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ABSTRACT

Background: The overexpression or amplification of
tumor suppressor and proto-oncogenes are important
factors in the progression of breast cancer. Recent atten-
tion has focused on the cyclin genes, whose involvement
in signal transduction pathways regulate cell cycle pro-
gression. The amplification of the cyclins D1 and D3
genes usually leads to loss of normal growth control and
is thought to play an important growth regulatory role in
tumor development and progression. In this report, we
investigate the association of altered cyclin expression
with other prognostic indicators (histological grade,
lymph node status, estrogen receptor, p53, and
c-erbB-2) in the progression of human breast cancer.
Materials and Methods: Surgical tumor specimens
were obtained from 16 breast tubular ductal, and inva-
sive ductal carcinomas and grafted onto gnotobiotic nude
(nu/nu) mice. The expression diversity and distribution
of the localization of the protein products of the
c-erbB-2, cyclins Dl and D3, p53, and estrogen receptor
were characterized immunohistochemically and the re-
sults in the original tumor (To) were compared with
those in the tumors that developed in nude mice (TI)
xenografts.
Results: The To tumors exhibited a diversity of cellular
morphology in the tumor matrix and diversity in expres-

sion of these proteins. These specific changes were also
preserved in the T1 tumors. Whereas 67% of the T1
tumors exhibited high numbers of estrogen receptor-
positive nuclei, only 50% of these tumors grew when
grafted onto nude mice. The histological grade (14/15
were G2 to G3) and metastatic malignancy in the lymph
nodes (10/15) did not appear to be related to tumor
growth in the nude mouse. There was no relationship
between those tumors which exhibited high percentages
of c-erbB-2- and p53-positive cells and growth in nude
mice. A strong association (p < 0.001) was observed
between the overexpression of cyclin D1 transcripts in
the To tumors and the continued growth of the T1 tu-
mors in nude mice. In the T1 tumors, both cyclins D I and
D3, estrogen receptor, and p53 were observed in 49% to
86% of the cells of the T1 tumors examined; the number
of cells expressing c-erbB-2 protein varied widely in
these tumors.
Conclusions: The results indicate that the tumor matrix
exhibits a diversity in the level of phenotypic expression
of genes involved in cellular growth of breast tumors in
both the To or T1 host environment. Changes in cyclin
activity appear to correlate with the vigorous level of
breast tumor growth and progression.

INTRODUCTION
Many of the concepts concerning tumor progres-

sion in breast cancer have been developed from
the analysis of fresh tumors or from using cell
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lines derived from tumors. Human tumor xeno-
grafts in nude mice represent another important
model for studying the molecular and cellular
processes involved in tumor progression. Many
different types of human malignant and nontu-
mor tissues have been successfully transplanted
onto nude mice without rejection (1-6). This
model is similar to the in situ environment and
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preserves many of the original histochemical and
biological characteristics of the original tumor.
The model also allows expansion of very small
biopsy material for long-term and repeated stud-
ies. However, the success rate for tumor "takes"
in nude mice varies considerably among the dif-
ferent types of carcinomas (2,3,7,8). In breast,
the successful rate for xenografting of tumor tis-
sue is low (6% to 30%) (2,7,8), whereas that of
xenografting tumor cells has been reported to be
as high as 69% (1,6,9,10). Other differences in
breast xenograft takes appear related to the loca-
tion of the graft, whether the fat pad is subcuta-
neous or mammary (8), and co-injection with
Matrigel (9). These systems have yielded impor-
tant insights into breast cancer progression, hor-
monal responses, and the expression of various
oncogene and tumor suppressor genes.

Breast cancer, like many other cancers, is a
clinically heterogeneous disease, which often
makes diagnosis and treatment difficult. Little is
known about the cellular and molecular events
involved in the development and progression of
this disease. Increasing evidence demonstrates
the importance of tumor suppressor and proto-
oncogenes in the progression of breast cancer.
The overexpression or amplification of two of
these genes, c-erbB-2 and p53, has been reported
in 20% to 53% of breast carcinomas and is usu-
ally associated with the more aggressive tumors
with poor prognosis (1 1-17). Recently, attention
has been focused on cyclin genes, whose in-
volvement in signal transduction pathways reg-
ulates cell cycle progression (18-22). Among the
many different cyclin genes, cyclins DI and D3
are critical for controlling the movement of cells
from G1 into the S phase of the cell cycle. Am-
plification of these genes usually leads to loss of
normal growth control, and thus it is thought to
play an important growth regulatory role in tu-
mor development and progression. Cyclin DI
and D3 are overexpressed in 10% to 80% of
human breast cancers (22-25). Other studies
suggest that there may be interrelations between
cyclin Dl the other prognostic indicators, i.e.,
estrogen receptor, p53, and c-erbB-2 of breast
cancer.

In this study, we examined immunohisto-
chemically the patterns of cyclins Dl and D 3,
estrogen receptor, p53, and c-erbB-2 expression
in fresh (To) and xenografted (T1) breast tumor
tissues. These studies were conducted to deter-
mine which of these factors favor their xenograft
development and growth in nude mice. Our
studies indicate a strong association between the

overexpression of cyclin DI in the To tumor and
progression of the T1 tumor in the nude mouse.

MATERIALS AND METHODS
Normal human breast and breast tumor tissues
were obtained from Ohio State University Hos-
pitals through the Tissue Procurement Service
(OSUTPS) and the Cooperative Human Tissue
Network (CHTN) at the Ohio State University
Comprehensive Cancer Center. Tumor tissues
were obtained from women undergoing mastec-
tomy or lumpectomy for a confirmed diagnosis
of breast carcinoma. Three- to four-week-old
nude mice (nu/nu, NIH-Swiss background) were
used as surrogate hosts for breast xenografts
(4,26). All the primary and secondary antibodies
were obtained from Novocastra, U.K. Estradiol
pellets and all other chemicals were obtained
from Sigma Chemical Company.

Establishment of Breast Tumor Tissue
Xenograft
One week prior to the establishment of the breast
tumor xenograft, the nude mice were splenecto-
mized as previously described (3,4,27,28). At
the time of splenectomy, a pellet of 0.36 mg 17
,B-estradiol pellet or a placebo was implanted
subcutaneous in one set of mice. The other set
received no estradiol, for comparison of the ef-
fect of estrogen. Following the surgical excision
of the breast tumor tissue (TO), tissue was placed
in 5 ml of sterile Hanks balanced salt solution
(HBSS) (pH 7.0) and transported to the labora-
tory on ice. The breast tumor tissues were freed
from fat and connective tissue and minced into
1- to 2-mm3 pieces for xenograft implantation.
To establish the breast tumor tissue xenograft
(T1), the mice were placed under general anes-
thesia with 50 ng per ml of sodium pentobarbital
and placed on the right side of the body; four
small, 1.5-cm dorsal-ventral incisions were
made through the skin parallel to the ribs on the
back of the mouse. The breast tumor pieces were
inserted subcutaneously into each biopsy site.
Each graft was sutured in place with three ab-
sorbable sutures. The individual grafts were then
covered with a thin layer of Bacitracin ointment.
At the same time, when sufficient amounts of
tumor tissue were available, a piece of the orig-
inal breast tumor tissue was fixed in 4% parafor-
maldehyde in phosphate-buffered saline (PBS)
overnight at 4°C. This original tumor tissue sam-
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ple was used for later comparison with the xeno-
graft tissue obtained from the nude mice. All
mice were examined twice a week for tumor
growth at the site of the xenograft and other
noninvolved subcutaneous sites. The tumor size
was determined by vernier calipers. Every 2 to 3
weeks, tumors were surgically removed from the
nude mice and the incision site closed by suturing.
These tissues were fixed in 4% paraformaldehyde
overnight at 4°C. The original and xenograft-
fixed breast tumor tissue was then dehydrated,
embedded with molten paraffin, cut into 8-,um
microtome sections, and mounted on poly-L-ly-
sine-coated slides as previously described for im-
munohistochemical analysis (29).

Immunohistochemical Studies
Immunohistochemical detection of cyclin (Dl,
D3), estrogen receptor (ER), p53, and C-erbB-2
(erb) proteins was performed in the To tumor
tissue when available, and the T1 tumor tissue in
the nude mice. Paraformaldehyde-fixed 8-,M
tissue sections were mounted on poly-L-lysine-
coated slides and processed for immunohisto-
chemical studies. Tissues were deparaffinized in
xylene, dehydrated, and washed with PBS. In
tissue sections the antigen was unmasked by
heating in a microwave oven (Samsung compact
series MW2000U) at maximum power for 15
min in 0.01 M citrate buffer (pH 6.0) (30). After
30 min at room temperature, the sections were
washed with PBS and incubated with normal
serum for 30 min at room temperature. The sec-
tions were incubated overnight at 4°C with pri-
mary antibodies, estrogen receptor (NCL-ER-
LH2, 1:500), cyclin DI (NCL-cyclin-Dl, 1:200),
cyclin D3 (NCL-cyclin-D3, 1:200), p53 (PAB
1801, 1:500), and c-erbB-2 oncoprotein (NCL-
CB 1, 1:500). These antibody dilutions were op-
timal for visualizing the specific color and mini-
mizing background in the tissue sections. Tissue
sections incubated without primary antibody
and sections from other tissues not expressing
these antigens served as negative controls. Fol-
lowing incubation, the sections were washed
twice with PBS (7.2), and a second incubation
with biotin-conjugated anti-mouse secondary
antibody (Vector Laboratories, Burlington CA)
was carried out for 30 min at room temperature.
After three more washes with PBS, sections were
incubated with prepared ABC-AP alkaline phos-
phate complex (ABC-AP, Vectastain Kit, Vector)
for 45 min at room temperature. The sections
were washed with PBS and AP-9.0 buffer (150

mM TrisHCl, 150 mM NaCl, 50 mM MgCl2, pH
9.5). The color was developed by incubation in
AP-9.5 containing 0.33 mg/ml nitroblue tetrazo-
lium chloride (NBT), 0.17 mg/ml 5-bromo-1
chloro-3-indolyl phosphate (BCIP), and 0.26
mg/ml levamisole for 25 min. The reaction was
terminated by rinsing three times in 100 ml of
distilled water. The tissue sections were then de-
hydrated in a graded series of ethanol from 70%
to 100% and coverslipped in permount medium.
Staining was viewed and photographed using a
bright-field microscope. Cyclin DI and D3, ER,
and p53 staining was confined to the nucleus;
c-erbB-2 was specific to the membrane. Cellular
staining was graded as negative (same as a neg-
ative control), moderate, or strong. Only the cells
exhibiting moderate or strong staining were
scored positive. Immunohistochemical evalua-
tion was performed by counting the number of
positive and negative staining cells in four differ-
ent areas (100 cells per area) of the same section
and different sections from which the percent
cells staining positive was calculated.

Statistical Analysis
Results are expressed as the mean ± standard
error of the mean (SEM) and were analyzed for
significance using SPSS software. Paired sample
t-Test and Pearson correlation coefficients were
used to determine the relationship, if any, be-
tween immunohistological markers. A p < 0.05
was considered to be statistically significant.

RESULTS
Characteristics of Human Breast Cancers

Tumor (To) portions from 16 primary breast car-
cinomas were transplanted subcutaneously to
nude mice. Of these, six To tumors (38%) grew
at the site of transplant to form T, tumors. The
surgical pathological characteristics of the To tu-
mors are indicated in Table 1. The To tumor types
included various forms of ductal, malignant, and
invasive carcinomas, and none appeared to cor-
relate with the frequency of tumor takes in nude
mice. The histological grade, which includes tu-
bule formation, nuclear pleomorphism, and mi-
totic scores, was intermediate (G2) to high (G3)
in 14 of 16 tumors. There did not appear to be a
relationship between the histological grade and
tumor take on the nude mouse. There also did
not appear to be a relationship between meta-
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TABLE 1. Pathological characteristics of the To human breast tumors

Estrogen Lymph Xenograft
Tissue Agea Receptorab Tumor Typea Gradec Noded Growth'

144 72 Positive Focal infiltrating ductal carcinoma G2. N +
with extensive intraductal
component

111 74 n.d. Tubular and ductal carcinoma G3 Y +
037 76 Positive Infiltrating mammary carcinoma G2 N +

with features of variant lobular
carcinoma

202 84 85 Infiltrating adenocarcinoma G2/G3 N +
195 84 85 Invasive ductal carcinoma G2 Y +
432 85 Negative Residual invasive ductal carcinoma G3 N +

118 34 n.d. Invasive carcinoma G3 n.d. -

003 40 10 Invasive ductal carcinoma G3 N -
089 48 Negative Invasive ductal carcinoma G3 Y -

062 48 n.d. Poorly differentiated infiltrating GI Y -

ductal carcinoma
075 53 n.d. Infiltrating ductal carcinoma G2 Y -

222 58 Negative Invasive carcinoma G2 Y -

148 64 73 Invasive and ductal carcinoma G2/G3 N -
198 71 72 Invasive adenocarcinoma GI N -

337 85 85 Infiltrating ductal carcinoma G3 Y -

155 89 Positive Infiltrating ductal carcinoma G2 Y -

aThis information was obtained from surgical and pathological records from each case and was supplied anonymously by the
Ohio State University Tissue Procurement Service.
bEstrogen receptor values (% positive).
cGrade = tubule formation, nuclear pleomorphism, mitotic scores.
dLymph node = indication of metastatic malignancy in lymph node.
eXenograft growth was positive (+) when a nodule at the site of the transplant was visible within 2 weeks. Growth was negative
(-) when the tumor was absorbed by the host.
n.d., not determined or no information available.

static malignancy in the lymph nodes and tumor
take, since 66% of the tumors in both the xeno-
graft-positive and -negative groups exhibited lymph
node involvement.

Eight of these tumors exhibited high num-
bers of cells (i.e., positive or >70%) with estro-
gen receptor-positive nuclei, while levels were
very low (<20%) in three tumors. In four tu-
mors, no pathological information was available
on estrogen receptor status. Our immunohisto-
chemical analysis of two of these tumors indi-
cated that tumor 118 was negative for estrogen
receptor (Fig. 1, neg. TO), and tumor 003 showed
that approximately 39% of the tumor cells im-
munoreacted with antibody to estrogen receptor
protein (Table 2). Immunohistochemical analysis

also indicated levels of estrogen receptor-positive
nuclei similar to the pathological reports in tu-
mors 037, 195, and 337. The levels in tumor 003
were significantly higher, 39 versus 10, than the
pathological reports. In all of the tumors positive
for estrogen receptor, the cells immunoreactive
for this protein were localized in the ducts
(Fig. 1, pos. TO). This localization of estrogen
receptor-positive cells was maintained in the T1
tumor in nude mice (Fig. 1, pos. T1). Overall,
67% of the To tumors exhibited high numbers of
cells with estrogen receptor-positive nuclei. Only
50% of these estrogen receptor-positive To tu-
mors grew as T1 tumors in nude mice. There was
not a statistically significant (p > 0.05) associa-
tion between the levels of estrogen receptor pro-
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Representative sections (neg. To) are illustrated from To tumor 118, which were undetectable for cyclins D1 and
D3, and undetectable for estrogen receptor; sections from tumor 089 were undetectable for p53, and tumor 062
exhibited 13%/ positive cell staining for c-erbB-2. Tissue sections from the ductal carcinoma To tumor 195 are
shown representing positive (pos. To) staining to all the antigens. The staining patterns of tissue sections from
tumor 195 (pos. T1) show staining patterns similar to that observed in the To tumor. Notice the strong nuclear
staining of cells positive for cyclins D1 and D3, estrogen receptor, and p53, and membrane-specific staining for
c-erbB-2 protein. D1, cyclin D1; D3, cyclin D3; ER, estrogen receptor; erb, c-erbB-2; neg., negative; pos., posi-
tive.
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TABLE 2. Characteristics of To human breast tumors

Estrogen Xenograft
Tissue Cyclin DV Cyclin DY Receptora p53a C-erbB-2a Growth'

037 76.0 ± 0.2 66.2 ± 2.9 87.0 ± 0.4 75.0 ± 0.6 80.0 ± 2.5 +

195 77.3 ± 0.5 70.0 ± 0.5 84.5 ± 0.9 60.5 ± 3.2 75.0 + 0.3 +

118 0.0 0.0 0.0 57.5 + 0.5 19.3 ± 1.7 -

003 11.5 ± 1.4 46 + 1.2 39.0 ± 5.2 66.6 ± 3.0 56.0 ± 2.8 -

089 0.0 0.0 0.0 0.0 15.5 ± 1.7 -

062 10.8 + 1.2 0.0 16.0 ± 2.8 0.0 13.0 ± 2.1 -

337 12.0 ± 2.3 0.0 74.0 ± 0.6 10.5 ± 0.2 52.0 ± 2.0 -

aPercent of cells ± SEM exhibiting moderate to strong stain for antibody.
bTr tumor growth was positive (+) when a nodule at the site of the transplant was visible within 2 weeks. Growth was negative
(-) when the tumor was absorbed by host.

tein in the To tumor and the take of the xenograft
(Tj) in nude mice.

The ages of the patients from which tumor
samples were obtained ranged from 34 to 89
years of age. There was a significant correlation
(p < 0.05) between patient age and T1 tumor
growth in nude mice. Except for tumors obtained
from 85- and 89-year-old patients, the successful
xenografts occurred in tumors taken from pa-
tients in the eighth and ninth decade of life.
None of the To tumors obtained from patients of
less than 72 years of age produced T1 tumors in
nude mice.

Immunohistochemical Characterization of
Onco- and Tumor Suppressor Proteins in
To Tumors
The mean number of tumor cells that immuno-
reacted with antibody specific to cyclins DI and
D2, and p53 and c-erbB-2 proteins was deter-
mined in 7 of the 16 To tissues. The staining
patterns for each of these proteins were com-
pared in both the To tumors (Table 2, Fig. 1). The
number of cells immunoreactive with a particu-
lar antigen varied widely, from 0 to 87% among
the To tumors (Table 2). These differences are
shown in Fig. 1 where there is only faint back-
ground staining of some To tumors (Fig. 1, neg.
TO), compared with intense cellular localization
of stain in other To tumors (Fig. 1, pos. To). In
those tumors that were immunoreactive to an
antibody to a particular gene product, the stain-
ing patterns were characteristic of the localiza-
tion of the protein in the cell. For example, stain

for cyclins D1 and D3, and p53 were localized to
the nucleus, whereas that for c-erbB-2 was spe-
cific to the cellular membrane. The cells that
were immunoreactive were confined to the duc-
tal regions of the tumor. Cyclin DI staining was
moderate to strong in >76% of the cells in two of
the seven To tumors characterized (Table 2,
Fig. 1, pos. To). These same two tumors were the
only ones from this group which grew when
transplanted in nude mice. In those To tumors
which did not grow in nude mice, the number of
cells expressing cyclin D1 was < 12% (Fig. 1, neg.
TO). With cyclin D3, the staining patterns also
varied from moderate to strong, but overall, they
appeared to be more intense than that observed
for cyclin DI (Fig. 1, pos. TO). Greater than 66%
of the cells in the two To tumor tissues that were
successfully xenografted in nude mice expressed
this marker. There was no expression of cyclin
D3 in four of the five To tumor tissues that did
not take in nude mice and only 46% of the cells
in tissue 003, which also did not "take," ex-
pressed cyclin D3.

There was strong staining of tumor cells lin-
ing the ducts for nuclear p53 protein (Fig. 1, pos.
TO). Greater than 60% and 75% of the tumor
cells in the two To tumors that grew in nude mice
exhibited this staining pattern. In the To tumors
that did not grow in nude mice, the number of
cells exhibiting p53 protein varied from 0 (Fig. 1,
neg. To) to 67%. The staining patterns for c-
erbB-2 protein were strong and more homoge-
neous among the tumor cells (Fig. 1, pos. To).
The number of cells producing c-erbB-2 protein
was highest (75% and 80% positive cells) in the
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TABLE 3. Pearson correlation coefficients between markers in To tumors and growth of T1 tumors
in nude mice

Cyclin Estrogen Xenograft
D3 Receptor c-erbB-2 p53 Growth

Cyclin DI 0.885a 0.822a 0.844a 0.583 0.989b
Cyclin D3 0.727 0.886a 0.783a 0.862a
Estrogen receptor 0.976" 0.438 0.752
c-erbB-2 0.689 0.796a
p53 0.596

ap < 0.05
bp < 0.001

two tumors that successfully grew in nude mice.
The number of cells immunoreactive for
c-erbB-2 protein in To tumors that did not grow
in nude mice varied markedly from 13% (Fig. 1,
neg. To) to 56% positive cells.

A number of correlations were demonstrated
between markers in the tumor tissues (Table 3).
A statistically significant positive correlation (p <
0.001) was demonstrated between To tumor tis-
sues with high levels of cyclin DI protein and
growth of the T1 tumor in nude mice. There was
a positive correlation (p < 0.05) between xeno-
graft growth and the levels of cyclin D3 and
c-erbB-2 proteins. The To tumors with a high
number of cells staining for cyclin DI protein
also correlated (p < 0.05) with staining patterns
for estrogen receptor and c-erbB-2 proteins. Lev-
els of c-erbB-2 in the tumor tissue correlated
with cyclin D3 (p < 0.05) and estrogen receptor
(p < 0.001) levels. P53 levels only correlated
with those of cyclin D3 (p < 0.05).

Characteristics of T1 Tumors
Initially, following subcutaneous transplantation
of To tumor tissue pieces in nude mice, palpable
T, tumors usually develop at the site within 2
weeks. In those To tumors that did not take in
nude mice, the T, tumor tissue was quickly ab-
sorbed by the host. Successful xenografts exhib-
ited an exponential growth phase between 2 and
9 weeks, during which time they were harvested
for immunohistochemical characterization. To
tumor tissue from Patient 003 was transplanted
into the mammary fat pad of the nude mice as
previously described for orthotopic transplant
(8). Both the tumor tissue transplanted into the
fat pad and subcutaneously were absorbed

within 1 week and 1 month, respectively, by the
mouse. We observed a similar effect when enzy-
matically dispersed tumor tissue from Patient
089 was injected subcutaneously with Matrigel
in nude mice as previously described (9).

Immunohistochemical studies for cyclins DI
and D3, estrogen receptor, p53, and c-erbB-2
were performed in the T1 tumors harvested at
multiple time points, 1 to 4 weeks following
transplantation of the original tumor (Fig. 1, pos.
TI). In Fig. 1, representative immunohistochem-
ical analyses of one of the T1 tumors is compared
with the To tumor tissue. Notice that the staining
patterns in the T1 tumor are for the most part
similar to that observed in the To tumor. The
percentage of cells expressing cyclin D 1, estrogen
receptor, p53, and c-erbB-2 are similar in the T1
tumor (Table 4) as compared with the To tumor
(Table 2). While the number of tumor cells stain-
ing positive for Cyclin DI are similar for tumor
195, the staining intensity appears to be greater
in the T, than in the To tumor (Fig. 1, pos. T1).
There was a decrease in the number of cells
immunoreactive for cyclin D3 in tumor 195
when it was transplanted into nude mice
(Tables 2 and 4; Fig. 1, pos. T1). The number of
tumor cells immunoreactive for cyclin D3 was
similar in both To and T, tumors from Patient
037 (Table 2 and 4). The staining patterns for p53
and c-erbB-2 proteins were similar for the To and
T, tumors (Fig. 1, pos. To, T1). Cyclin DI, estro-
gen receptor, and p53 were expressed in the
majority of cells (54% to 86%) in all of the T1
tumors (Table 4). Cyclin D3 was expressed in
48.5% of the cells of tissue 195, and it was highly
expressed (70% to 75%) in the cells of the other
T1 tumors. Only 37% of the cells of T1 tumor 144
expressed c-erbB-2, whereas this marker was ex-
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TABLE 4. Characteristics of T1 human breast tumors

Cyclin Cyclin Estrogen
Tissue Dla D3a Receptora p53a C-erbB-2a

037 63.0 ± 1.8 72.7 ± 1.0 86.0 ± 1.4 74.7 ± 2.1 85.2 ± 2.7

195 67.5 ± 3.5 48.5 ± 3.1 79.2 ± 1.5 79.7 ± 1.6 67.0 ± 4.2

111 64.75 ± 0.7 71.3 ± 1.5 74.5 ± 0.8 58.7 ± 9.8 78.5 ± 2.4

144 71.5 ± 2.6 75.0 ± 0.6 79.0 ± 2.1 54.5 ± 1.2 37.0 ± 2.5

202 61.5 ± 0.3 73.0 ± 1.9 62.7 ± 1.1 63.7 ± 3.6 91.5 ± 0.3

432 73.7 ± 1.2 70.0 ± 2.9 77.7 ± 0.8 69.7 ± 1.3 62.2 ± 2.6

aPercent of cells ± SEM staining positive for antibody as described in Materials and Methods.

pressed in 62% to 91.5% of the cells in the other
T1 tumors.

DISCUSSION
To and T1 breast tumor tissues have been used to
analyze both the tumorigenic potential and mo-
lecular signals associated with tumor progression
(1,2,6-10,31). In these studies the development
of a progressively growing tumor in a nude
mouse has been used as a measure of the expres-
sion of cellular phenotypes similar to those
present in human breast cancer. In this study, we
compared a number of pathological and molec-
ular parameters in the original tumor (To) with
growth and progression of the tumor as a xeno-
graft (T1) in nude mice.

Our study indicates a diversity of phenotypes
in both To and T1 tumors in nude mice. While
this diversity of phenotypes is typical of human
breast tumors, the tissue organization and mo-
lecular phenotypes observed in the To tumor are
for the most part preserved in the T1 tumor. This
consistency in T1 pathology also has been ob-
served by others using breast tumors (2,6-9,32).
A small percentage of To breast tumors take in
the nude mouse, as compared with other tissues
(3,4,28). The histological grade or metastatic ma-
lignancy of the tumor did not appear to affect the
tumor xenograft take, which suggests that tumor
xenograft takes may be more related to those
cells in the tumor matrix that express genes spe-
cifically associated with tumor growth.

The ability of tumor cells to continuously
proliferate in vivo and in vitro is thought to be
because of changes in genes that predominantly
control growth and because of an enhancement
of the mitotic index (21,33,34). A large percent-

age of breast tumors are estrogen receptor posi-
tive and require endogenous estrogen to sustain
growth of the tumor. Estrogen receptor-positive
tumors are usually well differentiated, respon-
sive to anti-estrogen therapy, and have a good
clinical prognosis (35-37). The observation that
all of the T1 tumors were estrogen receptor pos-
itive to approximately the same levels suggested
that either the expression of this gene was im-
portant in tumor growth or that the nude mouse
environment selected those tumors with this
phenotype. Interestingly, endogenous estrogen
was not required to sustain the growth of these
T1 tumors in the nude mouse, indicating that this
was not a direct causal association in T1 breast
tumor growth. Moreover, the data indicated that
there was no direct association between tumor
take and estrogen receptor status of the To tu-
mor, further suggesting that other factors were
causally associated with the establishment and
continued growth of the T1 tumor in nude mice.

The phenotypic expression of the prolifera-
tive potential and aggressiveness of breast tu-
mors has been associated with the increased ac-
tivity of the tumor suppressor gene, p53
(9,17,38-46). In these studies, protein-staining
patterns associated with an increase in p53 ac-
tivity and other genes associated with altering
the kinetics of the cell cycle usually vary from
tumor to tumor and between cells within the
same tumor. We also observed a similar diversity
in the expression of p53 gene product in the To
tumors. This diversity was similar to that in the
To tumors. Previous studies have indicated an
excellent correlation between growth of the tu-
mor cells injected subcutaneously with Matrigel
into nude mice and strong expression of p53.
Even though our sample size was small, the data
were consistent and repeatable, showing a poor
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association between the presence of p53 protein
in the To tumor and takes in the xenograft. This
difference is probably related to the use of Ma-
trigel, which may select for p53-positive cells
from the tumor. The nude mouse may also select
for cells in the To tumors that contain a high
number of p53-positive staining cells, since all
the T tumors exhibited >50% of their cells im-
munoreactive to the p53 antibody.

The phenotypic diversity in the expression of
genes involved in both To and T1 tumor growth
was also observed with c-erbB-2 oncogene. This
apparently is a characteristic of this oncogene,
since the increased number of cells expressing
this gene has been frequently observed in other
studies using tumor cell lines and tissue xenografted
to the nude mice (7,9,47-49). Whereas this pro-
tein has been clinically associated with aggressive
growth of breast tumor and poor clinical prog-
nosis (7,11,47-52), the present data indicated
that this gene product does not appear to be
important in the continued growth of T1 tumors
in nude mice.

The present study suggests that cyclin Dl
plays an important role in T1 tumor growth.
Moreover, the increased presence of cyclin D
proteins is strongly associated with many types
of cancers, including breast (20,22-24,53,54).
Cyclins DI and D3 proteins are expressed early
in the G1, and they are necessary and rate limit-
ing in the transition through the GI/S gate into
the S phase of the cell cycle (18-21). Aberrant
expression of cyclins can lead to a loss of normal
growth control. Two previous studies indicated
that 29% and 81% of primary breast carcinomas
overexpress cyclin DI (22,24). One of these stud-
ies (24) also indicated that cyclin D3, which con-
trols events later in G1, prior to S-phase entry,
was overexpressed in approximately 10% of
breast tumors. However, in these studies, over-
expression of either cyclin DI or D3 was ob-
served in over 69% of breast carcinomas, which
suggests that overexpression of either the D1 or
D3 cyclin may be sufficient to relieve the cell of
its mitogenic stimulatory requirement (55). Our
studies indicated that 28% of the To tumors stud-
ied overexpress both cyclins DI and D3. These
tumors grew as T1 tumors in the nude mice and
continued to express high levels of cyclin DI.
Whereas all the T1 tumors expressed high levels
of cyclin DI, all but one T1 tumor expressed high
levels of cyclin D3. In this tumor the percentage
of cells expressing cyclin D3 declined from 70%
in To to 48.5% in T1. Another tumor that ex-
pressed low levels of DI but high levels of D3 did
not grow in T1. These data suggest that cyclin Dl1

may be an important factor for tumor growth in
the nude mouse and are consistent with the
release of tumor cells from mitogenic stimulus.
In conclusion, these studies indicate that there
appears to be a diversity in the phenotypic ex-
pression of genes associated with the cellularity
of breast tumors and that those genes involved in
regulating progression through the cell cycle
may be important factors in breast tumor pro-
gression.
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