construct causes a loss of the tumorigenicity of colon carcinoma cells
(23).

Cyclin Dl aberrations have been strongly linked to human breast
carcinoma. The two common types of breast cancer, ductal carcinoma
and lobular carcinoma, account for 75 and 10% of invasive carcino
mas, respectively. Most studies of cyclin Dl in breast tumors have
examined carcinomas of the ductal type. These investigations detected
amplification of the cyclin Dl gene in about 15% of cases and
overexpression of the cyclin Dl protein in about 35% of cases (20, 21,
24-29). The noninvasive stage of ductal carcinoma (ductal carcinoma

in situ) shows aberrant cyclin Dl synthesis about as frequently as the
invasive form, but earlier precursors to ductal carcinoma such as
atypical ductal hyperplasia and conventional ductal hyperplasia have
not shown this aberration (30). Data from the few lobular carcinomas
studied suggest a greater frequency of cyclin Dl overexpression in
this subtype of breast cancer. The single case described by Zukerberg
et al. (24) contained high levels of cyclin Dl, as did most examples
reported by van Diesi et al. (28). The experiments of Sicinski et al.
(31) and Fanti et al. (32) demonstrated that lobules do not develop in
pregnant mice deficient for cyclin D l. The latter finding indicates that
cells of the terminal duct-lobular unit depend on cyclin Dl for

proliferation and provides a molecular rationale for implicating cyclin
Dl in the pathogenesis of lobular carcinomas in humans. A study
devoted to an analysis of the expression of cyclin Dl and related
molecules in a group of well-characterized invasive lobular carcino

mas has not been published.
We undertook the following study to determine the frequency of

cyclin Dl protein overexpression in invasive lobular carcinomas and
to investigate the causes and effects of high levels of the cyclin Dl
oncoprotein. We report that: (a) most lobular breast carcinomas show
high expression of cyclin Dl protein; (b) the protein expression occurs
only in the invasive component; (c) amplification of the cyclin Dl
gene does not explain the phenomenon; and (d) the mitotic activity of
the cells does not parallel the high levels of the cyclin Dl protein.
These results raise questions about the usual explanation for the
oncogenic properties of cyclin D l.

MATERIALS AND METHODS

Case Selection

The study cases were selected from clinical specimens received by the
Pathology Department of the Massachusetts General Hospital between 1991
and 1997. We examined the original H&E-stained sections and applied strict

histopathological criteria to confirm the diagnosis of invasive lobular carci
noma. Our initial group included 33 cases of the following types: (a) conven

tional invasive lobular carcinoma, 24 cases; (b) pleomorphic invasive lobular
carcinoma, 3 cases; and (c) tubulolobular carcinoma, 6 cases. We excluded the
tubulolobular carcinomas because of their mixed characteristics. The remain

ing 27 cases constitute our study group.
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34)]; (b) polyclonal anti-cyclin Dl, 1:300 [the specificity of antiserum Abl9
was described and confirmed previously (24)]; (c) monoclonal anti-estrogen
receptor, 1:4 (Abbott Laboratories, Chicago, IL); (</) monoclonal anti-p27,

1:5000 [Transduction Laboratories. Lexington, KY; the staining protocol and
interpretation were described previously (35)]; and (e) monoclonal anti-Ki-67,
1:10 (MIB-1; Immunotech, Westbrook, ME).

Staining Protocol. Imrnunohistochemical analyses for cyclin Dl, p27,
estrogen receptor, and Ki-67 were performed on formalin-fixed, paraffin-
embedded tissue sections using the avidin-biotin peroxidase complex method.

The sections were deparaffmized, endogenous peroxidase activity was blocked
with 3% hydrogen peroxide in methanol, and the sections were washed with
PBS. The sections were then treated with one of several antigen retrieval
techniques. Immunostaining for cyclin Dl protein using monoclonal 5D4 and
p27 required microwave heating in citrate-buffered saline (pH 6.0) to 90Â°Cfor

7 min. The treatment for cyclin Dl protein staining with polyclonal Abl9
consisted of heating in citrate-buffered saline for 12 min. Sections for estrogen

receptor detection were treated with trypsin for 10 min and then heated in
citrate-buffered saline to 90Â°C for 6 min. Microwave heating for Ki-67

immunostaining was carried out in Tris-buffered saline for 19 min. The
conventional avidin-biotin complex method was followed after the antigen
retrieval step. 3,3'-Diaminobenzidine was used as the chromogen, and hema-

toxylin was used as the counterstain.
Interpretation. Nuclear staining of invasive carcinoma cells was consid

ered a positive result, and we used semiquantitative scores to estimate the
number of positive cells in each section. The following thresholds were used
to classify the tumors as positive: (a) cyclin Dl. 50%; and (b) estrogen
receptor, 1%. All tumors showed staining for p27, so they were classified as
diffuse if at least 80% of the cells were positive and as reduced if a smaller
proportion was stained. The number of Ki-67-positive cells was determined by

counting between 300 and 500 cells in the 3 most mitotically active regions of
the sections. The results were divided into three groups based on the percent
age of positive cells: (a) <1%, 1+ ; (b) 1-5%, 2+; and (c) >5%, 3 + .

Our previous studies showed that a positive reaction with antiserum Ab 19
closely correlates with increased cyclin Dl protein levels determined by
Western blotting (24), and others demonstrated that staining with antibody 5D4
correlates with cyclin Dl mRNA expression (34).

Amplification of the Hql3 Amplicon

We performed Southern blot analyses using samples from nine cases ac

cording to the methods described previously (24). Normal tissue DNA and
tumor cell line DNA were used on each blot to serve as controls representing
diploid and amplified cyclin Dl gene copy number, respectively.

Fig. 1. Immunohistochemical staining for cyclin D1. The invasive ceils (A and O show
nuclear staining, and most noninvasive cells (B) do not show nuclear staining. Rare cyclin
Dl-positive noninvasive cells (arrow) sit near the basement membrane of distended acini.
A and B. monoclonal antibody 5D4; C, polyclonal antisenim Ab 19.

Grading of Invasive Lobular Carcinomas

The tumors were separated into four groups based on the degree of nuclear
pleomorphism. Grade 1 tumors consist of uniform, small cells showing min
imal nuclear variation. Grade 2 and grade 3 carcinomas exhibit mild and
moderate pleomorphism, respectively, and grade 4 tumors represent pleomor-

phic lobular carcinoma.

Immunohistochemical Staining

Antibodies. The antibodies and their dilutions are as follows: (a) mono
clonal anti-cyclin Dl, 1:100 [purified antibody from clone 5D4 was kindly

supplied by Dr. Masao Seto of the Aichi Cancer Center, Nagoya, Japan, and
the specificity of the antibody was described and confirmed previously (33,

RESULTS

Cyclin Dl Protein Staining. Neither the luminal cells nor the
myoepithelial cells of the normal tissue adjacent to the carcinomas
stained for cyclin Dl (Fig. IA). Preliminary studies using normal
tissue from young women disclosed staining of mitotically active,
normal luminal cells in samples collected late in the luteal phase (data
not shown). The noninvasive lobular proliferations (atypical lobular
hyperplasia/lobular carcinoma in situ) exhibited staining of a few
cells. These rare cyclin Dl-positive cells usually sat along the base
ment membrane at the periphery of the acini (Fig. IÃŸ).About three-

fourths of the invasive carcinomas showed overexpression of cyclin
Dl protein [74% using monoclonal antibody 5D4 (Fig. 1, A and B)],
and 81% of the invasive carcinomas showed overexpression of cyclin

Table 1 Immunohistochertiical expression of cvciin Dl in invasive lobular carcinomas

Monoclonal 5D4- Polyclonal Ab 19-
positive cases (%) positive cases (%) Total cases

Grade1Grade
2Grade
3Grade

4(pleomorphic)Total
cases4(100)9(69)4(57)3(100)20 (74)4(100)10(77)5(71)3(100)22(81)4137327
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Dl protein using the polyclonal antiserum Abl9 (Fig. 1C; Table 1).
Of the seven tumors lacking overexpression, only two failed to stain
completely. All three pleomorphic lobular carcinomas displayed stain
ing of virtually all of the cells.

Ki-67 Staining. Rare noninvasive tumor cells stained for Ki-67.

Most of these were located at the periphery of the lobules, the position
occupied by the noninvasive cyclin D l-positive cells. All invasive
carcinomas contained at least a few Ki-67-positive cells, but they

always amounted to less than 10% of the number of cells positive for
cyclin Dl. Staining for Ki-67 did not correlate with staining for cyclin

Dl in either intensity or distribution. The results do not provide
evidence for a link between cyclin Dl overexpression and the cell
cycle activity of these tumors.

Ilql3 Amplification. We did not detect extra copies of the cyclin
D l gene in any of the nine samples examined, despite the overex
pression of the cyclin Dl protein in each of them. Our results deviate
from the findings of other studies (11,21, 24), which report cyclin Dl
gene amplification in about 55% of conventional breast carcinomas
that overexpress the protein. This consistent absence of detectable
amplification in our samples suggests that invasive lobular carcino
mas have a lower frequency of cyclin Dl gene amplification than do
common ductal carcinomas. However, we urge caution in drawing
conclusions, given the small number of tumors analyzed for gene copy
number in our study and the studies of others. Analysis of additional
examples of invasive lobular carcinoma will be needed to establish the
frequency of cyclin Dl gene amplification in this type of breast
cancer.

p27 Protein Staining. Benign epithelial cells, especially the basal
(myoepithelial) cells, displayed strong nuclear staining for p27. Most

Table 2 Ki-67 and p27 proteins in cyclin D l-positive invasive lobular carcinomas

Ki-67

+ + Staining + Staining â€”¿�Staining Total cases

p27 diffuse staining 1 (20)
p27 reduced staining 4 (80)
Total cases 5

7(88) 6(86) 14(70)
1(12) 1(14) 6(30)
8 7 20

Table 3 Estrogen receptor and cyclin Dl proteins in invasive lobular carcinomas

Cyclin Dl

Positive cases Negative cases Total cases

Estrogen receptor-positive cases 20 ( 1001
Estrogen receptor-negative cases 0

Total cases 20

3 (43) 23 (85)
4(57) 4(15)
7 27

invasive lobular carcinomas also contained positive nuclei, but re
gions of a few tumors did not (Fig. 2). We did not detect a correlation
between the presence of cyclin Dl and p27, but the data show an
inverse relationship between p27 and Ki-67 staining in cyclin Dl-

positive tumors (Table 2).
Estrogen Receptor Staining. All examples of noninvasive lobular

carcinoma contained estrogen receptors, as did 23 cases of invasive
carcinoma (Table 3). All of the tumors showing an overexpression of
cyclin Dl protein displayed staining for estrogen receptors. Fisher's

exact test yields a P of 0.002 for the association between staining for
estrogen receptor and cyclin Dl proteins.
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Fig. 2. Immunohistochemical staining for p27. The tumor in A stains diffusely, whereas
the tumor in ÃŸshows reduced staining.

DISCUSSION

Invasive lobular carcinoma comprises fully 10% of all human
breast cancers, yet investigations of the status of cyclin DI, a major
human oncogene, have centered almost entirely on carcinomas of the
ductal type. Our study is distinctive in focusing on carefully selected
lobular carcinomas, and it reveals that invasive lobular carcinomas
have consistent characteristics with respect to cyclin Dl expression. A
total of 81% of lobular carcinomas reacted with a polyclonal anti-

serum (Ab 19), and 74% of lobular carcinomas reacted with a mono
clonal antibody (5D4), but none of the examined tumors showed extra
copies of the cyclin Dl gene by Southern blotting. Prior studies of
cyclin D l in conventional breast cancers report that about one-third of
cancers stain for cyclin Dl protein (11, 12, 20, 21, 24-29), and that
10-15% show amplification of the cyclin Dl gene (11, 13-21, 24).

The single study containing a substantial number of lobular carcino
mas found positive staining in the same fraction that we observed
(85%), although the authors used a less-stringent threshold for clas

sifying a tumor as positive (28). The study did not assess the cyclin Dl
gene copy number. The high frequency of cyclin Dl protein overex
pression without corresponding evidence of cyclin Dl gene amplifi
cation in lobular carcinomas represents a novel observation and illus
trates a molecular difference between lobular and ductal breast
carcinomas.

Given the established role of cyclin Dl as a direct-acting human

oncogene (6) and the strong evidence for its primary involvement in
ductal breast carcinoma, it is highly likely that the cyclin Dl protein
overexpression that we observed in lobular breast carcinoma is of
pathogenetic significance. In the absence of cyclin Dl gene amplifi
cation, the mechanism of the protein overexpression in invasive
lobular carcinomas remains unexplained. In other settings, the phe
nomenon has been ascribed to alterations in regulatory pathways (36,
37). We considered two possibilities to account for the overexpression
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of cyclin Dl protein and found that our observations do not support
either one:

(a) We proposed that the presence of cyclin Dl protein in the tumor
cells simply reflects production of the molecule by cycling cells, and
we used the results of staining for Ki-67 to test this proposal. Cyclin
Dl and Ki-67 proteins accumulate during the G, phase of the cell
cycle. Ki-67 protein appears during the transition from G0 to G, and

remains detectable for the remainder of the cycle and for subsequent
cycles (38). In cultured cells, cyclin Dl levels rise during mid-G, and

fall during S phase (2). Thus, we predicted that the fraction of cells
positive for Ki-67 should be greater than the proportion containing

cyclin Dl when cyclin Dl expression reflects normal cell cycle
activity. We confirmed this prediction using normal breast tissue from
premenopausal women (data not shown). Our observations of invasive
lobular carcinomas deviate dramatically from the expected pattern;
most invasive lobular carcinoma cells stained for cyclin Dl but not for
Ki-67. Other investigators have noted a divergence between cyclin Dl
protein expression and S-phase fraction in conventional breast carci

nomas (24, 27). Our data complement and extend these findings and
indicate that the presence of cyclin Dl protein in lobular carcinomas
does not reflect the normal, coordinated operation of the cell cycle
apparatus.

(b) Because in vitro studies of breast carcinoma cells demonstrate
that estrogen increases cyclin Dl protein synthesis (39-41), we also

proposed that the cyclin Dl protein overexpression of lobular carci
nomas occurs as an effect of the hormone. However, our data do not
suggest that estrogenic stimulation alone explains the overexpression
of cyclin Dl protein in vivo. The noninvasive and invasive compo
nents both show a similar degree of immunohistochemical staining for
estrogen receptor, but only the invasive cells show strong cyclin Dl
staining. This absence of a correlation between estrogen receptor
protein and cyclin Dl protein staining makes it difficult to relate
cyclin Dl overexpression to estrogen stimulation.

Our observation that only the invasive cells of lobular carcinomas
show cyclin Dl overexpression led us to look to the mammary stroma
for the cause of the protein accumulation. Noninvasive carcinoma
cells do not make contact with the stroma, and only a few cells touch
the basement membrane. Invasive cells, on the other hand, can interact
with stromal molecules over much of their surfaces. Mammary stroma
contains a variety of matrix proteins and polypeptide growth factors,
both of which stimulate production of cyclin Dl in certain systems
(42,43). Studies of integrins, which function as matrix receptors, have
revealed that invasive lobular carcinomas stain more strongly for
integrins of the o-l, a-6, and ÃŸ-1types than do their noninvasive

counterparts (44, 45). Such overexpression of integrins could lead to
enhanced cyclin Dl protein staining of invasive tumors. Alterations of
the pathways regulated by polypeptide growth factors such as insulin-

like growth factor 1, epidermal growth factor, or basic fibroblast
growth factor could also contribute to cyclin D l overexpression. We
speculate that overexpression of cyclin D l protein in invasive lobular
carcinoma results from interactions of the tumor cells with structural
proteins or growth factors located in the stroma.

Current thinking ascribes the oncogenic properties of cyclin Dl to
its role in the inactivation of the retinoblastoma protein and the
resultant acceleration of the cell cycle. A large body of experimental
data supports this model, but several other observations seem incon
sistent with it: (a) for example, tumors produced by direct inactivation
of the retinoblastoma gene (i.e., retinoblastoma) often appear undif-

ferentiated and anaplastic and pursue an aggressive clinical course.
Those neoplasms linked most directly to overexpression of cyclin Dl
protein such as mantle zone lymphoma and parathyroid adenoma, in
contrast, have low-grade appearances and behave in an indolent way;

(b) the cells of mantle zone lymphoma do not show the predicted

phosphorylation of the retinoblastoma protein (46); (c) other cyclin
molecules have not demonstrated oncogenic effects despite their sim
ilar roles in cell cycle regulation; and (d) data reported in our study
make it clear that increased levels of cyclin Dl protein do not
necessarily lead to completion of the cell cycle unless other alterations
such as a reduction in the level of p27 level also occur.

Because cyclin Dl can directly drive mammary tumorigenesis (22),
the protein probably does so through mechanisms other than acceler
ation of the cell cycle. Recent work indicates that cyclin Dl protein
can directly activate the estrogen receptor under certain circumstances
(47, 48). If this phenomenon occurs in vivo, it could contribute to the
oncogenic properties of cyclin Dl by permitting estrogen-independent
activation of the receptor and expression of estrogen-regulated inva

sive properties (49). The close correlation between the presence of
estrogen receptors and cyclin Dl protein in invasive lobular carcino
mas suggests that this phenomenon might operate in this type of breast
cancer. All 20 cyclin D l-positi ve tumors in our study also contained
estrogen receptors, and all 4 estrogen receptor-negative tumors failed

to stain for cyclin Dl protein. Furthermore, the literature reports that
80% of invasive lobular carcinomas contain estrogen receptors (50), a
finding that equals the frequency of cyclin Dl protein overexpression
in this type of cancer. Of course, cyclin Dl could exert oncogenic
influences through pathways unrelated to the estrogen receptor. The
molecule seems to play a role in the control of genomic stability (51),
for instance, and the protein also influences the apoptotic pathway
(52, 53).

In summary, most invasive lobular carcinomas of the breast exhibit
overexpression of cyclin Dl protein. Noninvasive lobular carcinoma
cells rarely stain for cyclin Dl, indicating that the high levels of the
cyclin Dl protein relate to the invasive properties of the cancer cells.
Amplification of the cyclin Dl gene does not explain the cyclin Dl
protein overexpression in lobular carcinomas. These findings contrast
with those reported for ductal carcinomas and indicate that different
molecular mechanisms might underlie the formation of the two types
of breast cancer. The lack of correlation between the expression of
cyclin Dl and Ki-67 proteins in lobular carcinomas suggests that the

cyclin DI oncogene acts through mechanisms other than simple
acceleration of the cell cycle clock in this subtype of human breast
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