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Opinions, interpretations, conclusions and recommendations are those of the author and are not
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Citations of commercial organizations and trade names in this report do not constitute an
official Department of Army endorsement or approval of the products or services of these
organizations.

l/éonducting research using animals, the investigator(s) adhered to the "Guide for the Care and
Use of Laboratory Animals," prepared by the Committee on Care and use of Laboratory Animals of
the Institute of Laboratory Resources, national Research Council (NIH Publication No. 86-23,

Revised 1985).

&/4 the protection of human subjects, the investigator(s) adhered to policies of applicable Federal
Law 45 CFR 46.

In conducting research utilizing recombinant DNA technology, the investigator(s) adhered to current
guidelines promulgated by the National Institutes of Health.

In the conduct of research utilizing recombinant DNA, the investigator(s) adhered to the NIH
Guidelines for Research Involving Recombinant DNA Molecules.

In the conduct of research involving hazardous organisms, the investigator(s) adhered to the CDC-
NIH Guide for Biosafety in Microbiological and Biomedical Laboratories.

Pl oo

Pl - §E;nature Date




Table of Contents

L0243 Y PP 1
] Sl . 2 2
FOPE@WOR......cceemececcmmerniiiiiisesissrenenseststsesessssssssssssastes s s nnns s s s s annanasessassnsensansnsssassnsns 3
Table of Contents........ccooeeeiiiiinmmmmiinc s s 4
33 4300 7o 13 4o 1 TP 5
2T PRSPPI 5-8
Key Research Accomplishments...........cccccinnminnimncinnnnnnss st e 8
Reportable OutCOMEeS........ccccvciimmesninnemniere s s 8-13
L0914 Y 3 Uod 153 1o T PSPPI 13
[0 (= =1 Lo = N/A
Appendices

Representative Reprints (not all reprints are yet available)
J Natl Cancer Inst, 91: 46-53, 1999.
Clin Exptl Metastasis, 17:193-204, 1999.
Cancer Lett 136:134-151, 1999.
Br J Cancer 80:1682-1688, 1999.
Diseases of the Breast 2™ Edition, pp335-354, 2000.
Diseases of the Breast 2™ Edition, pp319-333, 2000.
Outline of submitted review




Award Number: DAMD17-99-1-9191.: Principal Investigator: Robert Clarke, PhD
Title: Molecular Mechanisms of Estrogen and Antiestrogen Resistance (Academic Award)
Contracting Organization: Georgetown University Medical Center, Washington, DC 20057

Introduction

This is an Academic Award (Career Development Award). The purpose of this application is to free
additional time for the Principal Investigator to "..appraise critically the state of the science in a
particular aspect of breast cancer research and to forge new avenues of investigation." The PI will
apply new, state-of-the-art technologies to identify key endocrine-regulated molecular pathways to
apoptosis/proliferation. By identifying key components of these pathways, we may be able to predict
response to first-line and crossover antiestrogenic therapies, and/or provide novel therapeutic
strategies for antiestrogen resistant tumors. We also will establish a SAGE database containing the
molecular profile of MCF-7 cells and several variants.

Body :

This is an Academic Award, for which a detailed research plan was not required. Since the award
is to support academic development, the aims are not finite, i.e., restricted only to the time frame or
resources provided through this type of award. Furthermore, unlike a RO1-style application, the
amount of work proposed represents the efforts of a number of individuals and funded grants already
active within the PI’s laboratory, and both ongoing and future collaborations with other laboratories.
Consistent with this, the proposed work requires substantially more than the time and financial
resources provided by a single RO1. Without describing the work in this manner, it was unclear how
we could address the requirements of this new award category. The aims, amount of work proposed
(which must, e.g., go beyond the three year limit to satisfy the award requirements) and time frames
were presented, in the original application, with these issues in mind.

Aim 1: We will expand the MCF7/LCC1 and MCF7/LCC9 databases to a minimum of
30,000 tags/database. We also expect to establish a 30,000 tag database for MCF-7
cells growing with and without 17-estradiol. Completion of all four databases will
require longer than the three year period, since we also plan to perform functional
studies on candidate genes identified from our comparisons of the MCF7/LCC9 and
MCF7/LCC1 databases. For the purposes of this application’s duration, we would
consider this aim to have been successfully completed once the MCF7/LCC1 and
MCF7/LCC9 databases have each reached a size of 30,000 tags. Time: years 1-3.

We have chosen to primarily focus on completing the initial gene microarray studies. However, the
MCF7/LCC1 and MCF7/LCC9 SAGE databases are of a sufficient size to warrant publication. We
have approximately 11,000 tags in the MCF7/LCC1 database and approximately 13,000 in the
MCF7/LCC9 database (Table 1). We have a draft manuscript describing these data and data from
the initial gene microarray studies. We expect to submit the final manuscript within the next month,
once the remaining repeats of the functional studies are completed.
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Table 1: Characteristics of the SAGE Libraries identified from MCF7/LCC1 and MCF7/LCC9 cells
(left) and distribution of gene-hit frequency of Tags by the 7,221 known genes (right).

'The number of Tags representing a corresponding number of gene hits, e.g., 5,708 Tags are specific
for single genes, whereas 208 Tags could hit up to 3 genes each.

“Number of Tags
*Includes ESTs
Characteristics of SAGE Libraries Tags' Gene Hits

Tags sequenced from MCF7/LCCI cells 12,8167 5,783 1
Tags sequenced from MCF7/LCC9 cells 11,109 1,170 2
Number of Tags identified 10,518 208 3
Number of known Tags® 7,221 38 4
Number of unknown Tags 3,297 10 5
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Aim 2: We will continue to investigate the functional relevance of those genes/proteins that
receive sufficient priority This will include transient transfection studies with
promoter-reporter constructs (for transcription modulating factors) and stable
transfections to assess functional relevance. We also will investigate clinical
relevance by exploring expression in breast tumor biopsies, and correlating
expression (or lack thereof) with established prognostic variables, e.g., lymph node
status, ER expression, S-phase/proliferation, tumor grade, disease free and overall
survival and response to endocrine and cytotoxic chemotherapies. For the purposes
of this application’s duration, we would consider this aim to have been successfully
completed if we can confirm the roles of NPM, NFxB, AP-1 and the IRF-1
polymorphism. Time: years 1-3.

We have now identified several candidate genes involved in estrogen and antiestrogen resistance
from our 2D-gel, gene microarray and SAGE studies. These include nucleophosmin (NPM),
interferon regulatory factor-1 (IRF-1), cAMP response element binding activities (CRE) and nuclear
factor kappa B (NF«B). Of the transcription factors identified, we have completed promoter-reporter
studies with NFxB, AP-1 and CRE. These data demonstrate a 10-fold increase in NF«B activity (Fig
1), and a loss of its regulation by ICI 182,780 (Fig 2), a 4-fold increase in CRE (Fig 1), which is not
regulated by ICI 182,780 in either responsive or resistant cells (not shown). We cannot detect AP-1
activity without induction with PKA (Fig 1). PKA-induced AP-1 activity remains antiestrogen
regulated in both responsive and resistant cell lines (not shown).

These data suggest that antiestrogen resistant cells can upregulate transcription factors that
are not normally regulated by estrogen receptors, e.g, CRE. In addition, some factors that are
regulated by estrogen receptors can be upregulated and their estrogenic regulation lost, e.g., NFxB.
We are currently investigating the hypothesis that cells have several possible mechanisms available
to respond to prolonged antiestrogenic exposures. As described in the original application, these
include p53-independent pathways such as NPM/IRF-1, and increased expression and altered
regulation of cell survival factors such as NFxB. As indicated above, we are preparing a manuscript
describing these initial observations, combining data from both SAGE and gene microarray studies.

Aim 3: We will continue to integrate the emerging experimental data into our molecular
transduction schemes, and amend these as appropriate. Clearly, this will require
substantial ongoing effort to integrate the studies from the more broad-based projects,
e.g., SAGE and gene array, with the more focused and functional studies, e.g., those
specifically addressing the function of NPM and IRF-1 polymorphism. For the
purposes of this application’s duration, we would consider this aim to have been
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successfully completed once we have established the validity of the NPM/Y'Y 1/IRF-1
signaling components (p53 independent). Time: years 1-3.

Preliminary data with IRF-1 transfectants suggest that overexpression inhibits the rate of cell
proliferation, anchorage-dependent colony formation and estrogen-dependent tumorigenesis in
antiestrogen and estrogen responsive MCF-7 cells. These data are consistent with IRF-1 potentially
acting as a tumor suppressor gene in breast cancer, and are consistent with our initial hypotheses.
These data are currently being repeated, and will be presented in next year’s report, since we hope
to complete these studies and submit for publication within the next year.

We have recently obtained IRF-1 null mice from Jackson Laboratories, and have generated NPM
transgenic mice. The phenotypes of these mice, relative to mammary gland development and
carcinogenesis, will be explored in the coming year. We also will begin to cross-breed these mice
to further evaluate the NPM/IRF-1 signaling component described in the original application.

Each of these aims represent ongoing studies within the PI’s laboratory and each will continue
beyond the limitations of this award. We will continue to evaluate new methodologies and adapt our
approaches and integrative studies in the light of published work from other laboratories. In this
latter regard, the award will specifically allow the PI to spend more time critically appraising the
state of science in the area of resistance to estrogens and antiestrogens in breast cancer.

Key Research Accomplishments (bulleted)
] Completed initial gene microarray and SAGE studies
° Completed analysis of transcriptional activity of initial candidate genes

o Initiated functional studies of IRF-1 and NPM (transfections and genetically manipulated
mouse modeling)

] Completed and submitted major review on cellular and molecular mechanisms of
antiestrogen resistance

Reportable Outcomes

Reportable outcomes are presented as A. Manuscripts, Abstracts and Presentations; B. Other
Professional Activities; C. Degrees; and D. Funding Applied for Based on Work Supported by this
Award.
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A. Manuscripts, Abstracts and Presentations
Consistent with the goals of allowing the PI to spend time reevaluating his field, the PI has recently
completed and submitted a major review entitled “Cellular and Molecular Pharmacology of
Antiestrogen Action and Resistance”. If accepted for publication, a copy will be included in next
year’s annual report. A copy of the Abstract and Table of Contents is included in the appendix. Other
related reviews also have been completed and published/submitted (8,9).

Among the relevant publications supported by this award are data showing the ability of
TGFB to suppress natural killer cell activity as one component of antiestrogen resistance (1). We have
identified a new estrogen receptor negative (de novo resistant) cell line (2), and investigated the
effects of antiestrogens on vascular smooth muscle cell proliferation, since antiestrogens have
beneficial effects on the incidence of cardiovascular disease (3). Other studies have implicated
protein phosphatase 2A in estrogen-independent growth (4). We have also further investigated the
importance of the timing of exposure on the sensitivity of the mammary gland to the development
of estrogen-dependent mammary tumors (4-7), and described the use of promoter-reporter assays to
investigate estrogen receptor function (10).

Manuscripts

1. Arteaga, C.L., Koli, K.M., Dugger, T.C. & Clarke, R. “Reversal of tamoxifen resistance
of human breast carcinomas in vivo with neutralizing anti-transforming growth factor (TGF)-
B antibodies” J Natl Cancer Inst, 91: 46-53, 1999.

2. Thompson, E.W., Sung, V., Lavigne, M., Baumann, K., Azumi, N., Aaron, A.D. & Clarke
R. “LCC-15-MB: a human breast cancer cell line from a femoral bone metastasis” Clin Exptl

Metastasis, 17:193-204, 1999.

3. Gopalakrishna, R., Gundimeda, U., Fontana, J.A. & Clarke, R. “Differential distribution and
nuclear association of protein phosphatase 2A in human breast carcinoma cell lines and its
relation to estrogen receptor status and tumor progression.” Cancer Lett 136:134-151, 1999.

4. Lavigne, M.C., Ramwell, P.W. & Clarke, R. “The effects of estrogens and antiestrogens
on the growth of porcine coronary artery smooth muscle cells.” Steroids 64:472-480, 1999.

5. Hilakivi-Clarke, L.A., Onojafe, 1., Raygada, M., Cho, E., Skaar, T. & Clarke, R.
“Prepubertal exposure to zearalenone or genistein reduces mammary tumorigenesis.” Br J
Cancer 80:1682-1688, 1999.

6. Hilakivi-Clarke, L.A., Cho, E., Onojafe, I., Raygada, M. & Clarke, R. “Maternal exposure
to genistein during pregnancy increases mammary tumorigenesis in female rat offspring.”
Oncol Rep 6:1089-1095, 1999.
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10.

Hilakivi-Clarke, L.A., Trock, B. & Clarke, R. “The estrogenicity of selected nutrients,
phytochemicals, pesticides and pollutants: their potential roles in breast cancer.” In: “Breast
Cancer, Molecular Genetics, Pathogenesis and Therapeutics. Series: Contemporary Cancer
Research.” Editor: Bowcock, A. Publisher: Humana Press, Clifton, pp537-568, 1999.

Clarke, R. & Johnson, M.D. “Chapter 22: Animal models.” In: “Diseases of the Breast”
2" Edition. Editors: Harris, J.R., Lippman, M.E., Morrow, M., Hellman, S. Publisher: J. B.
Lippincott Co., Philadelphia, pp319-333, 2000.

Clarke, R., Leonessa F., Briinner, N. & Thompson, E.W. “Chapter 23: In vitro models.” In:
“Diseases of the Breast” 2™ Edition. Editors: Harris, J.R., Lippman, M.E., Morrow, M.,
Hellman, S. Publisher: J. B. Lippincott Co., Philadelphia, pp335-354, 2000.

Clarke, R., Skaar, T., El-Ashry, D., Leonessa, F. & Hilakivi-Clarke, L.A. “Use of ERE and
reporter gene constructs to assess putative estrogenic activity.” J Med Food 2:127-133,1999.

Abstracts

11.

12.

13.

14.

15.

16.

Pu, L.P., Skaar, T.C., Gu, Z.P., Leonessa, F. & Clarke, R. “A novel selection system for
identifying growth suppressed human breast cells.” Proc Am Assoc Cancer Res 40:32,1999.

Lee, R.Y., Skaar, T.C., Leonessa, F. & Clarke, R. “The aquisition of retinoid resistance to
4HPR and 9-cis-RA in estrogen independent breast cancer.” Proc Am Assoc Cancer Res 40:
61, 1999.

Gu, Z., Hanfelt, J., Hurley, C., Xaio, Y., Gray, F., Flessate-Harley, D. & Clarke, R. “High
throughput gene expression profiles associated with antiestrogen responsive vs. resistant
breast cancer cells.” Proc Am Assoc Cancer Res 40:158-159, 1999.

Skaar, T.C., Bouker, K.B. & Clarke, R. “Retinoid regulated genes in breast cancer cells.”
Clin Cancer Res, in press, 1999.

Lee,R.Y., Skaar, T.C., Gu, Z., Leonessa, F., & Clarke, R. “Retinoid crosstesistance to 9-cis-RA
and 4-HPR is not associated with the loss of RARa and RXRa RNA expression." Clin Cancer
Res, in press, 1999.

Welch, J.N., Chrysogelos, S.A. & Clarke, R. “Modulation of epidermal growth factor
receptor expression by chemotherapeutic agents in breast cancer cell lines.” Clin Cancer Res,
in press, 1999.
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17. Bouker, K.B., Skaar, T.C. & Clarke, R. “Interferon regulatory factor-1: a putative mediator
of antiestrogen responsiveness in breast cancer.” Clin Cancer Res, in press, 1999.

18. Gu, Z., Davis, N., Hanfelt, J., Hurley, C., Xiao, H., Gray, F., Flessate-Harley, D. & Clarke
R. “Gene expression profiles associated with antiestrogen responsive versus resistant human
breast cancer cells.” Clin Cancer Res, in press, 1999.

19. Bouker, K.B., Skaar, T.C. & Clarke, R. “IRF-1 as a mediator of responsiveness to
antiestrogens in breast cancer” Proc Am Assoc Cancer Res, 41: 427-428, 2000.

20.  Skaar, T.C., Bouker, K.B., Barto, T L., & Clarke, R. “Interferon regulatory factor-1 (IRF-1)
in breast cancer cells”Proc Am Assoc Cancer Res, 41: 428, 2000.

Presentations
1. Research Genetics, Inc. Huntsville, Alabama, U.S.A. (2000)

2. International Cancer Alliance - Symposium on Breast Cancer, Suburban Hospital, Bethesda,
Maryland, U.S.A4. (1999)

3. Department of Biology, University of York, York, England, U.K. (1999)

4. Inova Fairfax Cancer Center, Inova Fairfax Hospital, Falls Church, Virginia, U.S.4. (1999)
5. 9" Breast Cancer Think Tank, Sugar Bay, St. Thomas, U.S. Virgin Islands (1999)

B. Other Professional Activities

Study Section Memberships and Other Grant Reviews

1. Mail Reviewer, Northern Ireland Health and Personal Services Research and Development
Strategy, Belfast, Northern Ireland, United Kingdom (2000).

2. Member, California Breast Cancer Research Program Study Section “Etiology & Prevention”
(1999).

3. Member, U.S. Army Medical Research and Materiel Command Clinical and Experimental
Therapeutics-1 study section.

4. Member, N.I.LH. Grant Review Study Section “Chemical Pathology: Oncological Sciences
Initial Review Group Special Emphasis Panel” ZRG2 SSS-1.
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5. Member, American Institute for Cancer Research grant review study section “Panel I”.

6. Member, Cancer Research Foundation of America’s grant review panel.

Editorial Board Memberships (current)

1. Member, Editorial Advisory Board of the peer-review journal Breast Cancer Research and
Treatment.

2. Member, Editorial Board of the peer-review journal British Journal of Cancer

3. Member, Editorial Board of the peer-review journal Oncology Reports

4. Assistant Editor of the peer-review journal Journal of Mammary Gland Biology and
Neoplasia

C. Degrees

In 1999, the Principal Investigator was awarded the degree of Doctor of Science by his alma mater,
The Queen’s University of Belfast (United Kingdom). The DSc degree is awarded for a thesis
containing significant research in breast cancer published since award of a PhD degree. In the U.K.
and many other countries, a DSc is considered a "higher" degree than a PhD.

D. Funding Applied for Based on Work Supported by this Award

In direct support of this application, the PI successfully submitted an IDEA award to the DOD to
fund studies into identifying the molecular mechanisms of antiestrogen resistance. In his role as
mentor, the PI assisted and encouraged one of his predoctoral fellows to apply to the DOD for
funding to study the role of EGF-receptor signaling in resistance to systemic therapies in breast
cancer. This also was successfully funded. These applications are described below. As a
collaborative venture with Dr. Steve Seeholzer (Principal Investigator) at Fox Chase Cancer Center,
a further IDEA award was successfully submitted to the DOD to fund proteomic (not genomic)
approaches to study antiestrogen resistance.

1. IDEA Award BC990358: "Molecular characterization of resistance." Dates: 01/06/00-
01/06/03. Principal Investigator: Robert Clarke PhD. This award funds gene microarray
analysis of antiestrogen responsive and resistant human breast cancer cell lines.

This application, which is one direct consequence of the additional time made available through this

Academic Award, was successfully funded. Since the work is directly related to this Academic

Award, which provides only salary support, the PI does not recover any salary support from the
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IDEA award. The funded application does provide direct support for several of the studies described
in the Academic Award.

2. Predoctoral Fellowship BC990342: “Modulation of epidermal growth factor receptor
expression by chemotherapeutic agents in breast cancer cell lines”. Dates: 01/06/00-01/06/03.
Principal Investigator (Predoctoral Fellow): James N. Welch; Mentor: Robert Clarke, PhD.

This award funds studies into the role of altered EGF-R regulation as a potential survival response

to chemotherapy. In addition, the Fellow has initiated studies into the possible role of EGF-R in

resistance to antiestrogens, following preliminary data supported by this Academic Award
demonstrating altered EGF-R mRNA expression in gene microarray studies of antiestrogen resistant
breast cancer cells.

Conclusions

We have made considerable progress in addressing our proposed aims. The time made available to
the PI through this Academic Award has resulted in several relevant publications and reviews, the
ability to attract significant additional funding related to the research, and the generation of
preliminary data that should lead to further publications in the coming year. The PI also continues
to participate in other related professional activities. The time necessary to complete and successfully
submit his DSc thesis, while not envisioned in the original application, also would not have been
available had this award not been forthcoming. The PI will attempt to continue this level of
productivity/activity in the remaining two years of support.

13
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.Reversal of Tamoxifen Resistance of Human Breast
. Carcinomas In Vivo by Neutralizing Antibodies to

Transforming Growth Factor-f3

Carlos L. Arteaga, Katri M. Koli, Teresa C. Dugger, Robert Clarke

Background: Overexpression of transforming growth factor
(TGF)-B has been reported in human breast carcinomas re-
sistant to antiestrogen tamoxifen, but the role of TGF-f in
this resistant phenotype is unclear. We investigated whether
inhibition of TGF-B2, which is overexpressed in LCC2
tamoxifen-resistant human breast cancer cells, could modify
antiestrogen resistance. Methods: TGF-B2 expression was
evaluated in LCC2 cells and tamoxifen-sensitive LCC1 cells
by northern blot analysis. Secreted TGF-B activity was
quantified by use of an **I-TGF-B competitive radiorecep-
tor assay. Sensitivity to tamoxifen was measured in a soft
agarose colony-forming assay and in a xenograft model in
nude and beige/nude mice. Natural killer (NK) cell cytotox-
icity was measured by *'Cr release from LCC1 and LCC2
cell targets coincubated with human peripheral blood mono-
nuclear cells. Decrease in TGF-B2 expression in LCC2 cells
was achieved by treatment with antisense oligodeoxynucleo-
tides and confirmed by TGF-B2 immunoblot analysis. Re-
sults and Conclusions: The proliferative response of LCC2
cells to tamoxifen in vifro was not altered by TGF-f neutral-
izing antibodies. However, established LCC2 tumors in nude
mice treated with tamoxifen plus TGF-f3 antibodies failed to
grow, whereas tumors treated with tamoxifen plus a control
antibody continued to proliferate. This reversal of tamoxifen
resistance by TGF-B antibodies did not occur in beige/nude
mice, which lack NK-cell function, suggesting that immune
mechanisms may be involved in the antitumor effects of
tamoxifen. Antisense TGF-B2 oligodeoxynucleotides en-
hanced the NK sensitivity of LCC2 cells in the presence of
tamoxifen. Finally, LCC1 tumors were markedly more sen-
sitive to tamoxifen in NK-active than in NK-deficient mice.
Implications: These data suggest that host NK function me-
diates, in part, the antitumor effect of tamoxifen and that
TGF-B2 may abrogate this mechanism, thus contributing to
tamoxifen resistance. [J Natl Cancer Inst 1999;91:46-53]

Transforming growth factors (TGF)-Bs represent a large fam-
ily of polypeptides involved in the regulation of cellular growth,
differentiation, development, morphogenesis, and production of
extracellular matrix (1,2). Three homologous mammalian iso-
forms have been reported: TGF-B1, TGF-32, and TGF-33. Al-
though these isoforms overall share similar receptor-binding
properties and biologic effects in multiple experimental systems
(1.2). the mouse knockout phenotypes for each isoform are dif-
terent (3-5,, suggesting that their efiects i vivo may not fully
overlap. Expression of TGF-B1, -B2, and -B3 in human breast
carcinoma cell lines and tumor tissues varies considerably [see
(6)]. Several lines of data support the notion that mammary cell
TGF-Bs are autocrine regulators of tumor and nontumor breast
epithelial cells (7-9). Although growth inhibition of breast tu-
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mor cells with antiestrogens is associated with enhanced secre-
tion of TGF-B protein (9), transfection of a dominant negative
type II TGF-B receptor into MCF-7 breast cancer cells does not
abrogate the response to tamoxifen (10), suggesting that auto-
crine TGF-Bs may not be universal mediators of tamoxifen ac-
tion. On the other hand, several reports suggest that, in breast
cancer cells, the TGF-Bs are important mediators of tumor pro-
gression by fostering critical tumor/host cell interactions like the
enhancement of peritumoral angiogenesis and stroma and the
inhibition of mechanisms of immune surveillance [reviewed in
(6)]. In some cases, overexpression of TGF-1 has been tem-
porally associated with estrogen independence and/or resistance
to antiestrogens (11-15). Increased immunohistochemical stain-
ing for TGF-B1 protein in breast tumor sections is associated
with shorter postmastectomy survival independent of other prog-
nostic factors (16). We have studied the expression and function
of TGF-Bs in the tamoxifen-sensitive line I.CC1 and the tamoxi-
fen-resistant line LCC2 derived from MCF-7 human breast can-
cer cells. These cell lines were derived from MCF-7 mouse
xenografts established in ovariectomized athymic mice. The
LCC2 subline was selected in vitro in the presence of 4-hy-
droxytamoxifen. Both cell lines exhibit functional estrogen re-
ceptors (ERs) and progesterone receptors (PgRs) and form tu-
mors in athymic nude mice in the presence or absence of added
estradiol (17,18). This situation provides an experimental model
to study mechanisms of tamoxifen in vivo resistance that do not
involve loss of the ER.

METHODS

Cell lines and reagents. The LCC1 (tamoxifen-sensitive) and LCC2 (tamoxi-
fen-resistant) breast cancer lines were maintained in phenol red-containing im-
proved minimal essential medium (IMEM; Life Technologies, Inc. [GIBCO
BRL], Gaithersburg, MD) supplemented with 10% fetal calf serum (FCS; Hazle-
ton Laboratories, Madison, WI) and 10 nM human insulin. Tamoxifen citrate
was purchased from Sigma Chemical Co. (St. Louis, MO) and stored as a 1-mM
stock solution in absolute ethanol. The 2G7 and 12H5 immunoglobulin G2
(1gG2) monoclonal TGF-B-specific antibodies (provided by B. M. Fendly; Ge-
nentech Inc., South San Francisco, CA) were generated against human recom-
binant TGF-B1 and have been described previously (7/9). The 12H5 IgG2 is
devoid of TGF-B neutralizing activity, while the 2G7 antibody blocks growth
inhibition by TGF-B1, -B2, and -B3 when tested against MvI1Lu mink lung
epithelial cells (19).

Affiliations of authors: C. L. Arteaga, Department of Medicine, Vanderbilt
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RNA isolation and northern blot hybridization. Poly(A)* RNA was puri-

*  fied from subconfluent monolayer cultures using oligo-dT cellulose chromatog-

raphy as described (20). For northern blot analysis, 3 pg of messenger RNA
(mRNA) was fractionated on 1.2% agarose gels containing formaldehyde and
transferred to nylon membranes (Micron Separations Inc., Westboro, MA) by
capillary transfer. Prehybridization and hybridization were performed at 42°Cin
50% formamide, 250 pg/mL single-stranded DNA, 1x Denhardt’s solution, 50
pg/mL poly(A), 0.1% sodium dodecyl sulfate (SDS), and 5x standard saline
citrate. Complementary DNA (cDNA) probes for TGF-B1 (21), TGF-B2 (22),
and cyclophilin (23) were labeled with [**P]deoxycytidine triphosphate (>3000
Ci/mmol; Amersham Life Science Inc., Arlington Heights, IL) using a Redi-
prime labeling kit (Amersham Life Science Inc.).

Preparation of cell-conditioned medium and TGF-$ radioreceptor assay.
Secreted TGF-p bioactivity was measured in serum-free IMEM conditioned for
24 hours by adherent breast cancer cells as described previously (24). To activate
secreted latent TGF-8, the conditioned medium was acidified with 1 N HCI to
pH 1.5 for 1 hour at 4 °C and then neutralized with 1 N NaOH before testing in
a TGF-P radioreceptor assay (24) utilizing AKR-2B (84A) mouse fibroblasts.
Binding was performed in six-well plates in 1 mL/well binding buffer (24)
containing 0.25 ng/mL. '>*I-TGF-B1 (specific activity, 173 p.Ci/pug; Du Pont
NEN, Boston, MA) competed with variable volumes of conditioned medium.
Human recombinant TGF-B1 (Genentech Inc.) was used to generate a standard
curve from which the receptor binding activity of conditioned medium was
calculated and then standardized to the number of cells from which the condi-
tioned medium was collected. In this binding assay with AKR-2B (84A) cells,
TGF-B1 and TGF-B2 are equipotent in displacing '*’I-TGF-1 binding (25).
Addition of 1 pM tamoxifen directly to the binding buffer had no effect on
TGF-B1 binding in this assay (Arteaga CL: unpublished data).

Natural killer (NK) and lymphokine-activated killer (LAK) cell cytotox-
icity assays. Sparse adherent cultures of LCC1 or LCC2 target cells (10* cells
per well in a 96-well plate) were labeled for 4-6 hours at 37°C with approxi-
mately 200 uCi/mL 3'Cr (specific activity, 400-1200 Ci/g; Du Pont NEN) in
IMEM supplemented with 10% FCS. Unbound radioactivity was removed after
two washes with growth medium before the addition of effector cells. Human
peripheral blood lymphocytes (PBLs) from healthy volunteers were prepared by
Ficoll-Hypaque gradient centrifugation. After two washes, variable numbers of
NK effector cells were added to the >'Cr-labeled breast cancer cell targets in a
final volume of 0.2 mL/well in quadruplicate. To generate LAK effector cells,
PBLs were incubated for 5 days at 37 °C in 5% CO, with 1000 U/mL human
recombinant interleukin 2 (Chiron Therapeutics, Emeryville, CA) and then
added in ratios ranging from 5: 1 to 100: 1 to freshly labeled tumor cell targets.
Spontaneous 5'Cr release and PBL-induced (experimental) *'Cr release were
measured in both assays after an overnight coincubation, and percent cytotox-
icity was calculated as described previously (26) by the formula: ([experimental
release — spontaneous release]/total release) x 100.

Mouse studies. Five- to 8-week-old female athymic (nude) mice (Harlan
Sprague-Dawley, Inc., Madison, WI) or NIH-III beige/nude mice (Taconic
Farms, Inc., Germantown, NY) were inoculated subcutaneously just caudal to
the forelimb with approximately 5 x 10° LCC1 or LCC2 tumor cells in 0.25 mL
of serum-free IMEM via a 22-gauge needle. Variable times after tumor cell
inoculation, 25-mg, 60-day release tamoxifen pellets (Innovative Research, To-
ledo, OH) were implanted subcutaneously in the back at a distant site from the
tumor via a 10-gauge trocar. In some experiments, animals received daily in-
traperitoneal injections of 2G7 or 12H5 antibodies (100 pg each) in a 0.2-mL
volume via a 26-gauge needle. Tumor diameters were measured serially with
calipers, and tumor volume was calculated by the formula: volume = width? x
length/2. At the completion of the experiments, some tumors were removed,
fixed in 10% formalin, and paraffin-embedded, and 5-um-thick sections were
cut, stained with hematoxylin—eosin, and subjected to light microscopy. Care of
all mice used in these studies was in accord with institutional guidelines.

Effects of antisense TGF-B2 oligonucleotides and immunoblotting of
TGF-P2 secreted in cell-conditioned medium. TGF-B2 antisense phosphoro-
thioate olisadenxvnucleotides as well as a nonsense olieonucleotide sequence of
similar Jength and with the same GC content (used as control) were synthesized
by and purchased from Ransom Hill Bioscience, Inc. (Ramona, CA), on the basis
of a recent report (27). A search in the European Molecular Biology Laboratory
(EMBL) GenBank revealed no homologies between the 14-mer antisense se-
quence used in this study and the 5" coding region of any known gene sequence.
For inhibition of TGF-B2 expression, LCC2 cells were treated for 48 hours at
37°C in serum-free IMEM with 3 wM antisense or nonsense oligonucleotides.
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Cell medium was then collected, cleared of cell debris by centrifugation, con-
centrated approximately 30-fold in a Centriprep 30 MW column (Millipore
Corp., Bedford, MA), boiled in Laemmli sample buffer containing the reducing
agent dithiothreitol (DTT), and resolved by 15% SDS-polyacrylamide gel elec-
trophoresis. Following transfer to nitrocellulose, membranes were subjected to
an immunoblot procedure that utilizes a TGF-B2 polyclonal antiserum (R&D
Systems Inc., Minneapolis, MN). Detection of TGF-B2 reactive bands in auto-
radiograms was performed with horseradish peroxidase-linked antirabbit immu-
noglobulins and enhanced chemiluminescence.

Statistical analyses. To analyze tumor growth curves, we used a repeated-
measures analysis of variance (ANOVA) model with a serial correlation struc-
ture. The analysis was based on the logarithm of the tumor volume to stabilize
the variance. To avoid strict assumptions about normality, the General Estimat-
ing Equation approach was used to fit the model, as implemented in SAS/PROC
GENMOD software (SAS Institute, Inc., Cary, NC). The in vitro NK and LAK
cytotoxicity data were analyzed using ANOVA, as implemented in SAS/PROC
GLM software. For these cytotoxicity experiments, each data point represents
the mean cpm of 3'Cr released from labeled target cells in four wells. If the
standard deviations of the quadruplicate determinations were less than 10% of
the mean value (before the experimental release was subjected to the formula for
calculating % cytotoxicity [abovel), they were not included in the figures.

RESULTS

TGF-B Expression and Immune Sensitivity of LCC1 and
LCC2 Breast Cancer Cells

We first examined steady-state mRNA levels of TGF-B1 and
TGF-B2 in tamoxifen-sensitive and tamoxifen-resistant cells.
LCC2 cells express similar low levels of TGF-B1 mRNA (not
shown) but greater than 20-fold higher levels of TGF-B2 mRNA
relative to LCC1 cells (Fig. 1, A). Protein levels in serum-free
medium conditioned by LCC2 cells, as measured in a 1251.TGF-
B1 radioreceptor assay, were 6.8 ng of TGF-$ equivalents/lO6
cells per 24 hours in the absence of acid activation in vitro,
whereas LCC1 cells only secreted lower levels of latent TGF-B
activity (Fig. 1, B). A 24-hour incubation with 1 pM tamoxifen
up-regulated TGF-B2 mRNA levels in LCC2 cells but not in
LCC1 cells (Fig 1, A). By radioreceptor assay of serum-free cell
medium, tamoxifen (1 wM) treatment for 24 hours increased the
secretion of (active) TGF-B activity to 13.9 ng/ 10° cells per 24
hours, whereas, in LCC1 cell medium, this bioactivity remained
undetectable. To test the paracrine effects of TGF-B2 overex-
pression in the context of a multicellular experimental system,
we measured NK and LAK sensitivity of >'Cr-labeled LCC1 and
LCC2 cells. NK and LAK cells are potently suppressed by ex-
ogenous TGF-B1 and TGF-B2 (28). Consistent with these data
and the overexpression of TGF-B2, LCC2 cells were statistically
more resistant to NK cell-mediated lysis (P = .0001) and LAK
cell-mediated lysis (P = .0002) than tamoxifen-sensitive LCC1
cells (Fig. 2).

TGF-B Neutralizing Antibodies and Sensitivity to
Tamoxifen In Vivo and In Vitro

To study the role of TGF-B2 in tamoxifen resistance of LCC2
cells, we utilized the anti-TGF-B 2G7 1gG2 antibody, which
neutralizes all three TGF-B mammalian isoforms (19). Estab-
Jished subcutaneous LCC2 tumors in nude mice bearing 60-dav-
release, 25-mg subcutaneously implanted tamoxifen pellets were
randomized to 100 p.g/day of 2G7 or the 12H5 non-neutralizing
anti-TGF-P control IgG2 by intraperitoneal injection. These sys-
temic doses of 2G7 result in detectable and sustained plasma
levels of an activity that blocks TGF-B receptor binding when
tested ex vivo (26). In animals treated with 2G7, but not with the
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Fig. 1. A) Transforming growth fac-
tor (TGF)-B2 messenger RNA A
(mRNA) expression in LCC1
(tamoxifen-sensitive) and LCC2
(tamoxifen-resistant) human breast
cancer cells. Poly(A)* mRNA was
isolated by oligo-dT-cellulose chro-
matography. Where indicated, cells
were treated with 1 pM tamoxifen
(Tam) for 24 hours prior to lysis and
RNA collection. For northern blot
analysis, 3 ug of mRNA per lane was
fractionated on 1.2% agarose gels.
After mRNA transfer, the nylon
membranes were probed with
[*?P]deoxycytidine triphosphate-
labeled TGF-B2 and 1B15 (cy-
clophilin) probes as described in the
‘‘Methods’’ section. The 5.1-
kilobase TGF-B2 transcript was over-
represented in LCC2 tumor cell
RNA. B) Secretion of TGF-B activity
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into conditioned medium (CM). Serum-free conditioned medium was collected
at 24 hours and tested in a 1-mL '>*I-TGF-B1 radioreceptor competition assay as
described in the ‘“Methods’” section. Left: Standard curve using AKR-2B (84A)
mouse fibroblasts and 0.25 ng/mL '*I-TGF-BI in the absence or presence of
0.25-25 ng/mL unlabeled TGF-B1. Right: Competing activity of 250 wL (25%
conditioned medium of neutral [N] and 750 L (75% conditioned medium) of
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Fig. 2. Natural killer (NK) cell- and lymphokine-activated killer (LAK) cell-
mediated cytotoxicity against LCC1 and LCC2 breast cancer cells. Breast cancer
target cells were labeled with *'Cr in improved minimum essential medium
supplemented with 10% fetal calf serum in 96-well plates and then incubated
overnight with human peripheral blood lymphocytes (PBLs) at the indicated
effector-to-target ratios (for assessment of NK function). For assessment of LAK
function, PBLs were incubated at 37 °C in 5% CO, with 1000 U/mL interleukin
2 (added only once) for 5 days and then coincubated with labeled target cells.
Release of *'Cr was measured to calculate percentage cytotoxicity as described
previously (23). Each data point represents the mean cytotoxicity calculated
from four wells. NK, LCC1] versus LCC2: P<.0001: LAK. LCC1 versus LCC2:
P = .0002 by analysis of variance.

12H5 control antibody, tumor growth was arrested (Fig. 3, A),
suggesting that tumor cell TGF-B2 was mediating tamoxifen
resistance in this experimental system. A second experiment
yielded similar results. By light microscopy, both groups of
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transiently acidified (A) conditioned medium from LCC1 and LCC2 cells. When
standardized on the basis of cell number, LCC2 cells secreted more than 10
ng/mL of TGF-B1 equivalents per 10° cells in a 24-hour period. Each data point
represents the mean counts per minute (cpm) + standard deviation of triplicate
wells.

LCC2 tumors were poorly differentiated adenocarcinomas with
no major histologic differences between them. In the absence of
tamoxifen treatment, 2G7 had no effect on LCC2 xenograft
growth relative to 12H5-treated tumors, suggesting that tumor
cell TGF-Bs had no effect on basal LCC2 tumor growth (not
shown).

Previous studies (26-29) have shown that systemic adminis-
tration of anti-TGF-f3 antibodies can up-regulate NK function in
nude mice that, in turn, exerts an antitumor effect. In addition,
tamoxifen can induce and/or sensitize tumor cells to NK and
LAK cells in vitro and in vivo (discussed below), thus implying
that some of its antitumor effect is mediated by modulating this
biologic response. These observations plus the high levels of NK
activity present in athymic nude mice (30) and the relative re-
sistance of LCC2 cells to NK activity (Fig. 2), a known cellular
target for TGF-B2, suggested to us a model in which tamoxifen
exerts some of its antitumor effect by up-regulating host NK
function in vivo. Overexpression of immunosuppressive cyto-
kines, like TGF-2, can then counteract this tamoxifen-mediated
host response and in part contribute to resistance to this anties-
trogen. To test this hypothesis, we repeated the experiment
shown in Fig. 3, A, in NK-deficient beige/nude mice. Neutral-
ization of TGF-B2 with 2G7 did not restore tamoxifen sensitiv-
ity to LCC2 tumors in NK-deficient mice (Fig. 3, B), suggesting
that, in this resistance model, NK host function is critical for the
antitumor effect of tamoxifen in vivo.

To further support the hypothesis that tumor host mechanisms
were involved in the restoration of tamoxifen sensitivity by neu-
tralizing antibodies, we examined the effect of 2G7 in tamoxi-
fen-treated LCC2 cells in vitro. In this cell-autonomous experi-
mental sysiem, LCCZ colony tormauon in the presence of 1 o)
10 pg/mL 2G7 antibody was similar in the presence or absence
of 1 wM tamoxifen (Fig. 4). Tamoxifen stimulated LCC2 colony
formation approximately 25% above ethanol (solvent for
tamoxifen, used as control) in the presence of 1 or 10 pg/mL of
the 12HS control monoclonal antibody.
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Fig. 3. Effect of anti-transforming growth factor (TGF)-p antibodies on tamoxi-
fen (Tam) resistance of LCC2 breast cancer cell-induced tumors in vivo. A)
Studies in athymic nude mice. Approximately 5 x 10° LCC2 cells were inocu-
lated subcutaneously in the flank of female nude mice. On day 14, once the
tumors had reached a volume of greater than 100 mm?, all mice received a
25-mg, 60-day-release tamoxifen pellet subcutaneously at a site distant from the
tumor. The following day, 100 wg/day of the 2G7 monoclonal antibody or the
control immunoglobulin G2 (IgG,) 12H5 was injected intraperitoneally, and
antibody injections were continued daily for the next 3 weeks. Tumor diameters
were measured serially with calipers and tumor volumes in mm? were calculated
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Fig. 4. Effect of neutralizing anti-transforming growth factor (TGF)- antibodies
on LCC2 breast cancer cell colony-forming ability in vitro. A single-cell sus-
pension of 3 x 10° LCC2 tumor cells per dish were plated in soft agarose on
0.1% ethanol (EtOH) or 1 wM tamoxifen (Tam; in 0.1% ethanol) as described in
the ‘“Methods’’ section. For each condition and where indicated, cells were
coincubated or not (control {ctl]) with 1 or 10 pg/mL 12H5 or 2G7 antibodies.
In the presence of either antibody, there were no differences in clonogenicity
between tamoxifen-treated and ethanol-treated control cultures (P = .35; Pear-
son’s x? test). Each data point represents the mean number of colonies + standard
deviation from three dishes.

Antisense Oligodeoxynucleotide-Mediated Inhibition of
Tumor Cell TGF-f2 Expression and Enhancement of
Tamoxifen-Induced NK Toxicity Against LCC2 Cells In
Vitro

Several published data [see (31)] indicate that tamoxifen can
stimulate immune effector cellular mechanisms in the tumor
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as described in the ‘“Methods’” section. Each data point represents the mean
tumor volume + standard deviation from six mice. 12H5-treated versus 2G7-
treated tumor growth: P<.0001 by analysis of variance. B) Studies in NK-
deficient beige/nude mice. NIH-3 beige/nude mice (NK-deficient) were inocu-
lated subcutaneously with 5 x 10® LCC2 tumor cells. On day 10, once tumors
had reached a volume of greater than 100 mm?>, tamoxifen pellets were implanted
subcutaneously. The following day, daily intraperitoneal injections with 100 pg
of the 2G7 or 12H5 monoclonal antibodies were started and continued for the
next 3 weeks as in panel A. Each data point represents the mean tumor volume
+ standard deviation from six mice.

host as well as sensitize tumor cell targets to cytotoxicity
independent of ER expression. Therefore, we first examined
in a multicellular experimental system whether this sensiti-
zation to NK action was different in the tamoxifen-sensitive
LCC1 versus tamoxifen-resistant LCC2 cells. Consistent
with their phenotype in vivo, coincubation of NK effector cells
with target cells with tamoxifen in vitro resulted in sensiti-
zation of the LCC1 cells (P = .0001). On the contrary,
addition of tamoxifen reduced the lower level of NK-
mediated °1Cr release from LCC2 cells even further (P = .001;
Fig. 5).

To test the contribution of TGF-B2 to NK resistance in the
presence of tamoxifen, we used antisense phosphorothioate
oligodeoxynucleotides (27). Treatment of LCC2 cells with
3 wM antisense TGF-B2 oligodeoxynucleotides for 48 hours
abrogated the secretion of TGF-B2, compared with
nonsense oligodeoxynucleotides as measured by immunoblot
of concentrated serum-free conditioned medium (Fig. 6).
Proliferation of LCC2 cells was not affected during the
48-hour incubation with antisense oligonucleotides compared
with nonsense oligonucleotide-treated cultures. We
then examined the effect of antisense oligonucleotide-
mediated inhibition of TGF-B2 expression in LCC2 cells
on NK sensitivity in the absence and presence of tamoxifen.
Treatment of LCC2 cells with TGF-B2 antisense
oliconucleotides enhanced their sensitivity to NK effector cells

- 1in the presence of tamoxiien at all efieclor-to-target ratios tested,

but not in the absence of tamoxifen (Fig. 7), suggesting that, in
these tamoxifen-resistant cells, TGF-B2 mediates, in part, this
relative resistance to NK activity and that down-regulation of
TGF-B2 expression can unmask the NK-sensitizing effect of
tamoxifen.
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Fig. 5. Effect of tamoxifen (Tam) on natural killer (NK) cell activity against
LCC1 and LCC2 breast cancer cells. Breast tumor cells (10* per well) in 96-well
plates were labeled with *'Cr in the presence or absence of 1 pM tamoxifen and
then incubated overnight with peripheral blood lymphocytes at the indicated
effector-to-target ratios in the presence or absence of an identical concentration
of tamoxifen. Each data point represents the mean cytotoxicity derived from four
identical wells. Tamoxifen-sensitive LCC1, but not tamoxifen-resistant LCC2
cells, were sensitized by tamoxifen to NK-mediated lysis. LCC1 with tamoxifen
versus LCC1 without tamoxifen: P<.0001; LCC2 with tamoxifen versus LCC2
without tamoxifen: P = .001 (analysis of variance).

Fig. 6. Antisense-mediated inhibition
of transforming growth factor (TGF)- e o
B2 secretion. LCC2 breast cancer cells S g
were treated for 48 hours in serum-free § ,;5

improved minimum essential medium

=21

in the presence of 3 wM nonsense or
antisense TGF-B2 phosphorothioate SR
oligodeoxynucleotides. Cell medium TGFP2—» g ~ — 14

was collected, concentrated as de-
scribed in the ‘“Methods’” section, and
then subjected to an immunoblot pro-
cedure utilizing a TGF-B2 specific polyclonal antibody. Denaturation by sodium
dodecy! sulfate and boiling in the presence of dithiothreitol result in reduction of
the TGF-B2 active dimer to a monomeric TGF-f2 species of approximately 12.5
kD detectable in the medium from cells treated with nonsense oligodeoxynucleo-
tides, but not antisense oligodeoxynucleotides.

Antitumor Effect of Tamoxifen in Nude Mice Versus
Beige/Nude Mice Against Tamoxifen-Sensitive LCC1
Xenografts

To test whether both the growth-inhibitory effect and the
sensitizing effect of tamoxifen on tumor targets to NK effector
cells were related phenomena, we concurrently examined the
inhibitory effect of tamoxifen on LCC1 tumors in nude mice,
which exhibit elevated NK cell function (30), as well as in
beige/nude mice. In these animals, the beige mutation markedly
reduces NK function (30). Tamoxifen pellets were implanted 7
days after subcutaneous tumor cell inoculation. Within 4 weeks,
100% of LCC1 tumors formed in both nude and beige/nude mice
without the need for estrogen supplementation and in the ab-
sence of tamoxifen treatment (Table 1). Four weeks after tumor
inoculation, there were no detectable LCC1 xenografts in

50 ARTICLES

Fig. 7. Effect of transforming growth factor (TGF)-B2 antisense oligodeoxy-
nucleotides on basal (absence of tamoxifen) and tamoxifen-stimulated natural
killer (NK) cell function. LCC2 breast cancer cells were preincubated in serum-
free improved minimum essential medium for 48 hours with 3 pM nonsense or
antisense TGF-B2 oligodeoxynucleotides, and the cells were labeled with 3!Cr
for the last 6 hours of this incubation period. After three washes, peripheral blood
lymphocytes were added at the indicated ratios of effector-to-target cells, and
isotope release from the target cells was measured after an overnight coincuba-
tion in the absence (A) or presence (B) of 1 pM tamoxifen (Tam) in RPMI-1640
medium supplemented with 10% fetal calf serum. Each data point represents the
mean cytotoxicity calculated from four wells. All standard deviations from these
quadruplicate determinations were less than 10%. Antisense oligodeoxynucleo-
tide treatment of NK targets markedly enhanced LCC2 sensitivity to NK effector
cells compared with nonsense oligonucleotide-treated cells when coincubated in
the presence of tamoxifen (P<.0001 by analysis of variance).

Table 1. Antitumor effect of tamoxifen in nude versus beige/nude mice*

Tamoxifen Animals with tumors/ Tumor volume,
Host treatment total No. inoculated mm? + SDt
Nude — 8/8 123 +31
+ 0/8% N/A
Beige/nude — 8/8 229 + 65
+ 5/88§ 83+29

*107 LCC1 tumor cells/mouse were injected subcutaneously into 16 nude and
16 beige/nude mice as described in the ‘‘Methods’’ section. Two days later, eight
mice per group received a subcutaneous, 25-mg, 60-day release tamoxifen pellet.
Animals were serially followed for tumor formation and the tumors were har-
vested 4 weeks after inoculation. In the absence of tamoxifen treatment, tumor
take was 100% in both groups. Five of eight beige/nude mice treated with
tamoxifen developed subcutaneous xenografts, while none of the tamoxifen-
treated nude mice exhibited measurable tumors at 4 weeks. Data shown represent
the mean xenograft volume in mm?® + standard deviation of measurable tumors
only. N/A = not applicable.

7SD = standard deviation.

fNude mice; tamoxifen-treated versus tamoxifen-untreated, two-sided
P<.001.

§Beige/nude mice; tamoxifen-treated versus tamoxifen-untreated, two-sided P
= .20 (Pearson’s ¥~ test).

tamoxifen-treated nude mice. Conversely, five of eight NK-
deficient beige/nude animals treated with tamoxifen exhibited
subcutaneous tumors that measured more than 4 mm in diameter
(>100 mm®). The formation of LCC1 tumors suggested that, in
this tumor model, host NK function was, in part, mediating the
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growth-inhibitory effect of tamoxifen (Table 1). At 8 weeks,
thefe were still no detectable LCC1 tumors in nude mice treated
with tamoxifen.

DISCUSSION

We have studied the role of TGF-Bs in the tamoxifen-
resistant phenotype of LCC2 human breast cancer cells. Hor-
mone-dependent breast carcinoma cells follow a predictable
pattern from antiestrogen sensitivity to the acquisition of anti-
estrogen resistance. A number of molecular and cellular mecha-
nisms are involved in the emergence of this phenotype, includ-
ing the (infrequent) loss of ER expression, the selection of ER
mutants with altered transcriptional responses, alterations in the
intracellular pharmacology and/or binding of tamoxifen to breast
cancer cells, and other non-ER-related mechanisms (see below).
Several reviews (32,33) cover discussions on these mechanisms
in more detail. The experimental models employing LCC1 and
LCC2 cells were used in this study. These cells maintain high

. ER levels and up-regulate PgR levels in response to exogenous
estradiol (17,18), thus providing a good system to study mecha-
nisms of tamoxifen resistance that do not involve ER loss. Com-
pared with other tamoxifen-resistant tumor models, LCC2 tumor
growth is not stimulated by tamoxifen (18).

LCC2 tamoxifen-resistant cells markedly overexpress TGF-
B2 compared with LCC1 tamoxifen-sensitive cells. Tamoxifen
resistance in LCC2 tumors was abrogated by the coadministra-
tion of the antiestrogen with neutralizing TGF-B antibodies
when tested in nude mice. This response was not seen in beige/
nude mice that lack NK activity. Furthermore, tamoxifen sensi-
tized the tamoxifen-sensitive LCC1 cells, but not the resistant
LCC2 cells, to NK effector cells in vitro. Antisense oligonucleo-
tide-mediated inhibition of TGF-B2 secretion by LCC2 cells
restored the ability of tamoxifen to sensitize LCC2 cells to NK
cell-induced cytolysis. Finally, tamoxifen exhibited a greater
antitumor effect against LCC1 tumor cells in NK-plus nude mice
compared with that seen in NK-deficient beige/nude mice.
Taken together, these data suggest that overexpression of TGF-
B2 by breast tumor cells can mediate tamoxifen resistance in
vivo. Our results also suggest that host NK function is involved
in the antitumor effect of the antiestrogen tamoxifen and that
overexpression of potently immunosuppressive cytokines, like
TGF-B2, can counteract this antiestrogenic effect in the host and
thus contribute to tamoxifen resistance. Of note, however,
tamoxifen reduced the low level of NK cell-mediated toxicity
against LCC2 cells (Fig. 5). This particular result may reflect the
tamoxifen-mediated increase in TGF-B2 mRNA and the activa-
tion of secreted TGF-B activity in LCC2 cells (Fig. 1), which in
turn can block NK cell function.

Our results would seem at odds with the dogma that proposes
antiestrogen-induced up-regulation of autocrine TGF-Bs in
breast carcinoma cells and tumor tissues as a mediator of
tamoxifen’s antitumor action (8,9), and that loss of this autocrine
pathway can contribute to tamoxifen resistance. The LCC1/
LCC2 model we used argues against this hypothesis in that
tamoxifen-sensitive LCC1 cells bind TGF-B1 poorly and do not
respond 1o exogenous TGF-B1. On the other hand, the LCCZ
resistant cells express all three TGF-B receptors in high levels
(data not shown) and exhibit responses to exogenous TGF-B1 in
culture (34). Furthermore, a more recent study by Koli et al. (10)
also challenges this dogma, in that transfection of a suppressible
dominant-negative truncated type II TGF-B receptor into anti-
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estrogen- and TGF-B-sensitive MCF-7 cells abrogated TGF-
responses but not tamoxifen-mediated growth inhibition.

A rise in either the plasma levels of TGF-B2 (35) or the tumor
levels of TGF-B2 mRNA (36) has been observed in patients with
metastatic breast tumors receiving tamoxifen therapy. In one of
these studies, TGF-B1 and TGF-B3 expression in tumors was
not altered by tamoxifen therapy (36), suggesting a TGF-§ iso-
form-specific effect of tamoxifen. It was proposed in these stud-
ies that up-regulation of TGF-B2 expression is a marker of clini-
cal response to tamoxifen. However, the great majority of
tamoxifen-sensitive mammary tumors will progress to a tamoxi-
fen-resistant state, suggesting the possibility of a subsequent
temporal association between breast tumor TGF-B2 overexpres-
sion and tamoxifen resistance. This is consistent with our find-
ings in the LCC2 cells. TGF-B1 overexpression has also been
temporally associated with antiestrogen resistance in human
breast cancer cell lines (71,12) and mammary tumor tissues
(13,15).

The greater inhibition of tamoxifen-sensitive LCC1 tumors in
nude mice, which have elevated NK and normal LAK activities,
compared with that seen in beige/nude NK-deficient mice, sug-
gests that the antiproliferative effect of tamoxifen and the sen-
sitization to host NK (and possibly LAK) function are related
phenomena. Natural cytotoxicity, mediated by NK cells, is be-
lieved to play an important role in host antitumor surveillance
mechanisms. NK cells are predominantly large granular lym-
phocytes, the majority of which express CD16 and CD56 cell
surface antigens and represent overall 5%-8% of PBLs (37). NK
cells can mediate cytolysis in the absence of major histocom-
patibility complex class 1 and class 2 antigen expression in
target cells (37,38).-In patients with breast cancer and in experi-
mental systems, tamoxifen has been shown to enhance NK func-
tion and/or increase the sensitivity of tumor cell targets in an
ER-independent fashion (31,39-42). However, in one report by
Gottardis et al. (43), prolonged treatment with tamoxifen inhib-
ited NK function in nude mice and stimulated growth of tamoxi-
fen-resistant MCF-7 tumors. Nonetheless, NK activity is in-
versely related to the clinical stage of disease and/or the presence
of axillary lymph node metastases in patients with breast cancer
(44—46), implicating host natural cytotoxicity in the control of
cancer progression. Accumulation of NK cells in tumors was
temporally associated with a clinical spontaneous remission in a
patient with metastatic breast carcinoma (47). Other reports (48—
50) indicate that pharmacologically achievable concentrations of
tamoxifen enhance immune cytolysis of tumor targets mediated
by LAK cells and cytotoxic T cells. Overall and except for the
observation by Gottardis et al. (43), these reports and our results
are consistent with the hypothesis that host immune function
may play a role in the antitumor effect of triphenylethylene
antiestrogens, independent of the ER status of the tumor cell
target. These reports also suggest the possibility of synergistic
antitumor effects of tamoxifen with anti-TGF-f antibodies in
other ER-negative neoplasms. This possibility remains to be
tested.

In vitro. anti-TGF-B antibodies failed to reverse tamoxifen
resistance in LCCZ cells. This result suggests that the observed
reversal in vivo may not involve ER signaling in LCC2 cells.
Other non-ER mechanisms of antiestrogen-mediated tumor in-
hibition that involve paracrine mechanisms have been reported.
For example, tamoxifen and pure ER antagonists inhibit endo-
thelial cell proliferation within mammary tumors and promote
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the apoptosis of angiogenesis-dependent breast tumors (51,52).
Moreover, MCF-7 tumors transfected with fibroblast growth
factor (FGF)-4 and FGF-1 develop hematogenous metastases in
vivo and are unresponsive to tamoxifen (53-55), suggesting a
role for angiogenic factors in ER-independent resistance to
tamoxifen. Of note, TGF-Bs are potent inductors of angiogenesis
(2,56), thus leading to a possible causal association between
overexpression of TGF-Bs, high intratumoral microvessel den-
sity, and a tamoxifen-resistant phenotype. Whether enhanced
TGF-B2-mediated angiogenesis is involved in the antiestrogen
resistance of TGF-B2-overexpressing LCC2 tumors will require
further experiments.

In summary, we have described a novel mechanism of anti-
estrogen resistance, as well as a potentially important immuno-
logic component in tamoxifen response and acquired resistance
in human breast carcinoma cells. It is interesting that the in vitro
selection of LCC2 cells against tamoxifen produced a resistance
mechanism that functions through an effect on cells or mecha-
nisms (NK function) not involved in the initial selection. How-
ever, the greater effect of tamoxifen against LCC1 tumors in
NK-competent versus NK-deficient mice, as well as the TGF-B2
antisense oligonucleotide-mediated sensitization of LCC2 cells
to NK effectors in vitro in the presence of tamoxifen, strongly
argues in favor of this immunologic component. In addition, the
published effects of tamoxifen therapy on the expression or con-
tent of TGF-s in patients’ tumors and tumor models (13,15,36)
suggest that tamoxifen-induced overexpression of TGF-Bs can
also occur in vivo. Several practical implications could be de-
rived from these data. First, the effects of tamoxifen on tumor
host (endothelial, immune) cells will be missed in cell-
autonomous in vitro screens and potentially lead to false-
negative preclinical models. Second, ER-positive tumors that
overexpress TGF-Bs may be clinically unresponsive de novo to
tamoxifen and/or escape antiestrogens early and would, there-
fore, be candidates to alternative molecular therapies aimed at
down-regulating the overexpressed immunosuppressive (or an-
giogenic) cytokines. Future prospective clinicoepidemiologic
studies in patients should clarify the practical implications of
these data and address how predictably the overexpression of
TGF-Bs by ER-positive breast tumors may determine clinical
resistance to tamoxifen and other antiestrogens in general.
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Abstract

The LCC15-MB cell line was established from a femoral bone metastasis that arose in a 29-year-old woman initially
diagnosed with an infiltrating ductal mammary adenocarcinoma. The tumor had a relatively high (8%) S-phase fraction
and 1/23 positive lymph nodes (LN). Both the primary tumor and LN metastasis were positive for estrogen receptor (ER)
and progesterone receptor (PgR), but lacked erbB; expression. Approximately one year later, the patient presented with a
0.8 cm comedo-type intraductal mammary adenocarcinoma in the left breast that was negative for ER and PgR, but positive
for erbB;. Thirty-five months after the initial diagnosis she was treated for acute skeletal metastasis, and stabilized with a hip
replacement. At this time, tumor cells were removed from surplus involved bone, inoculated into cell culture, and developed
into the LCC15-MB cell line. The bone metastasis was a poorly differentiated adenocarcinoma lacking ER, PgR, and erbB,,
characteristics shared by the LCC15-MB cells, although ER can be re-expressed by treatment of the LCC15-MB cells for 5
days with 75 uM 5-aza-2'-deoxycytidine. The LCC15-MB cell line is tumorigenic when implanted subcutaneously in NCr
nu/nu mice and produces long-bone metastases after intracardiac injection. Although the bone metastasis from which the
LCC15-MB cell line was derived lacked vimentin (VIM) expression, the original primary tumor and lymph node metastasis
were strongly VIM positive, as are LCC15-MB cells in vifro and in nude mice. The karyotype and isozyme profiles of
LCCI5-MB cells are consistent with its origin from a human female, with most chromosome counts in the hypertriploid
range. Thirty-two marker chromosomes are present. These cells provide an in vifro/in vivo model in which to study the

inter-relationships between ER, VIM, and bone metastasis in human breast cancer.

Introduction

Cancer of the breast is the most common form of cancer
in women, and ultimately will affect 1 in 8 women in the
United States [1]. It also is the second highest cause of
cancer deaths overall, and in most cases, the mortality as-
sociated with breast cancer results from distant metastasis.
Breast cancers metastasize to various visceral organs and
brain, and this often causes acute and immediately life-
threatening problems. However, approximately 85% percent
of all breast cancer patients have detectable metastasis to
bone at the time of autopsy [2-7]. Bome metastases can
cause significant pain, spinal cord compression, and sus-
ceptibility to fracture. Furthermore, bone marrow aspirates
indicate immunochemically detectable metastatic cells at
the time of initial surgery in 27% of breast cancer patients
[8], and this has recently emerged as a reliable indicator of
metastatic disease and poor outcome [9]. Thus, bone metas-
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tasis represents an important aspect of breast cancer with
substantial clinical significance.

Several lines of evidence indicate a molecular specificity
to the process of bone metastasis, the most striking be-
ing the preference of the bone site for cells of breast and
prostate tumor origin [7, 10]. However, mechanisms of bone
metastasis are poorly understood, and it is clearly impor-
tant to further elucidate the cellular processes necessary for
human breast cancer cells to metastasize to, and destroy
bone. Several in vivo models have been established in nude
mice to elucidate factors involved in breast cancer metas-
tasis. While both ectopic and orthotopic inoculation can
result in distant metastatic spread, this rarely involves bone
[11, 12]. Accordingly, seeding of mouse bones after intra-
arterial injection has been developed as a model system for
the study of bone metastasis, initially with melanoma cells
[13], and more recently with breast cancer cells [14-16].
Using this model, Yoneda and co-workers have shown that
MDA-MB-231 cells injected info the left ventricle reliably
form osteolytic lesions in the bones of nude mice, and that
these lesions can be stimulated by increased bone turnover
and inhibited by bisphosphonates [16, 17]. Additional av-
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enues of research have examined the interactions between
breast cancer cells and bone cells in vitro [18-20], and col-
lectively these studies have provided some insights into the
mechanisms at play in osteolytic bone metastasis [10, 21].

While studies in these models, and in vitro, rely on the
existence and preservation of bone-metastasis-related traits
in established breast cancer cell lines, none of the cur-
rently available breast cancer cell lines were derived from
a bone metastasis. Most were derived from pleural effu-
sions [22, 23], although BT-20 cells were derived from
a primary mammary adenocarcinoma [24], Hs578T from
a primary mammary carcinosarcoma [24], and the MDA-
MB-361 from a brain metastasis [25]. We hypothesized that
breast-to-bone metastasis derived cell lines may retain and
recapitulate molecular and cellular aspects of this disease in
animal models, and may subsequently provide a vehicle for
their study. Thus, we now describe the establishment and
initial characterization of LCC15-MB, a cell line isolated
from the femoral metastasis of a breast carcinoma. Since
LCCI15-MB cells may have a better representation of at-
tributes involved in bone metastasis, they may aid in the
elucidation of the molecular mechanisms involved in this
process. We have characterized LCC15-MB cells, the origi-
nal primary tumor, and the bone metastasis from which this
cell line was derived, for estrogen (ER) and progesterone
(PgR) receptors and the intermediate filament protein vi-
mentin (VIM), markers that have been correlated with bone
metastasis and overall metastasis of breast cancer, respec-
tively [26-28]. We also determined the ability of these cells
to grow and recolonize bone in nude mice.

Materials and methods

Patient description and marker analysis

The description of each lesion and initial marker analysis
at diagnosis are summarized in Table 1. The patient pre-
sented at age 28 with a 2.5 cm mass in the right breast.
The mass was biopsied, diagnosed as infiltrating ductal car-
cinoma and removed, along with 23 lymph nodes, by mod-
ified radical mastectomy. The diagnosis was confirmed by
mastectomy, and one of the 23 nodes found to contain metas-
tasis. The biopsy, mastectomy, and positive node specimens
were ER+, PgR+, and erbB;-negative. An apparently un-
related primary lesion arose in the left breast approximately
11 months later, was biopsied, and subsequently removed
by modified radical mastectomy. This contralateral tumor
was ER-negative, PgR-negative, erbB,+, and classified as
a comedo-type ductal carcinoma in situ. This was thought to
be the result of an independent event. Approximately 3 years
after the initial primary tumor was diagnosed at another hos-
pital, the patient presented at our institution with acute bone
metastasis and was stabilized by hip replacement. Material
from the bone metastasis was archived in paraffin, and also
processed for propagation in culture. To our knowledge, the
patient did not present with metastases to any additional
organs.

E.W. Thompson et al.
Cell line isolation and culture

Surplus tumor material (approximately 1 cm?) from in-
side the marrow cavity was collected in Richter’s Improved
Minimal Essential Medium (IMEM, Biofluids, Gaithers-
burg, MD), supplemented with antibiotics (penicillin and
streptomycin; Biofluids, 100 U/ml final concentration), and
transferred to the laboratory. The tissue was minced with
scalpel blades into pieces of approximately 1 mm?, and agi-
tated vigorously in 50 ml IMEM with antibiotics to disperse
loosely attached cells. The tissue pieces were allowed to
settle, and the resultant supernatant plated in IMEM supple-
mented with 5% fetal bovine serum (IMEM/5%FBS). Each
tumor piece was plated individually into 24-well clusters in
IMEM/5%FBS, and cultures were incubated at 37 °C, 5%
CO»/95% air, in a humidified incubator. Media was replaced
carefully every 3—4 days, and cultures were monitored mi-
croscopically. No viable cultures arose frorh plating the cell
suspensions. The LCC15-MB culture arose from one of the
24-well explant cultures.

The LCC15-MB cells have since been subcultured and
maintained under standard conditions routinely used for es-
tablished human breast cancer cell lines, i.e., weekly passage
at 1:10 in IMEM/10%FBS. The cells have been passaged
continuously for approximately 50 passages, and were sent
to the cell culture laboratory at the Children’s Hospital
of Michigan (Detroit, MI) for chromosomal analysis and
characterization of isozyme phenotypes at passage 20.

Histology and immunocytochemistry

Archival paraffin blocks were obtained for both the biopsy
and mastectomy of the original primary tumor in the right
breast, the associated lymph node, the second (left side) tu-
mor biopsy and corresponding mastectomy specimen, and
the bone metastasis from which the cell line was derived.
In addition, material from both subcutaneous xenografts and
bone metastases arising in the nude mice were fixed in for-
malin and embedded in paraffin following routine procedure
(after decalcifying bone specimens). Histological sections
were prepared by the Lombardi Cancer Center Shared Tis-
sue Resource. Slides were heated to 60 °C and submerged
in xylene for 10 minutes (twice) to de-paraffinize tissue sec-
tions. After clearing in 100% and 70% ethanol, bones and
tumor tissue were hematoxylin-eosin stained by routine pro-
cedures. Immunohistochemistry was performed on paraffin
sections by autoimmunostainers (TechMate 1000, BioTek
Solutions, Santa Barbara, CA and Ventana 320, Ventana
Medical System, Tucson, AZ) using a standard peroxidase
and avidin-biotin-complex method with diaminobenzidine
as the chromogen. For immunohistochemistry, the estrogen
receptor antibody (Immunotek, Inc. Westbrook, ME, USA)
was used at a F:50 dilution, the progesterone receptor anti-
body at 1:25 (Novacastra Laboratories, Ltd. Newcastle upon
Tyne, UK), and the erbB; antibody at [:75 (Immunotek).
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Figure 1. A representative karyotype prepared from the LCC15-MB cell line metaphases showing a total of 74 chromosomes. Five other karyotypes (not
shown) revealed 73(n = 1), 76(n = 1) and 75(n = 3) chromosomes respectively.

Immunofluorescence microscopy of cell cultures

Human breast cancer cells were plated on glass cover slips,
placed in 24-well plates (Falcon/Becton Dickenson, Franklin
Lakes, NJ), and cultured to approximately 80% conflu-
ence in IMEM/10% FBS. Individual cover slips were fixed
in cold 80% methanol for 5 minutes, followed by.cold
acetone for 2 minutes. Before immunostaining, the cells
were washed/rehydrated in 1X phosphate buffered saline
(PBS, Gibco BRL, Gaithersburg, MD) and nonspecific sites
blocked by incubation with 3% FBS for 30 minutes at room
temperature. The coverslips were then incubated with pri-
mary antibodies against either vimentin (1:20 dilution, clone
V9, Boehringer Mannheim, West Germany) or keratin (1:20
dilution, clone AE1/AE3, Gibco, BRL) diluted in 0.3% BSA
for 1 hour at room temperature. A FITC-conjugated goat
anti-mouse IgG secondary antibody (Gibco BRL, Gaithers-
burg, MD; dilution 1:50) was applied to the cells for 1 hour
at room temperature. Coverslips were mounted on micro-

scope slides and examined using a Zeiss Photoscope at a
magnification of 25X.

Reverse transcription (RT) PCR analysis of keratins

The RT reaction was carried out using 500 ng RNA in each
tube (total volume = 20 u1) with first strand buffer (250 mM
Tris-HCL, 375 mM KCl, 15 mM MgClp), 2.5 mM dNTPs,
10 mM DTT, 2.5 uM random hexamers, 1 U/ml RNAsin
and 200 U MMLYV reverse transcriptase (all reagents from
Gibco BRL, Gaithersburg, MD). Cycle conditions were 1
hour at 42 °C and 5 minutes at 96 °C (Bios Thermal Cycler,
Columbia, MD). The subsequent PCR amplification was car-
ried out in a 50 ul reaction volume consisting of reaction
buffer (50 mM KCl, 10 mM Tris-Cl, pH 8.8, 1 mM MgCl),
2.5 mM dNTP’s, 0.5 uM primers, and 2.5 U Taq DNA poly-
merase (Gibco BRL, Gaithersburg, MD). The PCR cycles
were 1 min at 94°C, 1 min at 55°C, and 2 min at 72°C; 40
cycles total. The primers used are as follows: K18 (forward)
5 GAA GAA CCA CGA AGA GGA AG 3/, K18 (reverse)
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Table 1. Specimen description of the primary breast lesions and resultant lymph node and bone metastasis with
estrogen receptor (ER) and progesterone receptor (PgR) status as determined by immunocytochemical assays

at times of biopsy (Nichols Institute, San Juan Capistrano, CA). ND = no data.

Date Tissue Operation Diagnosis ER/PgR/Ploidy/S-Phase
1/11/90 Right breast Biopsy Infiltrating ductal ER = 30% cells positive
carcinoma, 2.5 cm PgR = negative
Aneuploid (1.39)
S-phase 8%
1/23/90 Right breast Modified radical Residual intraductal ND
mastectomy carcinoma
1/23 lymph node ER 28 fmol/mg protein
metastases PR 121 fmol/mg protein
Aneuploid (1.49)
S-phase 11.2%
12/4/90 Left breast mass Biopsy Intraductal carcinoma  ER = negative .
(comedo-type) PgR = negative
12/18/90  Left breast Modified radical Residual intraductal ER = negative
mastectomy carcinoma PgR = negative
No lymph node
metastases
1/22/93 Bone, Biopsy Metastatic ER = negative
proximal femur adenocarcinoma PgR = negative

5" CCA AGG CAT CAA GAT TA 3’ to amplify a 548 bp
fragment of keratin-18 [29], and K19 (forward) 5° AGG
TGG ATT CCG CTC CGG GCA 3, K19 rev 5’ ATC TTC
CTG TCC CTC GAG CA 3’ to amplify a 460 bp segment
of keratin-19 as described by Noguchi et al. [30]. Following
PCR amplification, 10 pul of each PCR product was resolved
on a 2% agarose gel and stained with ethidium bromide.

Estrogen receptor (ER) and progesterone receptor (PgR)
analysis

ER and PgR data for the original primary breast tumor and
lymph node metastasis were recovered from the original
reports and confirmed in the archival paraffin blocks. We
also performed immunohistochemistry on the LCC15-MB
tumor xenograft and mouse bone metastasis. For the cell
line in vitro, we performed ligand binding analysis for both
ER and PgR [31]. We also performed RT-PCR analysis of
ER before and after treatment with the demethylating agent
5-aza-2'deoxycytidine [32]. MCF-7 cells were included as
a positive control. Cells were seeded at 5 x 10° cells/cm?
in each of four T-175cm? flasks in IMEM/5%FBS. After
24 hours, the media from all flasks were replaced with
IMEM/5%FBS without (control) and with (test) 0.75 uM
5-aza-2'deoxycytidine (Sigma, St. Louis, MO) for 5 days
[32]. Total RNA was isolated with TRIzol reagent, and
used as the template for cDNA synthesis by AMV reverse
transcriptase. Human ER intron-spanning oligonucleotide
primers (5-GCACCCTGAAGTCTCTGGAA-3’ and 5'-
TGGCTAAAGTGGTGCATGAT-3') were used to amplify
ER fragments by PCR. Cycling conditions for PCR, after
an initial denaturation at 95°C for 3 min, were 95°C for

I min, 55°C for 30 seconds, and 72°C for 1 minute for
40 cycles. Finally, one polymerization cycle at 72 °C for 5
minutes was performed. PCR products (20 ul of each 50 ul
reaction) were size fractionated by electrophoresis in a 1%
agarose gel.

In vivo studies

All experiments were performed in accordance with federal
government and institutional guidelines for the humane use
of vertebrate animals in biomedical research. Mice were
housed in sterile laminar flow rooms at 25 °C and 50% hu-
midity, and sacrificed by CO; asphyxiation at the end of
each experiment. Subcutaneous (s.c.) xenografting was per-
formed as previously described [33]. LCC15-MB cells were
harvested from near confluence with trypsin, resuspended
in phosphate buffered saline (PBS, Gibco BRL, Gaithers-
burg, MD) at 1 x 107 cells/ml, and inoculated bilaterally
(5 x 109 cells/site) into the mammary fat pad region of 6-
8-week-old ovariectomized female NCr nu/nu nude mice
(NCI, Frederick, MD). Mice were monitored daily, and tu-
mor measurements were taken twice weekly for 30 days.
At sacrifice, samples of all organs were fixed in formalin,
embedded in paraffin, and analyzed by routine histology
(hematoxylin and eosin).

Intracardiac cell (i.c.) inoculation also was performed to
examine the propensity of these cells for bone metastasis
[15]. LCC15-MB tumor cells were harvested with trypsin
as described above, washed twice by centrifugation, and re-
suspended (100,000 cells/100 wl) in PBS. Cell viability was
determined by trypan blue exclusion and cell suspensions
showed a viability greater than 90%. Prior to inje¢tion, the
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Figure 2. Immunocytochemical analysis of LCC15-MB (patient) right primary lesion, lymph node metastasis and bone metastasis. Routine hematoxylin
and eosin (H & E), vimentin, keratin and estrogen receptor are shown. Note that tumor cells from right primary lesion and lymph node metastasis are
ER-positive, while the bone metastases has lost ER expression of these markers. Vimentin was strongly positive in the original primary tumor and fymph
node, but the focal staining in the bone metastasis was not reproducible and was considered negative. Keratin was strongly positive in all lesions.

cell suspension was agitated using a pipet to disperse aggre-
gates. For i.c. injection of tumor cells into the left ventricle,
animals were anesthetized by inhalation of methoxyflurane
(Pittman Moore, Mundelein, NJ). The anterior chest was
scrubbed with ethanol and the left ventricle located by using
the second intercostal space and sternum as landmarks. A
30-gauge needle with a tuberculin syringe was inserted, with
the spontaneous, pulsatile entrance of oxygenated blood into
the needle hub indicating proper positioning of the needle.
The tumor cells were then injected, and the mice allowed
to recover from the anesthesia before being returned to their
cages. After a period of four weeks, animals were sacrificed,
bones and soft organs removed and placed in 10% formalin
fixative for histological analysis. A total of nine mice per
group was used in the experiment.

Results

Karyotype and isozyme analysis

Karyotype and isozyme analyses were performed in order
to confirm the human origin and uniqueness of the LCC-
15MB cell line. A representative chromosomal spread, from
six such spreads, is shown in Figure 1. Table 2 shows the
distribution of the normal and marker chromosomes, respec-
tively. There were no normal sex chromosomes, although
marker chromosome M25 appeared to be X-derived (Xq+).
Chromosomes 7 and 17 were not present intact. There was
one copy each of chromosomes 1,11,13,19, 21 and 22, one
to two copies each of chromosomes 3, 10, 12, 15, 16 and 20,
two copies of chromosomes 2, 6, 8, 9, and 18, two to three
copies of chromosome 4, and three copies of chromosome 5
and 14. Only human chromosomes were detected, confirm-
ing that cells from other species were absent. The karyotype
is consistent with that of a human female, with most chromo-
some counts in the hypertriploid range. The pattern appears
unique, and is consistent with the cells being free of con-
tamination with other cell lines. The isozyme profile of the
LCC-15MB cells, as compared with other selected human
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Tuble 2. Karyotype analysis of marker chromosomes for the LCC15-MB
cell line. Thirty-two marker chromosomes were found and their probable
origins and frequencies of occurrence as observed in the six karyotypes are
summarized.

Marker and Probable Origins Frequency per Karyotype (k)

M1 =inv.? (Iqtr>1q22::1p35>1p10:) 6k

M2 =2q+ 6k, 2 copies / 3k
M3 =del (3) (p12;) 6k
M4 =iso (3q) 5k
M5 = Peri inv. (11) (p14q12) 6k
M6 = t(6p;?) 6k
M7 = inv. (7) (p14921) 6k
M8 =t (17q;?) 6k
M9 = t(7q;?hsr) 6k, 2 copies / 1k
M10 = (9q;10q) 6k
MI11 =t (7p;10q) 6k, 2 copies / 4k
Mi2="? 6k
M13 =t (lig;159?) 4k
M14 =del (11) (p11) Sk
MI15 =1? (3pter>p24::hsr:p22> 6k
M16 = hsr? 6k
MI17 =t (Ipter>1p31::7) 6k

M18 = t? (3pter>3q21::4q22>4qtr) Sk
M19 =del (7) (:pl4>q21::q32>qter) 6k

M20 = del(12) (q23) Sk
M21 =7 Sk
M22 = 13p+7? Sk
M23 = 16q+? 6k, 2 copies / 4k
M24 =7 6k
M25 = Xq+ 6k
M26 =? 3k
M27 =" 6k
M28="? 4k, 2 copies / 2k
M29 =7 3k
M30 = DEL (6) (P22.1) 4k
M31="? 4k
M32=7 5k

breast cancer cell lines, is shown in Table 3. Consistent with
the karyotype analysis, it is apparent that the LCC-15MB
cells represent a unique human cell line. The estimated fre-
quency of this isozyme pattern is P = 0.0432, indicating
that less than 5% of cell lines would be expected to have
this profile. When considered with the karyotype analysis, it
is apparent that the LCC-15MB cell line is unique and not
contaminated with cells from other cell lines.

Hormone receptor status of LCC15-MB cells

Given the importance of hormone receptor status for breast
cancer prognosis [26] and the presence of estrogen receptors
in the original invasive mammary tumor and lymph node
metastasis (Table 1), we examined ER and PgR levels in the
bone metastasis from which LCC15-MB cells were derived.
Retrospective immunocytochemical analysis of this patient
material revealed it to be ER negative, PgR negative, and
erbB; negative (Figure 2 and Table 4). While there is some
evidence of focal vimentin staining in the bone metastasis
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Figure 3. Ethidium bromide-stained agarose gel with bands represent-
ing estrogen receptor (ER) analysis of the LCC-15-MB cell line by
RT-PCR, with reexpression of the ER in culture following addition of
5-aza-2'-deoxycytidine. Lane 1. Lambda/Hind III DNA markers (3 He),
2. LCC15-MB (no treatment), 3. LCC15-MB (treated), 4. MDA-MB-231
(no treatment), 5. MDA-MB-231 (treated), 6. MCE-7.

(Figure 2), this is not reproducible and does not appear to
represent authentic vimentin staining. The biopsy specimen
from the right breast mass was positive for ER but negative
for PgR (Table 1, Figure 2). In contrast, the lymph node
metastasis was positive for both ER and PgR (Figure 2 and
Table 4). ER and PgR were absent from the left breast biopsy
and left mastectomy.

ER was not expressed by xenografted LCC15-MB cells
growing either subcutaneously or in the bone marrow cavity
of nude mice (Table 4, Figure 7), or in cultured LCC15-MB
cells (Figure 3). The apparent focal ER staining (Figure 7) is
not reproducible and, since ligand binding (not shown) and
RT-PCR analyses were negative (Figure 3), is most unlikely
to reflect ER expression. ER mRNA expression could be
obtained in the LCC15-MB cells by 5-aza-2'-deoxycytidine
treatment for 5 days [32]. Figure 3 depicts RT-PCR re-
sults showing amplified cDNA fragments of the expected
size (410 bp) in ¢cDNA pools derived from LCC15-MB
and MDA-MB-231 cells treated with 5-aza-2’ deoxycytidine
(Figure 3, lanes 3 and 5), but not in the untreated cells.

In vitro morphology and intermediate filament proteins

We compared the morphological characteristics of LCC15-
MB cells to cell lines in which the progression status has
been well established [34-36]. As seen in Figure 4, the
LCC15-MB cells more closely resemble the stellate mor-
phology of the invasive MDA-MB-231 human breast cancer
cell line, than the more polygonal, epithelial clusters formed
by the MCF-7 cells. Such a stellate morphology in culture
has been associated with the expression of vimentin [33,
34], an intermediate filament protein usually seen in mes-
enchymal cells. Vimentin expression is up-regulated in all
invasive human breast cell lines we have studied to date
[33, 36, 37]. Because of their stellate morphology, we ana-
lyzed expression of vimentin, and the epithelial intermediate
filament protein counterpart, keratin, in LCC15-MB cells
compared to several other human breast cancer cell lines. As
seen in Figure 5, both the LCC15-MB and MDA-MB-435
cells strongly express vimentin, whereas keratin expression
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Table 3. Isozyme analysis of several breast cancer cell lines including the MCF-7, MCF-7/MIII,
MCF-7/ADR, MDA-MB-231, MDA435/LCC6, EVSA-T, LCC15-MB and ZR-75-1 human breast
cancer cell (Human breast cancer) lines; LDH = lactate dehydrogenase, G6PD = glucose-6-phosphate
dehydrogenase, PGM1 = phosphoglucomutase-1, PGM3 = phosphoglucomutase-3, ESD=esterase D,
Me-2 = mitochondrial malic enzyme, AK-1 = adenylate kinase, GLO-1 = glyoxalase. From this
analysis, the phenotypic frequency of the LCC15-MB cell line is 0.0432 signifying that less than 5%
of other cell lines share an identical isozyme phenotype profile. ND = no data.

Cell Line LDH G6PD PGMI1 PGM3 ESD Me2 AK-1 GLO-1
MCF-7 Human-5 B 1 1 1 0 1 12
MCF7/MIII Human-5 B 1 1 1 0 1 1-2
MCF7/ADR Human5 B 1 1 ] 0 1 1-2
MDA-MB-231 Human-5 B 1-2 1 1 ND 1 2
MDA435/LCC6 Human-5 B 2 1 1 0 1 2
EVSA-T Human5 B 1 1 1 1 1 2
LCCI5-MB Human-5 B 12 1 1 0 1 2
ZR-75-1 Human-5 B 12 2 1 0 1 2

Table 4. Summary of immunocytochemical data for estrogen receptor (ER), and progesterone receptor
(PgR), keratin (Ker), vimentin (Vim) and erbB; in the LCC15-MB primary breast lesions, resultant lymph
node and bone metastasis, and subcutaneous and bone xenografts of LCC15-MB cells in nude mice. ER,
PgR. Ker Vim and erbB, analyses in this table were done at Georgetown University, those in Table 1 were

obtained commercially. ND = no data.

Tissue Operation Diagnosis ER PgR Ker Vim erbBy
Right breast Biopsy Infiltrating ductal + - + + -
mass carcinoma, 2.5 cm (80%)
Right breast Modified Residual intraductal + + + + -
mass radical carcinoma (50%) (30%)
mastectomy

1/23 lymph node + + + + -

metastases 90%)  (20%)
Left breast Biopsy Intraductal carcinoma  — - + . +
mass (comedo-type)
Left breast Modified Residual intraductal - - + - +
mass radical carcinoma,

mastectomy  No lymph node

metastasis
Bone, proximal ~ Biopsy Metastatic - - + - -
femur adenocarcinoma
Subcutaneous - - + ++ =
xenograft
Bone - - + ++ ND
metastasis,
intracardiac

is undetectable. Vimentin also is highly expressed in both
the LCC15-MB subcutaneous tumor and bone metastasis
(Table 4). In contrast, the relatively epithelioid MCF-7 cells
show strong keratin but not vimentin staining. The MDA-
MB-231 cell line expresses intermediate levels of each class
of intermediate filament protein.

We were surprised at the lack of keratin immunostaining
in the carcinoma-derived LCC15-MB and MDA-MB-435
cells, and further investigated keratin mRNA expression

levels in these cell lines by RT-PCR (Figure 6). Specific
primers to keratin 18 amplified the appropriately-sized frag-
ment in both LCC15-MB and MDA-MB-435 cell lines, but
this was not the case for keratin 19. In contrast, the MCF-7
and MDA-MB-231 cell lines expressed both keratin 18 and
19. Keratins 18 and 19 represent two of the more reliable
markers for epithelial differentiation [38]. While keratin 19
expression is more restricted, both keratin 18 and 19 have
been demonstrated in malignant and benign tissues [38, 39].
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Figure 4. Phase contrast micrographs displaying typical morphology of
the LCC15-MB (A), MDA-MB-231 (B) and MCF-7 (C) cell lines grown
on plastic. Compare the stellate morphology of the MDA-MB-231 and
LCCI5-MB cells to the compact morphology of MCF-7 cells. Magnifica-
tion = 40x.

The presence of keratin 18 mRNA in the LCC15-MB and
MDA-MB-435 cell lines confirm their epithelial derivation,
but the low overall levels of keratin protein (Figure 5), and
the lack of keratin 19 mRNA, suggest that they have se-
lectively lost epithelial characteristics while gaining a more
mesenchymal phenotype.

We also evaluated erbB; levels. The right breast biopsy
and modified radical mastectomy tissues were erbB; nega-
tive, as was the patient’s bone metastasis and the LCC15-MB
cells growing in vitro and in vivo (Table 4). In contrast,
erbBs was detected in the intraductal carcinoma that arose
in the left breast.

In vivo growth

Upon subcutaneous inoculation into nude mice, the LCC15-
MB cells showed exponential growth after a lag phase of 7
days. The tumors have a doubling time of approximately 6
=+ 2 days, with tumors arising in 100% of mice inoculated.
The tumors are homogeneous, poorly differentiated carcino-

E.W. Thompson et al.* *

MDA435

o &

' <
3 o
g =

MCF-7

Figure 6. Ethidium bromide-stained agarose gel with bands represent-
ing expression of keratin 18 or 19 in LCCI15-MB, MDA-MB-231,
MDA-MB-435 and MCF-7 cells as determined by RT-PCR. Lane N is a
negative control for the RT reaction in which the reverse transcriptase en-
zyme was omitted. Note that while keratin 18 is expressed by all four cell
lines, keratin 19 is not expressed by the LCC15-MB or MDA-MB-435 cell
lines.

mas (Figure 7). Since LCC15-MB cells were derived from
a bone metastasis, we also used a recently described model
for bone metastasis analysis in nude mice [15-17]. LCC15-
MB cells were injected i.c. in two separate experiments. In
the first experiment, target organs were minced and cultured,
and the metastasis to different organs scored on the basis
of LCC15-MB cell outgrowth. As summarized in Table 5,
LCC15-MB cells formed occasional lesions in a number of
organs (kidney, spleen, lung, liver, heart and brain), but con-
sistently colonized bone, as assessed by the outgrowth from
cultured organs or bones resected from each mouse. In both
the patient biopsy and the LCC15-MB xenografts, the bone
lesions were predominately osteolytic. However, as might be
expected, there is some evidence of new bone formation in
the patient bone lesion.

One mouse developed an intraperitoneal tumor that may
have been seeded through injection error. Outgrowth cul-
ture is the most sensitive indicator of viable metastasis in
comparative studies using the MDA-MB-231 cells, which
metastasize much less frequently to bone [15]. In the second
experiment, we processed bone, spleen, kidney, brain, lung
and liver for histological analysis four weeks after intrac-
ardiac injection. Histologically evident bone metastasis was
apparent in one of the four bones sectioned, as illustrated in
Figure 7. These data confirm the capability and propensity
of this cell line for bone metastasis in this model.

Discussion

We have developed a new cellular model for the study of
metastasis from human breast cancer in general, but partic-
ularly to bone. These cells are shown to be karyotypically
distinct from other human breast cancer cell lines, but have a
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Figure 5. Micrographs showing immunofluorescent labeling of vimentin (A,C,E,G) and keratin (B,D,EH) in LCC15-MB (A,B), MDA-MB-231 (C,D),
MDA-MB-435 (E,F) and MCF-7 (G,H) human breast cancer cell lines. Although LCC15-MB and MDA-MB-435 cells stain rather strongly for vimentin,
they display very little keratin. In contrast, MCF-7 cells express high levels of keratin, but no vimentin. The MDA-MB-231 cell line appears to express
intermediate levels of both vimentin and keratin. Magnification = 25x.
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Figure 7. Immunohistochemical analysis of vimentin, keratin and estrogen receptor expression in the LCC15-MB cell line growing as a subcutaneous
xenograft or bone metastasis resulting from inoculation of the cell line into nude mice. As seen in culture, the LCC15-MB cells remain positive for
vimentin but negative for keratin and estrogen receptor at both sites. Background cytoplasmic staining for estrogen receptor is considered negative in the
absence of nuclear staining, as indicated. Magnification = 10x.
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Table 5. Frequency of organ specific metastasis
from a representative LCC-15-MB cell intracar-
diac injection experiment (group of 5 mice) as
measured by resultant cell cultures (total number
established) obtained following sacrifice of the
animal. Note that the majority of cultures, rep-
resenting metastases (70%), arose in bony sites
(tibia, femur, vertebra).

Organ site Number of cultures

Tibia 4
Femur 4
Vertebra 8
Lung 0
Liver 0
Kidney 1
Spleen 2
Heart 1
Brain 1
Intraperitoneal tumor 1

mesenchymal-like phenotype indicated by vimentin expres-
sion, a hallmark shared by other metastatic cell lines. It is
particularly valuable to have access to the patient material
from which this cell line was established, and a number
of relationships have been identified with respect to marker
analysis in the primary tumor. The expression of ER in
the primary tumor is consistent with the higher propensity
reported for ER-positive tumors to metastasize to bone [40—
42]. However, it was surprising to find that both the cell line
and bone metastasis from which it was derived lacked ER
expression, since the original primary tumor and lymph node
metastasis were strongly positive. Further analyses on pri-
mary tumor and corresponding bone metastasis is required
to clarify whether this case is anomalous, or whether ER is
down-regulated in the bone environment after facilitating the
initial metastasis.

Down-regulation of the ER in bone metastases has not
been widely reported, though it has been hypothesized
that the enhanced propensity of ER-positive breast cancer
cells to metastasize to bone may be due to local steroid
production, since bone cells are also estrogen-responsive
[43—46]. It is not clear whether cells in the bone environment
synthesize large amounts of estrogens. However, estrogen
down-regulates ER expression, with prolonged exposure to
any bone-derived estrogen possibly resulting in the hyper-
methylation of the ER gene as implicated by the 5-aza-2’
deoxycytidine data.

ErbB; is a member of the EGF-receptor family, and
interacts with erbB3 or erbB4 to facilitate responses to
heregulins [47]. In the current study, erbB; overexpression
as detected by immunohistochemistry, was absent from all
the specimens in the right breast. While this expression was
clearly present in the intraductal carcinoma from the left
side, it was not seen in either the bone metastasis, cell line,
or xenografts. Amplification and/or overexpression of erbB;
has been shown to correlate with poor clinical outcome in
lymph-node positive patients, but the prognostic significance
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of erbB; in node-negative disease, as seen here in the left
breast lesion, is controversial [48]. ErbB; expression has
been associated with poor clinical outcome in a certain sub-
set of node-negative patients; those with small, ER-positive,
predominantly invasive tumors [49]. The lack of expres-
sion of erbB; in the metastasic bone lesion supports the
underlying assumption that it arose from the erbB; negative,
invasive lesion on the right, rather than from the DCIS on
the left. Preliminary attempts to verify this assumption us-
ing FISH analysis with six commonly-altered markers were
inconclusive.

The original primary tumor and lymph node metastasis
were strongly VIM+, yet the bone metastasis in the patient
was clearly VIM-negative. The possibility that VIM expres-
sion could be down-regulated by the bone environment was
explored in the nude mouse experimental bone metastasis
model, but VIM expression remained high. Analysis of a
series of bone metastases in conjunction with their primary
tumors is required to further explore this issue. The abun-
dant expression of VIM in the primary tumor and lymph
node metastasis is consistent with derivation from an aggres-
sively metastatic tumor, since a strong correlation has been
reported between basement membrane invasiveness in vifro
and the expression of vimentin in cell lines [33]. Clinically,
vimentin associates with a high growth fraction, poor nu-
clear grade, and lack of ER in breast cancer [50, 51], and
80 it is surprising to see coexpression of VIM and ER in the
primary lesion and lymph node metastasis. We have previ-
ously seen that VIM is down-regulated in the lymph node
metastases associated with VIM+ cervical carcinomas [52],
but this has not occurred in the LCC15-MB patient, since the
lymph node metastasis is strongly VIM+-.

Vimentin expression has been reported in a variety of
epithelial tumors, where it is thought to arise by a process
resembling the epithelial to mesenchymal transition (EMT,
reviewed in [28]). The EMT is known to transiently occur
when epithelial cells adopt a migratory and possibly invasive
state, during embryogenesis, organ development, and wound
healing (reviewed in [53]). Domagala et al. [51] found
that 22% of 253 invasive, ductal but not-otherwise-specified
breast carcinomas were VIM positive. While there was no
association between vimentin and lymph node status in this
study, vimentin was an independent predictor of outcome in
the node-negative group. In our own study of 60 invasive
ductal breast carcinomas, we found focal vimentin expres-
sion in 6.7% of non-recurring and 26.7% of recurring tumors
[54]. The EMT could contribute to the invasive progression
of many more carcinomas, where it may be expressed by
fewer cells in the tumor periphery [28]. Such expression
has been difficult to verify because of the abundance of
vimentin-positive host cells in this region. No previous data
exist regarding the potential relationships between vimentin
expression and bone metastasis, but our studies warrant fur-
ther investigation in this area. Nevertheless, the data from
this patient that expression of vimentin in the primary tu-
mor was associated with the overall aggressiveness of her
disease, are consistent with the clinical association between
vimentin expression and ER negativity.



. LCCI15;MB: a vimentin-positive bone metastatic cell line

In summary, the LCC15-MB cells are shown to selec-
tively re-colonize bone after arterial inoculation in the nude
mouse model, and apparently have retained certain molec-
ular traits responsible for this process. Thus, they provide
an new resource with which to further define the molecular
basis of bone metastasis, a painful and debilitating aspect of
breast cancer.
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Abstract

Protein phosphatase 2A (PP2A) acts as a growth suppresser and is negatively influenced by oncogenic signals. We deter-
mined its activity in various human breast carcinoma (HBC) cell types to understand its relationship to estrogen receptor (ER)
expression as well as to the distribution of protein kinase C (PKC), an opposing enzyme. PP2A activity was measured using a
preferred substrate, histone H1 phosphorylated by PKC. PP2A activity was higher in both the soluble and nuclear fractions of
ER-positive cell lines (MCF-7, T47D and ZR-75-1) than in the ER-negative cell lines (MDA-MB-231, Hs578T and BT-20).
PP2A multiple forms (2A,, 2A,, 2A,), separated by DEAE—cellulose chromatography and immunoblot analysis of PP2A
catalytic subunit, also showed similar differences in these two HBC cell types. In all cases, PP2A distribution was inversely
correlated with the PKC activity profile. Moreover, PP2A activity in MCF-7 cells maintained in estrogen-depleted medium was
low. Nonetheless, it was induced by a prolonged treatment with 178-estradiol, this induction being blocked by the antiestro-
gens, tamoxifen and ICI-182,780. Studies in both MCF-7 transfectants stably overexpressing ras and MDA-MB-231 transfec-
tants stably expressing ER, suggested that a low PP2A distribution in ER-negative HBC cell types may be related to tumor
progression rather than the loss of ER. Conceivably, the presence of high PP2A along with low PKC in ER-positive HBC cell
types may be related to the restricted cell growth associated with the retention of a certain degree of differentiation or hormonal
control. Conversely, the presence of low PP2A along with high PKC in ER-negative cell types may be related to hormone-
independent enhanced cell growth. © 1999 Published by Elsevier Science Ltd. All rights reserved.

Keywords: Protein phosphatase 2A; Protein kinase C; Estrogen receptor; Breast carcinoma cells; Nuclear localization; Tumor progression

1. Introduction [2]. Previous studies have shown that ER-positive
human breast carcinoma (HBC) cell types possess a

Breast carcinoma cell growth is influenced by an lower activity of both PKC and EGF-R expression

interplay between steroidal hormones and autocrine as
well as paracrine growth factors [1,2]. The importance
of protein kinase C (PKC) in the expression and func-
tion of estrogen receptor (ER) and epidermal growth
factor (EGF) family peptides has been emphasized

* Corresponding author. Tel.: + 1-213-3421770; fax: + 1-213-
3423158; e-mail: rgopalak @hsc.usc.edu.

compared to ER-negative cell types [3]. However,
understanding the state of phosphorylation of these
receptors by following the activation of protein
kinases alone is often difficult, since these events
also are equally influenced by the negative regulation
involving protein phosphatases.

Protein phosphatase 2A (PP2A) may preferentially

0304-3835/99/$ - see front matter © 1999 Published by Elsevier Science Ltd. All rights reserved.
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dephosphorylate some protein substrates that are
phosphorylated by PKC [4,5]. In a manner similar to
phorbol esters and some oxidants, which elicit cellular
responses and tumor promotion by directly activating
PKC [6,7], tumor promoters such as okadaic acid and
some oxidants also can elicit similar effects by
directly inhibiting PP2A [8,9]. PP2A is considered
to act as a "growth suppressor’ and its activity may
be negatively regulated by oncogenic signals [10].
Viral oncogenic protein small-t antigen stimulates
cell growth by inhibiting PP2A activity [11]. Further-
more, PP2A activity is decreased by phosphorylation
at tyrosine residues by non-receptor- and receptor-
linked tyrosine protein kinases including EGF
receptor and insulin receptor [10]. Given the impor-
tance of EGF receptor and the related HER-2/neu in
breast tumor growth, the negative modulation of
PP2A may affect HBC cell growth regulation.

PP2A exists in the cell as a heterotrimeric complex
consisting of a 36 kDa catalytic C subunit, 65 kDa
structural/regulatory A subunit, and a variable regula-
tory B subunit [4,12]. The variable B subunits have
been shown to contain target information that directs
the PP2A to distinct intracellular locations [4,12]. The
variable regulatory subunits, B568, BS$v3, and

B56vy1 have been shown to localize- PPZA to -the:

nucleus [13]. Since okadaic acid has been shown to
influence ER down-regulation via inhibition of PP2A
[14], there is a possibility that besides regulation by
various protein kinases [2], ER in the nucleus may
also be regulated by PP2A. However, there are no
reports on the relative distribution of PP2A in various
HBC cell types in relation to either ER or protein
kinases such as PKC.

In this study, we show higher levels of PP2A both
in the soluble and nuclear fractions of ER-positive
HBC cell lines compared to ER-negative HBC cell
lines. This PP2A distribution profile is inversely
correlated with the level of PKC activity in both
types of cell lines and is related to ER status and
tumor progression.

2. Materials and methods
2.1. Materials

The catalytic subunit of PKA from porcine heart,

leupeptin, and pepstatin A were obtained from the
Sigma Chemical Co. [y-*’P]ATP (specific activity,
20 Ci/mmol) was purchased from ICN Radiochemi-
cals. Rabbit polyclonal antibodies to the C-terminal
region of human PP2A (residues 296-309) were
obtained from Upstate Biotechnology. Microcystin-
LR and okadaic acid were obtained from the LC
Services Corporation. Calf thymus histone H1 was
phosphorylated by PKC in the presence of Ca®*, phos-
phatidylserine, and diolein [5]. This substrate phos-
phoprotein was referred to as ’histone H1(C)’. A
catalytic subunit of PKA was used to phosphorylate
histone H1 as described by others [15] and this
substrate was referred to as ’histone H1(A)’. Various
HBC cell lines were obtained from the American
Type Culture Collection. A stably transfected MCF-
7 cell line overexpressing ras was previously reported
[16]. An MDA-MB-231 cell line stably expressing ER
was established by transfection of the parent cell line
with ER-a ¢DNA as previously reported [17].

2.2. Preparations of cell extracts

HBC cells were gresen in 100-mm Petri dishes in:
minimal essential med#sm (MEM) supplemented with -
5% fetal calf serum. Confluent cells (10 to 15 X 106)’
were homogenized in 3.5 ml of buffer A (20 mM Tris—
HCl, pH 7.5/1 mM EDTA/1 mM dithiothreitol/0.5
mM phenylmethylsulfonyl fluoride/1 pM leupeptin/
0.15 p.M pepstatin A). The homogenates were centri-
fuged at 1000 X g for 10 min and the supernatant was
referred to as the soluble fraction.

2.3. Isolation of nuclear fraction

Cells were homogenized in 50 mM piperazine-
N,N'-bis(2-ethanesulfonic acid) (pH 6.5), 1 mM
CaCl,, 0.5 M hexylene glycol, and 1 uM leupeptin.
Crude nuclei were isolated by centrifugation at
1000 X g for 3 min. The nuclear pellet was resus-
pended in 3 ml of suspension buffer (50 mM' Tris—
HCI, pH 7.5) 0.3 mM sucrose, 25 mM KCl, 0.1 mM
EDTA, 1 mM 2-mercaptoethanol, 1 mM phenyl-
methylsulfonyl fluoride, 1 pM leupeptin and centri-
fuged at 10000 X g for 10 min. The purified nuclear
pellet was extracted with buffer A containing 1% NP-
40. '
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Fig. 1. The enzyme activity and immunoblot of PP2A from the
soluble fractions of ER-positive and ER-negative HBC cell lines.
PP2A activity was directly determined in the diluted soluble frac-
tions. Protein (40 pg) was subjected to SDS—polyacrylamide elec-
trophoresis and then to immunoblotting as described in Section 2.
The 36 kDa immunoreactive PP2A catalytic subunit from the
soluble fraction is presented at the top of the histogram bar repre-
senting the corresponding PP2A activity present in that fraction of
the indicated cell type. The values for PP2A activity represent mean
and SEM of three different experiments. There was a statistically
significant difference between the ER-positive and ER-negative
groups of cell types (P<0.0001).

2.4. DEAE—cellulose chromatographic separation of
PP2A multiple forms and PKC

The cell extracts (1.2 mg protein) were applied to 1-
ml DEAE-cellulose (DE-52) columns previously
equilibrated with buffer B (20 mM Tris—HCl, pH
7.5/1 mM EDTA/1 mM dithiothreitol). After washing
the columns with 4 ml of buffer B, the bound proteins
were step-wise eluted with 2.5 ml of 0.1 M, 0.15 M,
0.2 M and 0.4 M NaCl in buffer B and these four peaks
were designated as peaks I, II, III, and IV, respectively
(Fig. 1). PKC activity was eluted with 0.1 M NaCl
(peak I). The PP2A activity was eluted in peaks II, III,
Iv.

2.5. PP2A assays

The assay was carried out using the multiwell filtra-
tion approach as previously described [18]. Briefly,
10-20 w1 of diluted cell extracts were pipetted in

triplicates in 96-well microtiter plates. The reaction
was initiated by the addition of 50 w1 of a *?P-labeled
H1 histone mixture containing S0 mM Tris-HC], pH
7.5/1 mM EDTA/1 mM DTT/0.1 M NaCl/0.2 mg per
ml bovine serum albumin/l pM leupeptin/0.3 pM
pepstatin A/75 pmol of **P-labeled histone H1(C).
After incubation at 30°C for 10 min, the reaction
was terminated by adding 75 pl of 70% trichloroa-
cetic acid and the samples were filtered. The *?Pi
radioactivity present in 75 pl of the filtrate was
counted. The PP2A activity was obtained by
subtracting the control activity observed in the
presence of microcystin-LR (0.5 nM) from the total
activity observed without the inhibitor. One unit of
PP2A liberates one nmol of phosphate from Histone
H1(C) per min at 30°C.

2.6. PKC assay

Briefly, PKC reaction samples containing 20 mM
Tris—HCI, pH 7.5/10 mM MgCl,/0.33 mM CaCl,/0.1
mM [y->2P]ATP/histone H1 (0.1 mg/ml), and 25 pl of
PKC sample (peak 1) in a total volume of 125 pl were
incubated at 30°C for 5 min in 96-well plates with
fitted filtration discs [19]. The radioactivity incorpo-
rated into histone H1 was counted. One unit of PKC
transfers 1 nmol of phosphate to histone H1 per min at
30°C.

2.7. Immunoblotting of PP2A catalytic subunit

The soluble and nuclear fraction of various
HBC cell types were electrophoresed on 12% SDS-
polyacrylamide gels and the proteins were trans-
ferred to polyvinylidene difluoride membrane. The
catalytic subunit was detected by using polyclonal
antibodies that recognize the C-terminal region of
the PP2A catalytic subunit. Immunoreactive bands
were visualized by utilizing alkaline phosphatase-
conjugated second antibody (Bio-Rad) and CDP-
Star chemiluminescence reagents (New England
Nuclear).

2.8. 17B-Estradiol treatment of MCF-7 cells

Initially, MCF-7 or T47D cells were grown to
confluence in MEM-medium supplemented with 5%
fetal calf serum. The medium was then replaced with
an estrogen-free ‘medium (phenol red-free MEM
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Fig. 2. DEAE—cellulose chromatography of PP2A multiple forms
and PKC from MCF-7 and MDA-MB-231 cells. The soluble frac-
tion was applied to 1-ml DEAE-cellulose (DE-52) columns
previously equilibrated with buffer C. After washing the columns
with 4 ml of buffer C, the bound PP2A isoforms were step-wise
eluted as indicated by arrows (I, II, III, IV) with 25 mlof 0.1 M,
0.15M, 0.2 M, 0.4 M NaCl in buffer C. Fractions of 0.5 ml were
collected; the activities of PP2A and PKC were determined.

medium supplemented with 5% dextran-coated char-
coal-treated serum) and left for 1 week. These cells
were seeded in 100-mm Petri dishes at a low cell
density and maintained in an estrogen-free medium
supplemented with either 17B-estradiol (10 nM)
alone or in combination with antiestrogens, tamoxifen
(100 nM) or ICI-182,780 (100 nM).

2.9. Statistical analysis

PP2A and PKC activities in various cell types were
analyzed by one-way ANOVA followed by Scheffe’s
multiple range test to separate means. A paired z-test
was used to determine differences in activity of PP2A
with estrogen and antiestrogen treatments. Signifi-
cance was set at P<<0.05.

3. Results

3.1. Use of PKC-phosphorylated histone HI as a
substrate for PP2A assay

Histone H1 has multiple sites for phosphorylation.
Depending on the site that is phosphorylated, it is
dephosphorylated by different protein phosphatases
[5]. Histone H1, phosphorylated at serine 103 by
PKC, is preferentially dephosphorylated by PP2A,
while histone H1, phosphorylated at the N-terminal
site by protein kinase A or other protein kinases, is
dephosphorylated by PP1 [5]. One study suggested
that the physiological histone* HI1 phosphatase is
PP2A [20], whereas another study'showed that it is
PP1 instead of PP2A [21]. Such discrepancy may be
due to the difference in protein kinase that phosphor-
ylates histone H1. However, in the current study,
histone H1 phosphorylated by PKC was used as the
substrate for PP2A not only for achieving the spécifi-
city for PP2A assay [5], but also to compare with PKC
activity which employed histone H1 as the substrate.
Further specificity for PP2A assay was achieved by
using the control with microcystin-LR at a low
concentration (0.5 nM), sufficient to completely
inhibit the activity of PP2A but not PP1 [22].

Since the association of various B56 regulatory
subunits can alter the substrate specificity of PP2A,
we initially tested whether or not the PP2A present in
various HBC cell types preferentially dephosphory-
lated histone H1(C). Nearly 95% of the dephosphor-
ylation of histone H1(C) by various HBC cell extracts
was inhibited by either 2 nM okadaic acid or 0.5 nM
microcystin-LR (data not shown). This suggested that
most of the observed phosphatase activity using this
substrate was contributed by PP2A. The PP2A depho-
sphorylating activity towards histone H1(A) was only
59, of that observed with histone H1(C) in all cell
types tested, suggesting that PP2A may be closely
related to the PKC pathway.

3.2. Relative distribution of PP2A in soluble fractions
of various HBC cell types

As shown in Fig. 1, PP2A activity was higher in the
soluble fractions of all three ER-positive cell lines
(MCF-7, T47D, ZR-75-1) compared to all three ER-
negative cell lines (MDA-MB-231, Hs578T, BT-20)
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Fig. 3. The enzyme activity and immunoblot of PP2A from the
nuclear fractions of ER-positive and ER-negative HBC cell lines.
The PP2A activity is presented as a bar of the histogram and the
corresponding immunoreactive protein of the catalytic subunit of
PP2A is presented at the top of the bar for each cell type. The values
for PP2A activity represent mean and SEM of three different experi-
ments. There was a statistically significant difference between the
ER-positive and ER-negative groups of cell types (P<<0.0001).

tested (P<<0.001). Furthermore, immunoblot analysis
showed higher amounts of PP2A catalytic subunit in
ER-positive cell types compared to that present in ER-
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Fig. 4. PKC activity in the soluble and nuclear fractions of ER-
positive and ER-negative HBC cell types. PKC activity was deter-
mined after subjecting the soluble and nuclear fractions to DEAE-
cellulose chromatography. The enzyme activity was expressed in
units comparable to the units of PP2A expressed in Figs. 1 and 3.

negative cell types, correlating with the PP2A activity
determinations (Fig. 1).

We further determined whether the observed differ-
ence in the activity of PP2A in the soluble fractions of
these two HBC cell types might have been caused by
differences in the distribution of activators/inactiva-
tors of PP2A or by an alteration in the regulatory
subunits which can influence the substrate specificity
of this enzyme. Previous studies showed that PP2A
activity from tissues can be resolved by DEAE—cellu-
lose chromatography into three forms that are desig-
nated as PP2A,, PP2A; and PP2A; [23]. All these
isoforms of PP2A have the same catalytic subunit C,
while there are regulatory subunits A and B’ for
PP2A,, regulatory subunits A an¢ B for PP2A,; and
only the regulatory subunit A for PP2A, [23]. As
shown in Fig. 2, PP2A activity from the soluble frac-
tion of MCF-7 and MDA-MB-231 cells were eluted
into three peaks. A comparison with the previously
established procedure [23] identified PP2A activity
eluted in peaks II, III, and IV as PP2A,, PP2A, and
PP2A,, respectively. The ER-positive cells exhibited
a higher activity of PP2A multiple forms than that of
ER-negative cell lines. Therefore, the observed differ-
ences were not contributed by activators/inactivators
or the change in subunit composition of PP2A.

3.3. Nuclear association of PP2A in various HBC cell
types

As shown in Fig. 3, the PP2A activity associated
with the nuclear fraction was 3- to 6-fold higher in the
ER-positive cell types compared to that in the ER-
negative cell types (P<<0.001). The difference
between these two HBC cell types was more
pronounced in the nuclear fraction than that observed
in the soluble fraction. The immunoblot analysis also
revealed higher levels of the PP2A catalytic subunit
corresponding to the higher activity of PP2A in the
nuclear fraction of ER-positive cell types (Fig. 3).

3.4. Relative distribution of PKC in various HBC cell
types

As shown in Fig. 4, PKC activity was lower in the
soluble fraction of ER-positive cell lines than ER-
negative cell lines (P<<0.001). These data was in
agreement with the previously reported results [3].
Furthermore, in the current study, this difference in
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Fig. 5. Induction of PP2A by 17B-estradiol treatment in MCF-7
cells and its prevention by antiestrogens. MCF-7 cells were main-
tained initially in estrogen-depleted medium. Petri dishes were
divided into four sets; one set was treated with ethanol as a solvent
control; the second set was treated with 17B-estradiol (10 nM) and
the other two sets were treated with estradiol along with 100 1M
antiestrogens, tamoxifen or ICI-182,780. At indicated periods of
time, PP2A activity present in the soluble fraction was determined
in all four sets. *Significantly different from respective solvent
control (P<0.05) by paired t-test.

PKC activity was also observed in the nuclear frac-
tion. The current study further revealed an inverse
relationship in the distribution of activities of PP2A
(Figs. 1 and 3) and PKC in both the soluble and
nuclear fractions with correlation coefficients of
—0.584, —0.798, respectively.

3.5. Induction of PP2A by estrogen in ER-positive
HBC cell types

In MCF-7 cells maintained in estrogen-depleted
medium, PP2A activity decreased in the cytosol.
Upon treatment with 178-estradiol, there was a

Table 1
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time-dependent increase in PP2A activity in these
cells (Fig. 5). The activity increase became apparent
only after 24h. Immunoreactive staining of the PP2A
catalytic subunit also increased with 17 B-estradiol
treatment in MCF-7 cells (data not shown). Both the
non-steroidal antiestrogen tamoxifen and the steroidal
antiestrogen, ICI-182,780 abolished the induction of
PP2A activity by estrogen (Fig. 5). In the nuclear
fraction, similar results also were obtained (data not
shown). For example, in the 48-h control without
estrogen, PP2A activity was 0.66 units/mg protein;
however, in the presence of estrogen, this increased
to 1.18 units/mg protein. In all cases, immunoblot
analysis of PP2A was in agreement with its activity.
A similar type of induction of PP2A by estrogen was
observed in T47D cells. '

3.6. Distribution of PP2A in ras- and ER-transfected
HBC cell types .

A lower activity of PP2A in ER-negative cell types,
whether it is related to tumor progression or the loss of
ER, was determined by comparing the PP2A and PKC
activity profile in MCF-7 cells progressed by ras
transfection and in MDA-MB-231 cells transfected
with ER. Although the PP2A activity in the soluble
fraction was lower in the ras-transfected cells than the
parent MCF-7 cells, this was found to be not statisti-
cally significant. However, this activity in nuclear
fraction was significantly lower (P<0.05) in ras-
transfected cells than that in the parent cell type
(Table 1). The PP2A/PKC activity profile in MCF-7
ras-transfected cells more closely resembled that
observed with ER-negative cell types. In MDA-MB-
231 transfectants stably expressing ER, there was only

PP2A and PKC activities in ras-transfected MCF-7 and ER-transfected MDA-MB-231 HBC cells®

Cell type Soluble fraction

Nuclear fraction

PP2A (units/mg protein)

PKC (units/mg protein)

PP2A (units/mg protein)  PKC (units/mg protein)

MCF-7 (wild type) 2.61 £ 034 045 + 0.03 1.21 £ 0.09 0.28 = 0.04
ras-transfected MCF-7 1.67 £ 0.14 0.78 = 0.09 0.58 £ 0.07* 0.43 = 0.05
MDA-MB-231 (wild type) 1.24 + 0.16* 1.23 * 0.15* 0.36 * 0.05* 0.51 = 0.07
ER-transfected MDA-MB-231  1.42 £ 0.17* 1.02 £ 0.13* 0.42 + 0.06* 0.47 = 0.06

2 Activities are expressed in units/mg protein. Values represent the mean and SEM of three experiments. Values significantly different from

wild type MCF-7 are marked with an asterisk (*P<<0.05).
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a small difference in the PP2A/PKC activity profile
compared to the parent cell type lacking ER.

4. Discussion

Higher levels of PP2A were observed in both
soluble and nuclear fractions of ER-positive cell
lines compared to ER-negative cell lines, inversely
correlating with the PKC activity profile. PP2A has
been implicated in the regulation of CREB, AP-1,
p53, and telomerase [24-27]. PP2A was reported to
play a role in the regulation of the cell cycle [24]. It
has been shown to be involved in suppressing the
activation of cell-cycle regulating protein kinase
p34°? by increasing its inhibitory phosphorylation
[28,29], as well as in the dephosphorylation of its
protein substrates [20]. Furthermore, PP2A also has
been shown to dephosphorylate and inactivate
¢dc25C, a protein phosphatase involved in the activa-
tion of p34°*? [30]. Therefore, a constitutive high
expression of PP2A in ER-positive HBC cell types
may enhance the inactivation of cell cycle-associated
p34°%? and cdc25C by affecting their phosphoryla-
tion. Nevertheless, further studies are certainly
required to understand the role of PP2A in the nega-
tive regulation of growth of these cell types.

In the ER-positive MCF-7 and T47D cells, deple-
tion of estrogen from the medium decreased the levels
of PP2A catalytic subunit. Replenishment of estrogen
resulted in increased levels of PP2A with a lag period
of more than 24 h. The antiestrogens TAM and ICI-
182,780 prevented the induction of PP2A, suggesting
the involvement of ER-regulated events. However,
previous studies did not reveal a classical estrogen-
responsive element in the promoter region of the gene
that encodes the PP2A catalytic subunit [31]. The
slow induction by estradiol would be consistent with
a secondary response rather than a primary response
to estradiol as recently discussed for other genes [32].
A mere presence of low PP2A activity may not lead to
growth stimulation as seen in the estrogen-depleted
MCEF-7 cells. Certainly, additional estrogen-regulated
components may be required for growth stimulation.
However, PP2A induced as a secondary response to
estrogen may slow down the cell growth and this feed-
back mechanism might be lacking in the ER-negative
cell tvpes.

The presence of a low activity of PP2A and a high
activity of PKC in ras-transfected cell types, espe-
cially in the nuclear fraction, may be related to
tumor progression. Overexpression of v-ras was
shown to induce estrogen-independent growth of
MCF-7 cells in nude mice [33]. Previous studies
showed higher levels of PKC and lower levels of
PP2A in drug-resistant MCF-7 cells compared to the
parent MCF-7 cell line [34]. In MDA-MB-231 trans-
fectants stably expressing ER, there was no increase
in levels of PP2A compared to the wild type MDA-
MB-231 cell line lacking ER. This suggests that the
presence of ER alone may nof lead to an increased
expression of PP2A. .

BT-20 cells were originally classified as ER-nega-
tive based on radio-ligand binding analysis. However,
subsequent studies showed that this cell type has a
truncated form of ER lacking the hormone-binding
domain but possessing constitutive transtriptional
regulatory activity [35]. Recently, a new type of ER
(ER-B) has been shown to be present in MCF-7 and
T47D cell lines [36]. A variant of ER-B devoid of
hormone-binding domain has been shown in MDA-
MB-231 cells [36]. Thus, higher levels of PP2A may
be present in HBC cell types having hormone-respon-
sive ER, which may be related to the retention of some
degree of differentiation, while low levels of PP2A is
present in HBC cell types having hormone-unrespon-
sive ER variants, which may be related to tumor
progression.

PP2A is considered to be a growth suppressor,
while protein kinases such as PKC and mitogen-acti-
vated protein (MAP) kinases are growth supporters.
Several of these growth-supporting kinases are phos-
phoproteins in their activated forms. For example,
PKC and MAP kinases lose their activity upon depho-
sphorylation by PP2A [11,37]. Cellular stresses such
as oxidants and okadaic acid are not only known to
inhibit PP2A but also directly or indirectly activate
PKC and other protein kinases such as MAP kinases
[7,9,38,39]. Therefore, an inhibition of PP2A main-
tains not only the protein substrates in the hyperpho-
sphorylated state but also protein kinases in a
sustained activated form. Besides a negative modula-
tion of PP2A by post-translational modifications, a
constitutive low expression of PP2A in tumor cells
may give an additional growth advantage. Concei-
vablv. in ER-positive cells. the presence of high
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activity of PP2A along with a low activity of PKC
may be well suited for a low cell growth rate related
to the retention of some degree of differentiation or
hormonal control. Conversely, in ER-negative cell
types, the low expression of PP2A along with high
levels of PKC may have a role in supporting enhanced
growth response to autocrine growth factors.
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Editorial

The leucocyte nadir, a predictor of chembtherapy

efficacy?

S Kvinnsland

The Norwegian Radiumhospital, Montebello, N-0310 Oslo, Norway

Among many challenges in chemotherapy of cancer diseases,
overtreatment remains one of the greatest. A substantial propor-
tion of patients, perhaps the majority, do not benefit from the
chemotherapy that they are offered, either in the adjuvant or in the
palliative situation. In the adjuvant situation this is particularly
serious, as the same patients will often experience the side-effects
following the therapy. For such patients, there is no immediate
way to assess the value of therapy.

The response of cancer cells to chemotherapy can simplistically
be illustrated as related to two basic, pharmacological character-
istics. The first is the accessibility of the therapeutic principle to
the cancer cell: the drug in its active form has to reach the target,
the malignant cell, wherever it is located. The second is the
inherent sensitivity in the target cells, the cancer cells, to the treat-
ment principle. This sensitivity results from a combination of
genetic predisposition and acquired resistance. The acquired resis-
tance could be due to previous exposure to toxic substances or be a
characteristic from malignant evolution. The sensitivity versus
resistance, or the expression of this relation in a tumour cell
population, seems to be related to cell proliferation.

If the sensitivity of tumour cells to therapeutic principles is a
reflection of the genetic predisposition, this sensitivity would
theoretically be the same in all cells in an individual. If, on a
given schedule of chemotherapy, the leucocyte nadir is low, this
could then indicate more adequate exposure of drug to the tumour
cells (and all other cells) in that individual.

In addition to the individual sensitivity-based genetic pre-
disposition, tumour responsiveness to specific drugs, such as
anthracyclines and cisplatinum, is probably also related to genetic
changes in the tumour cells. Examples are p53 mutations, which
seem to indicate lack of response to CMF and doxorubicin (Aas
et al, 1996) while the opposite is indicated for cisplatinum and
paclitaxel (Hawkins et al, 1996).

The hypothesis of an individual genetic predisposition is tested
by Poikonen et al (1994). In patients with primary, node-positive
breast cancer and who were given CMF as adjuvant chemotherapy,
they conclude that leucocyte nadir is associated with favourable
distant disease-free interval and that it could be useful as a bio-
logical marker of chemotherapy efficacy. This is a follow-up and
confirmation of similar work from the same group (Saarto et al,
1997). In this previous paper. based on results from 211 stage II

. Received 3 February 1999
Accepted 7 April 1999

and III breast cancer patients, it was concluded that a low
leucocyte nadir after another, anthracycline-containing adjuvant
regimen predicated both prolonged distant disease-free interval
and overall survival. The interesting concept of a higher biological
dose intensity connected with low leucocyte nadirs and good prog-
nosis compared to high dose intensity due to lower sensitivity
(higher leucocyte nadir) is discussed.

Pointing in the same direction are studies on the effect on
outcome of dose reductions. In a well conducted, although retro-
spective, study Colleoni et al (1997) found that patients who had
major dose reductions based on severe neutropenia experienced
less benefit from the treatment.

If the results in the papers presented by the Finnish group
(Saarto et al, 1997; Poikonen et al, 1999) are supported by further
documentation, it would support the concept of tailored, individual
dosing based on individual sensitivity, best characterized by the
leucocyte nadir after the first challenges with chemotherapy. An
unresponsive bone marrow after initial standard dose indicates that
the treatment is not well tolerated, but too well tolerated. This
hypothesis should be tested in a prospective, randomized trial
where the patients in the control arm of the trial are given
chemotherapy according to traditional conventions, while the
patients in the experiment are given individualized, tailored doses
of chemotherapy according to bone marrow (leucocyte nadir)
response. Perhaps the Finnish investigators will do this?
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Prepubertal exposure to zearalenone or genistein
reduces mammary tumorigenesis

L Hilakivi-Clarke'2, | Onojafe’, M Raygada'?, E Cho'?, T Skaar'3, | Russo® and R Clarke'?

Lombardi Cancer Center, 2Department of Psychiatry and *Department of Physiology, Georgetown University, 3970 Reservoir Rd NW, Washington, DC 20007,
USA,; ‘Breast Cancer Research Laboratories, Fox Chase Cancer Center, Philadelphia, PA 19111, USA

Summary Prepubertal exposure to a pharmacological dose (500 mg kg™) of the phyto-oestrogen genistein can reduce the incidence and
multiplicity of carcinogen-induced mammary tumours in rats. However, such an exposure also disrupts the function of the
hypothalamic-pituitary—gonadal axis, making it unsuitable for breast cancer prevention. We studied whether prepubertal exposure to
genistein at a total body dose broadly comparable to the level typical of Oriental countries, approximately 1 mg kg™ body weight, affects
mammary tumorigenesis. We also studied whether prepubertal exposure to zearalenone, a major source for phyto-oestrogens in the USA,
influences breast cancer risk. Prepubertal rats were treated between postnatal days 7 and 20, with 20 pg (~ 1 mg kg™ body weight) of either
genistein or zearalenone. Zearalenone exposure significantly reduced both the incidence and multiplicity of mammary tumours induced by
7,12-dimethylbenz(a)anthracene (DMBA). Genistein exposure significantly reduced tumour multiplicity, but not tumour incidence, when
compared with vehicle-treated animals. Furthermore, 60% of the tumours in the genistein group were not malignant, while all the tumours
analysed for histopathology in the vehicle and zearalenone groups were adenocarcinomas. A higher number of differentiated alveolar buds,
and lower number of terminal ducts, were present in the DMBA-treated mammary glands of the phyto-oestrogen exposed rats. The
concentration of oestrogen receptor (ER) binding sites after the DMBA treatment was low in the mammary glands of all groups but a
significantly higher proportion of the glands in the zearalenone exposed rats were ER-positive (i.e. ER levels > 5 fmol mg™' protein) than the
glands of the vehicle controls. Our data suggest that a prepubertal exposure to a low dose of either zearalenone or genistein may protect the
mammary gland from carcinogen-induced malignant transformation, possibly by increasing differentiation of the mammary epithelial tree.

Keywords: genistein; zearalenone; prepuberty; mammary tumorigenesis

Asian populations with a high intake of phyto-oestrogens have a
relatively low incidence of breast cancer (Setchell et al, 1984).
Therefore, it has been suggested that phyto-oestrogens may reduce
breast cancer risk (Messina et al, 1994). Phyto-oestrogens are
naturally occurring compounds produced by a variety of plants.
They are present in several foods, including soybean-based prod-
ucts that are typical for diets of Asia, but not for Western countries.
Approximately 50% of the isoflavones in soybeans consists of
genistein (Messina et al, 1994). There is some epidemiological
evidence in favour of soy/genistein being ami'-tumorigenic, but
this is controversial. In three of a total of eight studies, a statisti-
cally significant association between high soy intake and low
breast cancer risk has been found (Nomura et al, 1978; Hirohata
etal, 1985; Lee et al, 1991; Yuan et al, 1995; Wu et al, 1996; Witte
et al, 1997; Zheng et al, 1999). While most animal studies are
supportive of the hypothesis that genistein inhibits mammary
tumour promotion (Hawrylewicz et al, 1991; Messina et al, 1994;
Barnes, 1997; Gotoh et al, 1998), some studies show an ability of
genistein to increase mammary tumorigenesis (Hsieh et al, 1998).
Prepubertal exposure via injections to a pharmacological dose of
genistein (500 mg kg™') on dayvs 16, 18 and 20 is reported to
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dramatically reduce subsequent risk to develop mammary tumours
(Murrill et al, 1996). Thus, genistein may be particularly effective
in reducing breast cancer risk, if its exposure occurs prior to
puberty.

Zearalenone is another phyto-oestrogen that may be linked to
mammary tumorigenesis. Zearalenone is mainly produced by the
mould Fusarium graminearum found in a variety of host plants
and debris from soil around the world (Burgess et al, 1982). It is
present as a contaminant in stored cereals, being found in barley,
corn, corn flakes, rice and wheat at concentrations from 35 to 115
ug kg (Hagler et al, 1984; Schoental, 1985; Luo et al, 1990).
Zearalenone also is used as an anabolic agent to enhance growth in
cattle and lambs (Ralston, 1978; Wiggins et al, 1979). In contrast
to genistein, pharmacological doses (10 mg kg™ body weight) of
zearalenone have been associated with an increased breast cancer
risk in rats (Schoental, 1974).

Enthusiasm concerning the effects of prepubertal genistein
exposure is limited because the dose used in previous studies is
5000 times higher than that of human exposure on a mg kg™' body
weight basis (Murrill et al, 1996). This pharmacological exposure
causes severe perturbations in hypothalamic-ovarian function
(Murrill et al. 199A) that mav Jead to infertilitv. Asians consume
2-9 g soy protein daily, while most women in Wesiern countries
do not consume any soy (Seow et al, 1998; Wu et al, 1998).

This work was supported by grants from the American Cancer Society (CN-80420),
and the Lombardi Cancer Center Shared Animal Resource Facility, U.S. Public
Health Service Grant 2P30-CAS51008.




Genistein content of different soy products varies considerably;
for example, soy beans, soy milk and tofu contain approximately
2-18 ug genistein per g product, while miso and natto contain
40-330 ug genistein per g product (Lu et al, 1995; Fukutake et al,
1996). Fukutake et al (1996) have estimated that the daily
genistein intake is 1.5-4.1 mg (< 0.1 mg kg™') among Asians.
Zearalenone is the main phyto-oestrogen consumed in the USA
(Kuiper-Goodman, 1990). The present study examined whether a
prepubertal exposure to a more physiological dose of genistein and
zearalenone (~ 1 mg kg™' body weight) alters carcinogen-induced
mammary tumorigenesis in rats. In addition, we investigated
whether the concentrations of total oestrogen receptor (ER)
binding sites are altered by prepubertal phyto-oestrogen adminis-
tration. Low doses of genistein and zearalenone are known to bind
to ER and affect its transcriptional regulatory activities (Wang
et al, 1996; Collins et al, 1997; Zava and Duwe, 1997). The effect
on mammary gland morphology also was studied, since a previous
report suggested that an increased differentiation of the mammary
epithelial tree by prepubertal genistein exposure may explain its
cancer-reducing effects (Murrill et al, 1996).

METHODS

Animals

Pregnant female Sprague-Dawley rats, purchased from Charles
Rivers Breeding Laboratories, were obtained at day 10 of gesta-
tion. The animals were housed singly, in standard rat plexiglas
cages, at a constant temperature (20-22°C) and humidity
(60—65%), under a 12-h light—dark cycle (lights on 06:00 h). Two
days after the offspring were born, the males were sacrificed and
the females cross-fostered. Ten to twelve female pups were housed
with a lactating dam. The female offspring were weaned on
postnatal day 22, and thereafter housed in groups of 3-5 animals.
All studies were performed in accordance with the appropriate
institutional and federal requirements.

Phyto-oestrogen exposure

On postnatal day 7, the litters were divided into three groups. The
offspring received 20 ug genistein, 20 Lig zearalenone (both from
Sigma Chemical Co., St Louis, MO, USA), or vehicle, adminis-
tered as subcutaneous injections, in a volume of 0.05 ml. Phyto-
oestrogens were first dissolved in 2% dimethyl sulphoxide
(DMSO), and then mixed with peanut oil (this mixture also served
as vehicle). The injections were repeated on days 10, 14, 17 and
20. Body weight of a rat pup on day 7 is approximately 10 g and
on day 20 25-30 g. Thus, the animals received genistein at the
doses ranging from 2 mg kg™ (day 7) to 0.7 mg kg™' (day 20).

Inducing and monitoring of mammary tumorigenesis

Mammary tumors were induced by administration of 10 mg (~ 50
mg kg~ body weight) 7,12-dimethylbenz(a)anthracene (DMBA)
(Sigma. St Louis. MO, USA). This is a suboptimal dose used in
our laboratory to enahle assessmente of hoth reductions and
increases 1 the end ponts of tumorigemeny (Hilakivi-Clarke et al,

1997b). More than 75% of the tumours induced by 10 mg DMBA -

are adenocarcinomas (Russo and Russo, 1987). The carcinogen
was dissolved in peanut oil and administered by oral gavage in a
volume of 1 ml. Animals were 45 days old at the time of DMBA
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administration. The groups that were given phyto-oestrogens or
vehicle after birth each contained 30 animals.

The animals were examined regularly for mammary tumours by
palpation once per week. The end points for data analysis were
(i) latency to tumour appearance, (ii) the number of animals with
tumours (tumour incidence), (iii) the number of tumours per
animal (tumour multiplicity), and (iv) tumour proliferation. A
tumour was designated as proliferating if it increased regularly
in size. Tumour sizes were measured by recording the tumour
diameters with a caliper and determining the length of the longest
axis and the width perpendicular to the longest axis. The animals
were sacrificed when detectable tumour burden approximated
10% of total body weight, as required by our institution. All
surviving animals, including those that did not appear to develop
mammary tumours, were sacrificed 19 weeks after carcinogen
administration.

Histopathology of the DMBA-induced mammary tumours was
evaluated from 22 haematoxylin and eosin stamed samples. Two
pathologists at the Lombardi Cancer Center* (Georgetown
University) independently assessed the tumour samples. The
pathologists were blind to the experimental groups.

Oestrogen receptor

The number of ER binding sites in the 4th mammary glands were
determined from female rats exposed to genistein, zearalenone, or
vehicle during the prepubertal period (n = 7 per group). The
animals from which the mammary glands were taken had been
treated with DMBA 18 weeks before, and consequently developed
at least one mammary tumour. None of the tumours were in the 4th
gland in the animals used for ER assays. ERs were detected using
a ligand binding assay as described by Nelson et al (1986). The
ligand used was [2,4,6,7-*H] 17 oestradiol (specific activity 99
Ci mmol™'; Amersham, Arlington Heights, IL, USA). This assay
detects both ERot and ERP with equal efficacy. Thus, ER binding
reflects total ER concentrations (ERa + ERP).

Mammary gland morphology

Whole mounts of the 9th mammary glands of the same female rats
whose 4th glands were used for ER assays, were prepared (n = 4-5
per group). At the time of sacrifice, 18 weeks had passed from the
DMBA administration. The removed glands were stained with
carmine aluminijum as previously described by Haslam (1988). We
have previously validated a visual scale to study the development
of a mouse and rat mammary epithelial tree (Hilakivi-Clarke et al,
1997a, 1997b). Using this scale, we determined differentiation of
mammary epithelial structures in the whole mounts. The
mammary epithelial trees were analysed for the density of ductal
structures, terminal ducts and differentiated alveolar buds. This
analysis was done double-blind under an Olympus dissecting
microscope, using a 5-point scale (from 0 = absent to 5 =
numerous). Differentiated alveolar buds do not give rise to adeno-
carcinomas. While terminal ducts occasionally give rise to
tumours the maioritv of tumours orieinate from terminal end buds
(Kussu and Kusso, T987). However, at the ume the whole mounts
were obtained from 6-month-old rats, all terminal end buds had
differentiated to alveolar buds or regressed to terminal ducts. In
addition to this quantitative analysis of the mammary whole
mounts, a qualitative evaluation was performed.

British Journal of Cancer (1999) 80(11), 1682-1688
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Table 1

Effects of early postnatal exposure to 20 Mg genistein or 20 ug zearalenone on mammary tumour growth

Tumour latency Tumour area

Tumour mulitiplicity

Number of non-proliferating

(weeks) (mm?) tumours
Vehicle (n = 33/17)¢ 11.0+0.7 64.5113.5 1.8+£0.3 2 (6%)
Genistein (n = 15/13) 11.4+03 67.7+14.2 1.110.1° 6 (40%)°
Zearalenone (n = 13/9) 14410.3° 58.7+15.7 1.2+0.12 5 (38%)°

Significantly different from vehicle group: 2P < 0.06, ®P < 0.01, °P < 0.001. 9n = Number of tumours/number of animals with tumours. Note: 60% of the tumours in
the genistein group are benign, while all tumours examined in the vehicle and zearalenone groups are malignant adenocarcinomas. Data represent the mean +
s.e.m. of latency to tumour appearance, area of tumours at first detection, tumour multiplicity and percentage of non-proliferating tumours. Number of rats per

group = 30.

Statistical analyses

Results for the data obtained on weight gain, ER binding sites,
density of epithelial ducts, terminal ducts and alveolar buds in the
whole mounts, and tumour latency, multiplicity, size upon first
detection and growth data were analysed using one-way analysis
of variance (Snedecor, 1988; Hanfelt, 1997). Where appropriate,
between-group comparisons were done using Fisher’s least signif-
icant difference. Results of tumour incidence were analysed using
a log-rank survival analysis test. Differences in the number of non-
proliferating and proliferating tumours, and the percentage of
mammary glands that contained ER levels that were either > 5
fmol mg™' protein or < 5 fmol mg~! protein, were determined using
a x* test. All probabilities are two-tailed. Statistical tests were
performed using the BMDP software (BMDP Statistical Software,
Los Angeles, CA, USA).

RESULTS

Effect on weight gain

Early postnatal exposure to either genistein or zearalenone did not
affect body weight gain. Between the first (day 7) and last day of
phyto-oestrogen exposure (day 21), weight increased by 2.5-fold
in the vehicle-treated rats, by 2.5-fold in the genistein-treated rats
and by 2.6-fold in the zearalenone-treated rats. Body weights also
were similar at the time the carcinogen was administered or 18
weeks after the administration (data not shown).

Mammary tumorigenesis

Tumour latency

The first tumours appeared on week 7 after the DMBA exposure in
all groups. The mean tumour latency time to the first tumour per
animal was significantly longer in the female rats exposed to zear-
alenone during early postnatal period than in the vehicle-treated
rats (F(2,37) = 491, P < 0.01) (Table 1). Tumour latency was
similar in the rats exposed to genistein or vehicle during prepu-
berty.

Tumour incidence

The incidence of mammary tumours (number of animals with
tumours per group) was determined weekly. beginning on week 7
followine DMBA adminisiration. At the end of the ctuds . on weel
1% tollowing DMBA admimstration, the percentage of rats with
mammary tumours was 57% (17/30) in the vehicle-treated group,
43% (13/30) in the. genistein-treated group, and 30% (9/30) in
the zearalenone-treated group (2 = 14.92, df = 2, P < 0.001).

British Journal of Cancer (1999) 80(11), 1682—-1688

80
9
@
3
E 601 >—e Vehicle
=
£
g 40 - . ® --8-- & Geinstein (20 ng)
£
= ° "o 0 Zearalenone (20 ug)
E]
g 20 .
K] - Rel
] LN :
£ Lt 00 (o]
qu;) o4 Q700 e} o

T T T T T R
6 8 10 12 14 16 18

Weeks after DMBA exposure

Figure 1 The proportion of female rats exposed to 20 Hg genistein, 20 ug
zearalenone, or vehicle during postnatal days 7, 10, 14, 17 and 20, that
developed DMBA-induced (administered on day 45) mammary tumours. The
number of animals per group was 30. Tumour incidence was significantly
lower in the zearalenone-treated rats (P < 0.001)

Log-rank test analysis indicated that the tumour incidence was
significantly lower in the animals exposed to zearalenone during
the prepubertal period than in the vehicle-treated controls (z-value
= 2.36, P < 0.018). The slightly lower tumour incidence in the
genistein-exposed rats was not statistically significant, when
compared with the controls (z = 1.03, P < 0.30) (Figure 1).

Tumour multiplicity

The average number of tumours per animal was significantly
lower in the rats exposed to genistein (P < 0.01) during prepubertal
life than in the vehicle-treated rats (F(2,38) = 4.53, P < 0.02).
A reduction that approached statistical significance also was seen
in the zearalenone-exposed rats (P < 0.06) (Table 1).

Tumour growth rate

The size of the tumours upon first detection was similar among the
groups (Table 1). However, the percentage of proliferating
tumours in the genistein- (60%) and zearalenone-exposed rats
(62%) was significantly lower than in the vehicle-treated group
(94%) (37 =9.96.df = 2. P < 0.001).

Tumour histopathology

Histopathological analysis performed for 22 samples indicated
that the histotypes of all manmimary tumours in the vehicle- and
zearalenone-treated groups were adenocarcinomas (100%). In the
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Figure 3 Density of epithelial ducts, terminal ducts (TDs) and differentiated
alveolar buds (ABs) of the 9th abdominal gland obtained from 6-month-old
female rats exposed to 20 pg genistein, 20 ug zearalenone, or vehicle during
a prepubertal period, and to DMBA at the age of 45 days .

(n = 4-5 female rats per group). These parameters were evaluated using a
scoring system with scores ranging from 0 (absent) to 5 (high), as described
in Methods. Means * s.e.m. are shown. Significantly different from the
vehicle group: *P < 0.05

genistein-treated group, 40% of the tumours were adenocarci-
nomas and 60% were non-malignant.

Oestrogen receptor

The concentravons of LR protemn were determmed m  the
mammary glands in rats that were exposed to DMBA 18 weeks
prior to sacrifice. The ER levels were similar in the animals treated
with genistein (3.4 1.4 fmol mg~' protein) or zearalenone 43+
2.8 fmol mg™' protein) during the prepubertal period, and did not

© 1999 Cancer Research Campaign
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bdominal glands obtained from 6-month-old female rats exposed to vehicle (A) 20
DMBA at the age of 45 days. This figure is representative of 4-5 specimens per
group. The wholemounts of the genistein group contained high levels of 2-3 type lobules, and the whole mounts of zearalenone group indicated ductal atrophy,
combined with higher level of lobular structures than seen in the vehicle group (but clearly less than in the genistein group). Magnification x 6.3

Figure 2 Mammary wholemount preparations (carmine staining) of the 9th a

*®

differ from that of the controls (3.9 + 1.7 fmol mg! protein). The
total ER levels in the present study were lower than we have seen
in mice (Hilakivi-Clarke et al, 1998), but comparable to those seen
in rats exposed to carcinogens (Thordarson et al, 1995).

We also determined the percentage of mammary glands that had
ER levels higher than 5 fmol mg™'. Breast tumours containing ER
levels = 5 fmol mg™' protein are often considered ER-positive
(Clark and McGuire, 1988; Winstanley et al, 1991). Using this cut-
off point the data indicate that the proportion of ER-positive
glands was significantly higher in the zearalenone-treated group
(43%) than in the genistein- (14%) or vehicle-treated (28%)
groups (x2 = 17.80, df =2, P < 0.01).

Mammary whole mounts

Analysis of mammary whole mounts obtained from animals that
had been exposed to DMBA 18 weeks prior to sacrifice, indicated
that prepubertal exposure to genistein and zearalenone induced
distinct differences, when compared with the vehicle-controls
(Figure 2). The mammary glands of genistein-treated animals
showed the most lobular differentiation. These lobules were of
type 2 and 3, indicating a high level of differentiation.
Zearalenone-treated glands also showed differentiated lobular
structures, although less than that seen in the genistein-treated
glands.

According to the scale-based quantitative evaluation, total
mammary epithelial density did not differ among the groups
(Figure 3). However, the density of terminal ducts was signifi-
cantly lower 1n the ran exposed 10 zearalenone (P <0.05) or gense-
tein (P < 0.05) during the prepubertal period than in the vehicle
controls (F(2,11)=8.30, P < 0.006). The density of alveolar buds,
in turn, was significantly higher in the genistein-treated group
(P < 0.05) than in the controls (F(2,11) = 3.44, P < 0.07).
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DISCUSSION

Despite the general perception that consumption of soy-based food
products protects from breast cancer, the supporting epidemiolog-
ical evidence is inconsistent. Three studies suggest that soy intake
is associated with lower breast cancer risk. A study in Singaporean
women found that high soy intake is associated with a lower breast
cancer risk among premenopausal, but not postmenopausal,
women (Lee et al, 1991). A study in Asian-American women
living in Los Angeles or Hawaii indicated that breast cancer risk
decreases with increasing frequency of intake of tofu (bean curd)
both in pre- and postmenopausal women (Wu et al, 1996). Finally,
a study that measured urinary excretion levels of phyto-oestrogens
reported that a high excretion of isoflavones (genistein was not
included) was associated with a substantial reduction in breast
cancer risk (Ingram et al, 1997). A similar, but more recent, study
did not find significant differences in urinary excretion levels of
daidzein or genistein between breast cancer cases and their
controls in Shanghai; however, total isoflavonoid levels were
lower in the cases (Zheng et al, 1999). Soy protein intake was
similar in these Shanghai women who were newly diagnosed with
breast cancer and randomly selected controls. Four other studies
also suggest that the risk of breast cancer is not associated with soy
consumption (Hirohata et al, 1985; Yuan et al, 1995; Witte et al,
1997). These significant inconsistencies may reflect differences in
the end points used for genistein intake (consumption of tofu,
miso, or serum isoflavone concentrations). It also is possible that
timing of genistein exposure might be critical.

Treatment during prepuberty, with a pharmacological dose of
genistein, has been suggested to reduce the subsequent risk to
develop breast cancer. Murrill et al (1996) found that a subcuta-
neous exposure of prepubertal rats on postnatal days 16, 18 and 20
to 500 mg kg™ genistein significantly reduces mammary tumour
incidence and multiplicity. However, this dose is 500-5000 times
higher than human genistein intake, and may not be directly rele-
vant to human populations. We have used a genistein dose of
~1 mg kg™ body weight, which should approximate the daily
genistein consumption in Asia on a mg kg™ body weight basis. If
this dose is further adjusted for interspecies surface area differ-
ences (Freireich et al, 1966; Clarke, 1997), a human genistein
exposure equivalent to 0.143 mg kg™ body weight is obtained,
comparable to the exposure to genistein alone in Oriental popula-
tions (~ 0.1 mg kg™' body weight). Our data show that when the
rats were exposed to this substantially lower genistein dose
between postnatal days 7 and 20, they exhibited reduced
mammary tumour multiplicity, but no significant change in tumour
incidence. Additionally, a significant proportion of the tumours in
the genistein group did not proliferate, and 60% of them were not
malignant. Thus, prepubertal exposure to genistein not only
reduced the subsequent mammary tumour multiplicity, it also
reduced the likelihood that a tumour was malignant.

The lack of significance in the tumour incidence and latency in
the genistein-exposed rats in the present study, when compared
with the previous study (Murrill et al, 1996), is likely to be caused
by the use of a low versus high dose of genistein. Genistein
displavs a convex dose-response curve for oestrogenic activity.
Low gemstem dosey sumulate LR while higher doses mhibir thi
receptor’s activity (Wang et al, 1996). Inhibition of ER by high
genistein doses may be due to inhibition of the tyrosine kinase
activity of the epidermal growth factor receptor (EGFR) (Akiyama
et al, 1987), which could lead to a reduced phosphorylation of ER.
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Another means by which pharmacological doses of genistein may
affect tumorigenesis is by influencing the reproductive system.
The 500 mg kg™' genistein administration to prepubertal rats
caused a permanent impairment of the hypothalamic—gonadal axis
(Murrill et al, 1996). It also has been reported that 1 mg genistein
(~ 100 mg kg™') given to rat pups daily between postnatal days 1
and 10, significantly decreases pituitary responsiveness to
gonadotrophin releasing hormone (GnRH) (Faber and Hughes,
1991). A ten times lower genistein dose (100 pg = 10 mg kg™') has
the opposite effect, increasing GnRH-induced secretion of
luteinizing hormone (Faber and Hughes, 1991). Thus, changes in
the magnitude of a genistein exposure may have opposing effects
on the reproductive system. We did not perform a detailed analysis
of the reproductive system functions, and therefore cannot exclude
the possibility that a low genistein dose (1 mg kg™') disrupts repro-
ductive functions. However, we did not observe any differences in
the timing of the onset of sexual maturation with prepubertal expo-
sure to either genistein or zearalenone (not shown), which would
be one measure of altered reproductive function. *

Zearalenone, when administered during the prepubertal period,
effectively reduced DMBA-induced mammary tumorigenesis in
female rats. Rats that received 20 ug (~ 1 mg kg™') zearalenone
every 3—4 days between days 7 and 20, subsequently exhibited a
longer latency to tumour appearance, and had a lower tumour inci- -
dence than the vehicle-treated controls. In addition, one-third of
the tumours did not proliferate. However, histopathological evalu-
ation indicated that all the assessed tumours in the zearalenone
group were malignant. These findings contrast with earlier data
obtained in rats showing that treatment on postnatal days 7 and 14
with 10 mg kg™' zearalenone increases the incidence of sponta-
neous mammary tumours (Schoental, 1985). The opposite results
may be caused by the tenfold difference in the dose of zearalenone
used in the two studies. We also treated the rats with a carcinogen
and measured tumorigenesis within the following 18 weeks, while
in the other study spontaneously arising tumours appeared when
the animals were 2 years of age. These differences also may indi-
cate that prepubertal zearalenone exposure inhibits premenopausal
breast cancer (that is mimicked by DMBA), and stimulates the
growth of postmenopausal breast cancer (that is mimicked by
spontaneous tumours in older rats).

Both genistein and zearalenone act as relatively weak oestro-
gens. They stimulate the growth of human breast cancer cells in
vitro (Martin et al, 1978; Wang et al, 1996), and have similar
properties to oestradiol in rodent and human breast tissues
(Petrakis et al, 1996; Harding et al, 1997; Santell et al, 1997; Hsieh
et al, 1998; McMichael-Phillips et al, 1998). Since oestrogens are
thought to increase breast cancer risk (Clarke et al, 1992), it is
surprising that genistein or zearalenone in the present and previous
study (Murrill et al, 1996) reduced the incidence/multiplicity of
mammary tumours. Perhaps oestrogens have opposing effects on
breast cancer risk depending on the timing of exposure. In utero
exposure to oestrogens, or an exposure during the first week after
birth, increases the subsequent incidence of mammary tumours in
mice and rats (Bern et al, 1985; Lopez et al, 1988; Hilakivi-Clarke
et al. 1997h). and possibly also in humans (Ekbom et al, 1992;
Michels et al. 1996: Sanderson et al. 1996). However, prepubertal
o1 puberta: reatmicn with oestradiol reduces mammary tumorige
nesis in rats (Nagasawa et al, 1974; Grubbs et al, 1985). An expo-
sure to oestrogens during adulthood increases breast cancer risk in
animals (Clarke et al, 1992; Russo et al, 1994), and perhaps in
humans (Grodstein et al, 1997). These differences may reflect
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changes in the responsiveness of the mammary gland to ER
oestrogens over time.

In the present study, phyto-oestrogen exposure occurred during
a prepubertal period when the mammary epithelial cells are
thought not to respond fully to oestrogens, e.g. oestrogens do not
cause epithelial cell proliferation or alter ER levels (Haslam,
1989). We did not find any evidence that the prepubertal exposure
to genistein or zearalenone permanently affected the levels of ER
in the mammary gland. However, the mammary glands of the zear-
alenone-treated rats were significantly more often ER-positive
(had ER levels > 5 fmol mg™! protein) than those of the genistein
group. Our findings are consistent with the fact that ligands can
alter the number/function of a receptor when they are present, and
generally do not cause any persistent changes in receptor expres-
sion. One exception is an exposure that occurs during fetal life or
immediately after birth, which can produce a permanent change
(Verhoeven et al, 1982; Bemn et al, 1985; Hilakivi-Clarke et al,
1998). However, since a prepubertal treatment with both a low
(interacts with ER) and high (interacts with ER and other targets)
dose of genistein or zearalenone reduces subsequent mammary
tumorigenesis, prepubertal ERs may be involved as mediators of
these effects.

Whether or not the effects we report are a direct consequence of
changes in oestrogen-regulated gene function, it seems highly
likely that the mechanism for prepubertal oestrogen exposure in
affecting breast cancer risk involves changes in the mammary
epithelial network. We have proposed that the increased number of
terminal end buds and their reduced differentiation to alveolar
buds, plays a critical role in increasing breast cancer risk following
a perinatal oestrogen exposure (Hilakivi-Clarke et al, 1997a).
Terminal end buds, and to a lesser degree terminal buds, are the
primary sites of carcinogen action in the mammary gland (Russo
and Russo, 1987). Consistent with this hypothesis, prepubertal
exposure to a pharmacological genistein dose increases differenti-
ation of terminal end buds at the time when DMBA is adminis-
tered (Murrill et al, 1996). In our study, a more physiological dose
of genistein also increased differentiated alveolar buds, when
determined 18 weeks after DMBA exposure.

In summary, prepubertal exposure to a low dose of genistein or
zearalenone reduces the risk to develop mammary tumours in rats.
The mediating mechanisms remain to be established, but are likely
to include changes in the differentiation of mammary epithelial
tree and may reflect events mediated through activation of the ER.
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Abstract
Antiestrogen therapy remains one of the most widely used and effective treatments for the management of endocrine
responsive breast cancers. This reflects the ability of antiestrogens to compete with estrogens for binding to estrogen
receptors. While response rates of up to 70% are reported in patients with tumors expressing estrogen and progesterone
receptors, most responsive tumors will eventually acquire resistance. The most important factor in de novo resistance
is lack of expression of these receptors. However, the mechanisms driving resistance in tumors that express estrogen
and/or progesterone receptors are unclear. A tamoxifen stimulated phenotype has been described but appears to occur
only in a minority of patients. Most tumors (>80%) may become resistant through other, less well defined, resistance
mechanisms. These may be multifactorial, including changes in immunity, host endocrinology and drug
pharmacokinetics. Significant changes within the tumor cells also may occur, including alterations in the ratio of the
_ estrogen receptor a:p forms, and/or other changes in estrogen receptor-driven transcription complex function. These
may lead to perturbations in the gene network signaling downstream of estrogen receptors. Cells also may alter
paracrine and autocrine growth factor interactions, potentially producing a ligand-independent activation of estrogen
receptors by mitogen activated protein kinases. Antiestrogens can affect the function of intracellular proteins and
signaling that may, or may not, involve eétrogen receptor-mediated events. These include changes in oxidative stress

responses, specific protein kinase C isoform activation, calmodulin function, and cell membrane structure/function.
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‘CHAPTER 23

In Vitro Models

Diseases of the Breast, 2nd ed.,
edited by Jay R. Harris.
Lippincott Williams & Wilkins, Philadelphia © 2000.

Robert Clarke, Fabio Leonessa, W. Nils Brinner, and Erik W. Thompson

Breast cancer cells that grow in vitro represent one of the most
widely used experimental models of breast cancer. For many
studies, these models provide the only means to address a spe-
cific hypothesis. Most breast cancer cell lines can easily be
maintained and studied in vitro, and are generally stable with
respect to their endocrine responsiveness in vitro and in vivo.
The current understanding of how breast cancer cells respond
to estrogenic stimuli is, in no small part, the direct result of in
vitro studies with human breast cancer cell lines.

Breast cancer cell lines are generally considered in terms of
their estrogen-receptor (ER) content—that is, whether they are
estrogen receptor—positive (ER+) or estrogen receptor-negative
(ER-). This classification largely reflects the clinical value of
steroid hormone expression in predicting response to endocrine
therapy. However, other characteristics of human breast tumors
that tend to follow ER status are frequently exhibited in a sim-
ilar pattern by cell lines growing in vitro and in vivo.!

A detailed and inclusive review of all breast cancer cell
lines and their origins, characteristics, and uses is beyond the
scope of this chapter. Consequently, the chapter focuses pri-
marily on the most widely used cell lines, some of their vari-
ants, and those models expressing characteristics that closely
reflect many of the properties of breast tumots in patients.
Also included is a brief description of cell lines that have
more unique properties or that are best suited to specific
studies, such as endocrine regulation or expression of growth
factors or oncogenes. The parental cell lines are readily avail-
able (e.g., several are available through the American Type
Culture Collection in Rockville, Maryland), and the variants
can generally be obtained from their respective originators.
For a more detailed description of the characteristics of sev-
eral of these cell lines, the reader is referred to the review by
Engel and Young.? Although more than two decades old, this
review provides valuable information on the origin and char-
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acteristics of 22 breast cancer cell lines. The inclusion of the
original citations for almost all of these cell lines provides a
valuable reference for the interested reader.

ESTROGEN-DEPENDENT (ER+/PR+)
BREAST CANCER CELL LINES

Approximately 30% of all breast cancer patients respond
to endocrine manipulation. The overall response rate to
antiestrogens increases to 70% or more in patients whose
tumors express both the estrogen receptor (ERs) and prog-
esterone receptor (PR).3® To define the mechanism of
action of endocrine therapies and to develop and screen
new agents and therapies require models that exhibit an
endocrine response profile comparable to that found in
breast cancer patients. In this regard, the steroid-dependent
breast cancer cell lines have been most useful in studying
the growth-inhibitory effects of estrogens, antiestrogens,
progestins, and antiprogestins. These cell lines are charac-
terized by a dependence on estrogens for growth in vitro or
in vivo and by sensitivity to the growth-inhibitory effects of
antiestrogenic and progestational drugs. In general, steroid-
dependent cell lines are poorly invasive and nonmetastatic
in athymic nude mice.

MCF-7

The MCF-7 cell line is the most widely used and best char-
acterized of all the human breast cancer cell lines. The mito-
genic effects of 17B-estradiol (E2) in human breast cancer
cells in vitro were initially defined in these cells, as were the
in vitro inhibitory effects of antiestrogens.” MCF-7 cells also
are growth inhibited by luteinizing hormone-releasing hor-
mone (LHRH) analogues® and retinoids.>~!! The now widely

“reported E2 dependence for exponential growth both in vitro
and in vivo has provided this cell line with a central role in the
study of endocrine responsiveness and malignant progression
in vitro. Much of the current understanding of the mechanism
of action of estrogens and antiestrogens and their role in reg-
ulating the proliferation of hormone-dependent breast cancer
cells has been derived from work performed using this cellu-
lar model. Consequently, a full and detailed discussion of all
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the data generated using MCF-7 cells alone is beyond the
scope of this chapter.

MCEF-7 cells were established from a pleural effusion arising
in a postmenopausal woman with breast cancer. The patient had
received radiotherapy and endocrine therapy before the appear-
ance of the effusion.'? In addition to the expression of ER,!213
MCF-7 cells express an E2-inducible PR'>!* and cellular
receptors for androgens,’* LHRH!!S glucocorticoids,'?
insulin,!S retinoic acid receptors (RAR-ot and RAR-Y),'” and
prolactin.'® The expression/secretion of several growth factors
and their receptors also has been described in detail, including
the insulinlike growth factors (IGFs),'*-?? type I and type Il IGF
receptors,”>?* and several IGF binding proteins?>-?’; trans-
forming growth factor o, (TGF-o) and epidermal growth factor
receptor (EGFR)?-30; several fibroblast growth factors
(FGFs)*! and FGF receptors®?; and platelet-derived growth fac-
tor (PDGF) but not PDGF receptors.*® The expression of many
of these growth factors, and their respective receptors, is
strongly E2 regulated in MCF-7 cells.> The expression, secre-
tion, and regulation of this wide variety of receptors and ligands
has made the MCF-7 cells a valuable model for the study of the
role of growth factor and growth factor receptor expression in
the proliferation of breast cancer cells. ,

The E2 dependence for growth, antiestrogen sensitivity, and
low metastatic potential of MCF-7 cells has led to the hypoth-
esis that they represent an “early” breast cancer phenotype.>5-36
MCEF-7 cells are an excellent model in which to study the
process of malignant progression, because they can be sub-
jected to appropriate endocrinologic and physiologic selective
pressures for the derivation of variants with more progressed
phenotypes. For example, the estrogenic requirement for
tumorigenicity in immunocompromised mice has been used to
select for E2-independent MCF-7 variants (see below and
Chapter 22). Variants have also been selected for antiestrogen
resistance, and the extent of induced cross-resistance among
structurally diverse antiestrogens has been determined.

T47D

T47D cells were established by Keydar et al. from a 54-
year-old patient with an infiltrating ductal carcinoma.’” The
cells express ER, PR, androgen, glucocorticoid,?” and insulin
receptors.® Approximately 60% of the original cell line
expressed casein.’’*® The T47D cells are perhaps most
notable for their high levels of PR and their remarkable
genetic and phenotypic instability.“>#* Furthermore, these
cells exhibit significant growth-regulatory responses to prog-
estational agents.**> Not surprisingly, T47D cells, and sev-
eral T47D variants that have been obtained, represent the
major in vitro human breast cancer models for the study of the
antiproliferative effects of progestins and antiprogestins and
the regulation of PR expression.*?6 T47D cells also express
RAR-o. and RAR-y!7 and are sensitive to the growth-
inhibitory effects of retinoids and antiestrogens.®1°

The remarkable genetic instability of the T47D cells stands
in contrast to the other ER+/PR+ human breast cancer cell
lines. Subtle differences in the phenotypic characteristics of all

v

of the ER+/PR+ cell lines are observed from laboratory to lab-
oratory. However, these differences rarely extend to the pattern
of expression of steroid hormone receptors, metastatic poten-
tial, antiestrogen responsiveness, the estrogen supplementation
required for in vivo tumorigenicity, or metastatic potential.
These are the major phenotypic characteristics of hormone-
responsive breast cancer cells.?*36 In cases in which signifi-
cant divergent phenotypic responses in other ER+/PR+ cell
lines are observed, these divergences are almost always the
result of an imposed selective pressure (i.e., in vivo or in vitro
growth in the absence of E2, selection for cytotoxic drug resis-
tance). For example, no bona fide spontaneous ER— or PR~
MCEF-7 or ZR-75-1 cell lines have been described in detail,
other than those generated by the imposition of selective pres-
sures. In marked contrast, simple dilution cloning can produce
T47D variants with fundamentally altered endocrine respon-
siveness, (e.g., ER-/PR+, estrogen unresponsiveness, and
antiestrogen resistance).***> Many of these variants are unsta-
ble and readily revert to the wild-type phenotype.*®*3 Other
T47D variants (e.g., the ER-/PR+ T47D,) have been stable
for many years.

ZR-75-1

ZR-75-1 cells were first described by Engel et al. in 1978.47
They were established from an ascites that developed in a 63-
year-old woman with an infiltrating ductal breast carcinoma.
This patient had been receiving tamoxifen (tamoxifen citrate)
for 3 months before the time when cells were removed to
establish the ZR-75-1 cell line.*” Although the ZR-75-1 cells
are ER+/PR+ cells*’8 and are growth stimulated by estrogens
and inhibited by antiestrogens in vitro,*’* the patient did not
respond to tamoxifen.*’ The expression of ER is up-regulated
by interferons in these cells, and treatment with interferon 20
can increase sensitivity to tamoxifen.*® ZR-75-1 cells exhibit
an eightfold overexpression of c-erb-b2 messenger RNA
(mRNA) relative to normal fibroblasts.”® This overexpres-
sion is E2 regulated in ZR-75-1 cells, a down-regulation
being associated with E2-induced cell proliferation.!
Tamoxifen-resistant and hormone-independent ZR-75-1 vari-
ants have been described. #5253

ZR-75-1 cells also express androgen and glucocorticoid
receptors> and are growth inhibited in vitro by progestins3*3
and somatostatin analogues.*® They express the RAR-o and
RAR-y retinoic acid isoforms!’ and are growth inhibited by
several retinoids.>'® ZR-75-1 cells also express low levels of
EGFR; altered EGFR expression is associated with tamoxifen
resistance and hormone independence.’>* The ZR-75-1 cells
appear to possess several steroid metabolism pathways.>’>°

ESTROGEN-INDEPENDENT (ER+/PR+)
AND ESTROGEN-RESPONSIVE BREAST
CANCER CELL LINES

The estrogenic requirement of the MCF-7, T47D, and
ZR-75-1 cells for growth in vitro or in vivo may not ade-
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quately reflect the endocrine environment of many breast
tumors in postmenopausal women. Several breast cancer
cell lines and variants of the MCF-7, ZR-75-1, and T47D
cell lines have been generated that no longer require estro-
genic supplementation for growth. These continue to
express ER, PR, or both, and many also retain responsive-
ness to endocrine agents. Several steroid-independent and
steroid-responsive cell lines or variants exhibit properties
that more closely resemble those of breast tumors in patients
than do the steroid-dependent cell lines.

MCF-7/MIII, MCF-7/LCC1: Cells Selected
for Estrogen Independence ir Vivo

Several aspects of the MCF-7 phenotype could be con-
sidered potentially inconsistent with the human disease.
For example, these cells generally do not proliferate in
cell culture media devoid of estrogens and do not form
proliferating tumors when orthotopically transplanted into
oophorectomized immunodeficient mice. If this depen-
dence on estrogens for growth were to exist in a tumor cell
in a postmenopausal woman, the source from which the
MCF-7 cells were originally obtained,!? the cells would
not give rise to detectable disease. Despite their apparent
metastatic site of origin, MCF-7 cells exhibit few charac-
teristics associated with an invasive/metastatic phenotype.
Thus, we have previously suggested that the MCF-7 phe-
notype represents an early hypothetical breast cancer
cell. 3336

We wished to determine if, by applying appropriate phys-
iologic and endocrinologic selective pressures, we could
obtain cells more representative of many of the ER+/PR+
cells apparent in the breast tumors of postmenopausal
women. Thus, we selected MCF-7 cells by xenotransplanta-
tion into the mammary fat pads of oophorectomized,
athymic, nude mice. After approximately 6 months, we
obtained cells (MCF-7/MIII) that were readily reestablished
in vitro. MCFE-7/MIII cells were determined to be of MCF-7
origin by karyotype and isozyme profile analyses.'* A fur-
ther selection of MCF-7/MIII cells produced a variant des-
ignated MCF-7/LCC1, which exhibits increased metastatic
potential and a shorter lag time to tumor appearance com-
pared with MCF-7/MIIL50:6!

We studied these cells for their respective responses to
estrogens and antiestrogens both in vitro and in vivo. MCF-
7/MIHI and MCF-7/LCC1 cells proliferate in vivo and in
vitro without estrogen supplementation'4®° and are respon-
sive to drugs representing each of the major classes of anti-
estrogens.®-%2 MCF-7/MIII cells also are inhibited by
LHRH analogues.5® Both these variants exhibit an increased
metastatic potential in vivo and in vitro,/*6! although at a
much lower level than ER- cell lines.!* We interpret these
observations as indicating that MCF-7/MIII and MCF-
7/LCCI1 cells exhibit a phenotype representative of many
ER+/PR+ cells present in the tumors of postmenopausal
breast cancer patients. The phenotype of these cells has been
reviewed in detail 353663
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MCF-7 K3: Cells Selected for Estrogen
Independence in Vitro

MCF-7 cells also can be selected in vitro for their ability
to proliferate in the absence of estrogenic stimulation. For
example, Katzenellenbogen et al.% selected MCF-7 cells in
cell culture media devoid of estrogens. The resultant cells
(MCF-7 K3) have a phenotype that is generally similar to the
MCF-7/MII cells.'4 In our studies, these cells also form
tumors in oophorectomized nude mice, but with a longer
doubling time'* and without an apparently increased
metastatic potential (R. Clarke, unpublished data, 1992).
Other, perhaps more subtle differences appear to exist. For
example, the estrogen-induced gene pS2 is constitutively
expressed in MCF-7/LCCI1 cells in vitro but retains some
estrogen-inducible expression in vivo.%’ In the MCF-7 K3
cells, pS2 mRNA expression appears to be inhibited by E2.%7
Some evidence exists that MCF-7 K3 cells may be estrogen
supersensitive,”” and estrogen supersensitive MCF-7 cells
have been previously reported by others.®® We have no data
for the cells selected in vivo (MCF-7/MIII, MCF-7/LCC1)
that would clearly suggest that they have a supersensitive
phenotype. The biological significance of the apparent dif-
ferences between cells selected in vivo (e.g., MCF-7/MIII)
and in vitro (e.g., MCF-7 K3) remains to be established.

MCF-7 MKS: Cells Transfected
with Fibroblast Growth Factor 4

The FGFs are potent angiogenic growth factors, and sev-
eral appear to be present in or secreted by human breast can-
cer cells, or both. Transfection of cells with FGF-4 produces
cells (MCF-7 MKS) that are able to generate proliferating
tumors in the absence of estrogenic stimulation.®>’® Whereas
MCF-7 cells are generally nonmetastatic, MCF-7 MKS cells
produce highly vascular tumors, from which both lymphatic
and lung metastases arise with a high frequency. Unlike
MCEF-7 cells selected for an ability to grow in a low-estrogen
environment, MCF-7 MKS cells are stimulated by tamoxifen
and inhibited by physiologic concentrations of estrogen.’’
The extent to which this endocrine-inverted phenotype
reflects a specific phenotype in the human disease is unclear.
However, these cells exhibit an endocrine response pattern
similar to that of MCF-7 cells selected for in vivo resistance
to tamoxifen (see below).

ESTROGEN-INDEPENDENT (ER+/PRx)
AND ESTROGEN-UNRESPONSIVE BREAST
CANCER CELL LINES

BT 20 (Mutant ER)

The BT 20 cell line is one of the older breast cancer cell
lines and was established in 1958 by Lasfargues and
Ozzello.”! The cell line was obtained from a breast cancer
patient with an infiltrating ductal carcinoma.”! BT 20 cells
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were initially described as being ER—/PR-? but subse-
quently ER mRNA was detected.”® More recently, these cells
have been shown to express a novel ER mutant with an exon
5 deletion.” This mutation produces a protein that does not
bind E2 and would appear ER- by ligand binding. Because
some evidence exists that exon 5 mutant ER proteins can be
transcriptionally active,”” BT 20 cells could be considered to
be ER+, hormone independent, and hormone unresponsive.
These cells also express glucocorticoid receptor (GR),”? and
they have a 16-fold elevation in the mRNA levels of EGFR
expression resulting from a fourfold to eightfold amplifica-
tion.>%’ BT 20 cells are tumorigenic but nonmetastatic when
grown in athymic nude mice.”’

BT474 (ER-/PR+)

BT474 cells were obtained from a solid primary infiltrat-
ing ductal carcinoma of the breast in a 60-year-old woman.”
The cells express PR but not ER in vitro’® and significantly
overexpress c-Erb-b2 due to an amplification in the c-erb-b2
gene.® The level of c-Erb-b2 mRNA expression in BT474
cells is 128-fold that of normal fibroblasts, whereas EGFR is
not overexpressed.>

T47D ., (ER-/PR+)

T47D_, cells are a variant of the ER+/PR+ T47D cells®’
and were originally described by Horwitz et al.” The most
notable feature of these cells is their loss of ER but elevated
and constitutive expression of PR.347 The cells grow in vitro
without E2 supplementation and are antiestrogen resistant.”
Whereas the PR in T47D, cells is E2 independent, insulin
receptor expression is up-regulated by progestins, despite their
growth-inhibitory effects.*> The constitutive expression of PR
in the absence of ER makes this an excellent in vifro model for
screening progestins and antiprogestins, because no compli-
cating requirement for E2 supplementation exists. For exam-
ple, the antiproliferative effects of the progestin R5020 in
T47D cells were initially thought to reflect an antiestrogenic
effect.* Subsequent data obtained in the T47D, cells demon-
strated that progestins and antiprogestins exert direct growth-
inhibitory effects independent of ER-mediated events.*3

ESTROGEN-UNRESPONSIVE (ER-/PR-)
BREAST CANCER CELL LINES

The majority of human breast cancer cell lines are ER—. Just
as the ER+ cell lines tend to reflect the nature of ER+ tumors
in breast cancer patients, the ER— cell lines exhibit characteris-
tics similar to those of ER— breast tumors. For example, ER—
tumors are generally more rapidly growing,®’ more aggressive,
and exhibit a poorer prognosis®'-3; similarly, the ER— cell lines
tend to produce rapidly growing tumors in nude mice, several
of which are highly invasive and some of which can produce
distant metastases.!®* None of these cell lines responds to the
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antiproliferative effects of estrogens and antiestrogens unless
exposed to suprapharmacologic doses. However, the absence of
response to steroids does not preclude response to other noncy-
totoxic agents. Several ER— cell lines express retinoic acid
receptors!” and are growth inhibited by retinoids.!!84

MDA-MB-231 and MDA-MB-435

The MDA-MB-231 cell line is among the most widely
used of the ER— human breast cancer cell lines and is fre-
quently used as a negative control in many laboratories
studying the endocrine regulation of breast cancer cell
growth. The MDA-MB-231 cells were established from a 51-
year-old woman with breast cancer who developed a pleural
effusion. The patient had received prior endocrine therapy
(oophorectomy) and cytotoxic chemotherapy (initially 5-flu-
orouracil and then a combination of cyclophosphamide,
methotrexate, and adriamycin). She had received the combi-
nation regimen 3 weeks before removal of the fluid from
which the MDA-MB-231 cell line was isolated.®> The MDA-
MB-231 cells are highly tumorigenic and can produce lung
metastases from mammary fat pad tumors in nude mice.%*

The MDA-MB-435 cells were established from a pleural
effusion in a 31-year-old white woman with metastatic breast
cancer.>>85 Unlike many other patients from whom breast can-
cer cell lines have been obtained, this patient had received no
prior systemic therapy.®® Despite being initially described as
nontumorigenic,’” MDA-MB-435 is generally reported to be
highly tumorigenic and is one of the few human breast cancer
cell lines that produce lung metastases from solid tumors.5438
When growing as xenografts, the growth and metastases of
these cells also appear responsive to several dietary manipula-
tions.?*! The study of metastasis from the MDA-MB-435 cell
line has been greatly simplified by the introduction of a marker
(B-galactosidase) that can facilitate visualization of
micrometastases.”

We have established an ascites variant of the MDA-MB-435
cells (MDA435/LCC6). We have routinely maintained these
cells as ascites for several years and assessed their sensitivity to
a series of cytotoxic drugs.®® The ascites has a pattern of
responsiveness to single agents that closely reflects the activity
of these agents in breast cancer patients. The cells are also eas-
ily maintained in vitro and can be successfully reestablished as
solid tumors or ascites in nude mice. The MDA435/L.CC6 cells
may provide an alternative to the L.1210/P388 murine ascites
(leukemia) for the screening of new agents for activity in breast
cancer. The MDA435/LCC6 cells also respond to nanomolar
concentrations of all-frans-retinoic acid, fenretinimide, and 9-
cis-retinoic acid''; this response perhaps reflects the expression
of the RAR-a, RAR-B, and RAR-y isoforms by the parental
MDA-MB-435 cells.!”

Other MDA-MB Cell Lines

Up to 19 cell lines bear the MDA-MB designation; most were
derived by Cailleau et al. at the M. D. Anderson Hospital and
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Tumor Institute.3® The basic characteristics and isozyme and
karyotype patterns have been previously reported in some
detail 3993 Most cell lines are ER—, with the notable exception of
the MDA-MB-134 and MDA-MB-175 cell lines, which are
ER+%4 Several of these lines are of specific interest. The MDA-
MB-468 cells overexpress EGFR; in contrast to other breast
cancer cell lines, their growth is inhibited by exogenous EGE®»
FGF receptors are overexpressed by MDA-MB-175 cells, which
are growth inhibited by FGE® The MDA-MB-175 cells also
exhibit an eightfold overexpression of c-erb-b2 relative to nor-
mal fibroblasts.3® The MDA-MB-361 cells, which were
obtained from a brain metastasis,? and the MDA-MB-453 cells
exhibit a twofold to fourfold amplification of the c-erb-b2 gene,
overexpressing the gene product by approximately 64-fold.
The external domain of c-Erb-b2 is shed from MDA-MB-361
cells and can be detected in the serum of nude mice bearing
these xenografts.”” The MDA-MB-436 cell line was derived
from a 43-year-old woman with metastatic breast cancer.”?
These cells are ER— and are sensitive to several cytotoxic drugs.
The MDA-MB-436 cells have been used to investigate the
effects of insulin and cell-seeding density on methotrexate
metabolism?® and the non-ER-mediated effects of estrogens
and antiestrogens on both the cytotoxicity of methotrexate!%1%!
and cell membrane structure and function.!%

SkBr3

SkBr3 cells were obtained from a pleural effusion that
developed in a 43-year-old patient with a breast adenocarci-
noma.!0 These cells have been widely used in the study of
c-Erb-b2 expression, because they overexpress c-Erb-b2
128-fold relative to normal fibroblasts owing to a fourfold to
eightfold amplification of this gene.® SkBr3 cells also
secrete a truncated c-Erb-b2 into their cell culture medium. 1%
The coexpression of EGFR and c-Erb-b2 has enabled studies
into the mechanisms of EGF-induced heterodimerization.!%

NEW BREAST CANCER CELL LINES

The following section is not intended to be exhaustive but
includes several new cell lines with some novel or unusual
characteristics. The methods of isolation vary across studies,
but all cell lines have been confirmed to be of breast origin.
When the information is available, tumorigenicity, oncogene
expression, and other potentially relevant information is
described.

The establishment of new cell lines is a difficult and time-
consuming process. Primary cultures can be initiated with a
relatively high success rate.!%¢1%7 Biopsy material can be
cultured in a manner that allows for the preferential growth
of neoplastic rather than normal epithelial cells.'®® However,
the proportion of these cultures that spontaneously develop
into established cell lines—for example, lines that can be
maintained successfully for over 50 passages—is relatively
low. In a study of 135 primary breast cancers, only 10 pro-
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duced cell lines. All were negative for ER.!® The success
rate appears similar when the material for culture is derived
from lymph node metastases. Thus, tumor stage would not
seem to be a particularly good predictor for in vitro estab-
lishment.1% The very poor success rate in establishing ER+
cell lines remains problematic.

Although ER can be overexpressed in ER- breast cancer
cells by transfection, the resulting cells are almost exclu-
sively growth inhibited by physiologic concentrations of
estrogens.!! A similar phenotype is reported for overex-
pression of ER in the normal human breast epithelial cell
line MCF10A,!!! although the antiproliferative responses to
estrogens appear relatively small. Breast tumors generally
contain these levels of intratumor estrogens, regardless of
the patient’s menopausal status.!'? Such tumors might not
arise if these intratumor estrogens were growth inhibitory, or
at least would not arise until this signaling was eliminated or
overcome. Furthermore, the administration of exogenous
estrogens—for example, estrogen-based hormone replace-
ment therapy—generally increases breast cancer risk.!13
This is consistent with the mitogenic effects of estrogens in
cells that “normally” express ER, such as MCF-7 cells, and
the growth-inhibitory effects of antiestrogens. Thus, the
phenotypic relevance of these transfected cells is difficult to
determine. Some transfectants can regulate estrogen-respon-
sive element (ERE)-regulated gene expression in transient
transfection assays but do not regulate endogenous genes,
such as the genes for PR, pS2, and cathepsin D, in response
to estrogens.!!! Thus, the function of some estrogen-regulated
genes may be unaffected by expression of ER.

Some breast cancers possibly may arise from cells that
were normally negative for ER,''* and cellular signaling
within these populations may be different from that in cells
that normally express ER and require estrogens for prolifer-
ation. Some critical genes may be regulated in a direction
not seen in cells that normally express ER, perhaps account-
ing for the inverted—that is, estrogen-inhibited—pheno-
type. If the ER function is significantly different than that in
cells which normally express ER, the use of these models to
study signaling to estrogenic/antiestrogenic responses may
require careful consideration.

One cell population has been studied that is naturally
inhibited by estrogens—namely, vascular smooth muscle
cells.15-117 These cells are naturally growth inhibited by
estrogens, a finding that is not surprising, as estrogen is
known to reduce the risk of cardiovascular disease. One
mechanism might be through the inhibition of vascular
smooth muscle cell proliferation after vascular injury.!!?
Although an estrogen-inhibited phenotype is not physiolog-
ically unimportant in other tissues, the extent to which it
applies to breast cancer is unclear.

BRC-230

The patient from whom cells for this line were obtained was
a 79-year-old woman with a metastatic, infiltrating ductal car-
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cinoma. The primary tumor was ER—/PR— and exhibited a
high thymidine (TdR)-labeling index.!'® The cell line, desig-
nated BRC-230, was established from surgical material
obtained from the primary tumor. The cells are ER~/PR— and
show no evidence of amplification or rearrangement of c-erb-
b2, c-myc, or mdr-1. BRC-30 cells are tumorigenic in nude
mice and produce carcinoembryonic antigen, CA15-3, CA19-
9, and CAI125."® Of potential interest is the pattern of
chemosensitivity, which closely reflects that seen in the
patient. BRC-230 cells exhibit a multiple drug—resistant phe-
notype and are resistant to doxorubicin hydrochloride, etopo-
side, idarubicin hydrochloride, mitoxantrone hydrochloride,
4'-epidoxorubicin, and 4-idroperoxy-cyclophosphamide.!!8
BRC-20 cells may be useful in studying non—MDRI-mediated
multiple drug resistance.

HMT-3909S1 and HMT-3909S8

Petersen et al.!!” have described two cell lines derived from
the same primary tumor. The primary tumor was an infiltrat-
ing ductal carcinoma that arose in a 6l-year-old white
woman. The patient had received no prior therapy. The cell
lines were established in serum-free media.''® HMT-3909 is
nontumorigenic, whereas the HMT-3909S8 line forms tumors
in athymic nude mice. HMT-3909S8 cells are aneuploid and
express the mesenchymal glycoprotein vimentin, keratins 8
and 18, and the MAM-6 glycoprotein. HMT-3909S1 cells
express vimentin and several keratins, including keratin 18,
but MAM-6 reactivity is weak and keratin 8 staining is not
detected.!! The cells are not entirely ER—~, but expression
appears very low. The presence of two phenotypically distinct
cell lines, each derived from a single hypothetical stem cell,
may provide a novel means to study progression and acquisi-
tion of phenotypic diversity in tumors.

KPL-3C

KPL-3C cells were derived from a 37-year-old Japanese
woman with invasive ductal carcinoma. The patient was ini-
tially treated by radical mastectomy and subsequently
received radiotherapy to the locally recurrent lesions and sys-
temic chemoendocrine therapy. Liver metastasis and a pleural
effusion were subsequently diagnosed. The cell line was
established from the pleural fluid.'?® The resulting cell line
(KPL-3C) is tumorigenic in athymic nude mice, with a dou-
bling time of approximately 7 days, and produces tumors
reminiscent of comedo-type intraductal neoplasms. The
tumors often exhibit an area of central necrosis characterized
by microcalcification. The cells express cytokeratin, epithelial
membrane antigen, carcinoembryonic antigen, and CA15-3,
but do not express either vimentin or ¢c-Erb-b2. Expression of
ER and PR is low, with the levels reported as approximately
15 fmol per mg protein and 14 fmol per mg protein, respec-
tively.'”® The cell population doubling time i vifro is approx-
imately 72 hours. A potentially unusual characteristic of this

e
cell line is its secretion of parathyroid hormone—related pro-
tein. Interestingly, the patient from whom these cells were
derived required treatment for humoral hypercalcemia. This
cell line may be useful for studying the role of tumor-derived
parathyroid hormone-related protein in humoral hypercal-
cemia of malignancy.!?’

LCC15-MB

The LCC15-MB cell line was established from a femoral
bone metastasis. The patient was a 29-year-old woman ini-
tially diagnosed with an infiltrating ductal mammary adeno-
carcinoma.'?! Approximately 3 years after the initial primary
tumor was diagnosed, the patient presented with acute bone
metastasis. Material from the bone metastasis, a poorly dif-
ferentiated adenocarcinoma lacking ER, PR, and erb-b2
expression, was used to establish the cell culture. The LCC15-
MB cells exhibit these characteristics, although ER can be
reexpressed by treatment of the LCC15-MB cells for 5 days
with 5-aza-2'-deoxycytidine. LCC15-MB cells are tumori-
genic in athymic nude mice and produce long-bone metas-
tases after intracardiac injection.”?! These cells strongly
express vimentin. The presence of keratin 18 mRNA has been
demonstrated using assay by polymerase chain reaction, but
the low overall levels of keratin protein and the lack of keratin
19 mRNA suggest that these cells have selectively lost epithe-
lial characteristics while gaining a more mesenchymal pheno-
type, consistent with the epithelial to mesenchymal transition
that can occur during malignant progression in breast can-
cer.!! The cells are invasive in the in vitro Boyden chamber
assay and activate matrix metalloprotease 2 after treatment
with concanavalin A.'%? Significantly, LCC15-MB cells
express the bone matrix protein osteopontin, and this expres-
sion is retained by subcutaneous xenografts and intraosseous
metastases.'” The LCC15-MB cells provide a unique model
in which to study bone metastasis and the role of osteopontin
in this process.

MFM-233

The MFM-233 cell line was derived from a pleural effu-
sion that arose in a postmenopausal patient. The patient had
not received any prior treatment and presented with a wide-
spread grade 3 ductal carcinoma. The established cell line
was designated MFM-223.12% These cells are tumorigenic in
nude mice, producing moderate to poorly differentiated ade-
nocarcinomas. MFM-233 cells express cytokeratins 8 and
18, epithelial membrane antigen, and milk fat globulins 1 and
2. Relatively low levels of ER (5 to 10 fmol/mg protein) are
expressed, but PR is not detected in the cultures and is not
induced by estradiol treatment. In contrast, expression of
androgen receptors is high (160 fmol/mg protein), and pro-
liferation of the cells is inhibited by more than 0.01 nanomo-
lar dihydrotestosterone.!?* This cell line may prove useful in
the study of androgen responsiveness and signaling.
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'MODELS OF ACQUIRED ANTIESTROGEN
RESISTANCE (ER+ CELLS)

Although acquired resistance to antiestrogens is one of
the more pressing clinical problems in breast cancer, few in
vitro models exist for the analysis of this aspect of malig-
nant progression. The most common approaches to the iso-
lation of antiestrogen-resistant cells use an in vitro selection
of hormone-dependent cells against either a high single
dose of antiestrogen!?* or a stepwise increase in concentra-
tions of drug. These approaches have been widely used to
generate variants of cell lines resistant to many antineo-
plastic agents. Several problems are encountered when this
approach is applied to generate antiestrogen-resistant vari-
ants of estrogen-dependent breast cancer cells. For exam-
ple, isolation of resistant clones that retain stability for
several years has often been difficult. Several laboratories
have reported resistant variants that revert to a sensitive
phenotype with a high frequency.*125-127 Some cell lines
alter other critical aspects of their phenotypes. The MCF-7
variant LY-2 has become nontumorigenic.> MCF-7 cells
selected in vivo can become dependent on or stimulated by
tamoxifen.!?$12 Cells transfected with FGFs also reverse
their endocrine responsiveness, becoming stimulated by
tamoxifen and inhibited by physiologic concentrations of
estrogens.”® These models may reflect a tamoxifen-with-
drawal effect, although the prevalence of this response in
humans is difficult to determine.

LY-2: MCF-7 Cells Selected against a
Benzothiophene (LY117018) in Vitro

The MCF-7 variant LY-2'?* is perhaps the most stable
antiestrogen-resistant variant and was generated in 1985.
These cells were selected in vitro in an anchorage-indepen-
dent (soft agar) colony assay for resistance against
LY117018.'%* LY-2 cells have been demonstrated to be
cross-resistant to drugs representative of the major struc-
tural classes of antiestrogens, including nafoxidine, 4-
hydroxytamoxifen, and ICI 164,384.92 In addition to
exhibiting a significant shift in theit dose-response rela-
tionship for antiestrogens, LY-2 cells exhibit a blunted
mitogenic response to E2.'2* However, LY-2 cells have lost
their ability to form proliferating tumors in oophorec-
tomized or E2-supplemented nude mice,? limiting their use
to in vitro studies.

Although the precise resistance mechanism in the LY-2
cells is unclear, these cells express ER levels approximately
one-third those of their parental MCF-7 cells and have
become negative for PR.12* A reduced level of ER expres-
sion would be expected to induce resistance to all antiestro-
gens, because interaction with ER is likely to be the most
important early event in antiestrogen function. Thus, the
altered ER levels or the reduced ability to mount an estro-
genic response in the LY-2 cells may explain their antiestro-
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gen-resistance pattern. LY-2 cells still express levels of ER
that would be considered high in a breast tumor biopsy.'?*
Furthermore, the remaining ER appears normal—that is, it
is not mutated or altered.!3® The LY-2 cells may mimic some
aspects of the antiestrogen-resistance profile in patients with
ER+/PR- tumors.

MCF-7 Cells Selected against Tamoxifen in Vivo

Several groups have generated resistance models by
selecting MCF-7 xenografts growing in nude mice against
tamoxifen, an approach that would appear to more closely
mimic the human disease than in vitro selection. However,
MCF-7 cells do not form proliferating tumors in castrated
female mice, which have an endocrine environment similar
to that of postmenopausal women.'?1-133 Because the
xenografts would not be proliferating, their growth could
not be further suppressed; tamoxifen is generally consid-
ered a cytostatic, not cytotoxic, drug. Consequently, it
might be predicted that the most efficient response to such
a selective pressure would be a change in the cell’s percep-
tion of tamoxifen from inhibition to the widely documented
partial agonist (growth promotion at low concentrations)
properties of tamoxifen.!3* Indeed, the resultant tumors
exhibit a tamoxifen-stimulated/tamoxifen-dependent phe-
notype,'?%1% suggesting that this “inverted” phenotype
reflects a sensitization to the partial agonist (estrogenic)
effects of the triphenylethylenes.!3* Tamoxifen dependence
is evidenced by withdrawal responses to tamoxifen that
induce regression of the xenografts.'”® More recently, an
ER variant has been identified that may explain these
changes in responses to antiestrogens.’>>!3 Jiang et al.
have identified a glycine-to-valine mutation at amino acid
position 400 in the ER protein. When transfected into breast
cancer cells, this mutation confers a growth-inhibitory
response to estrogens and a growth-stimulatory response to
antiestrogens.!3%136

A breast tumor in a patient that possessed a tamoxifen-
dependent phenotype could respond to removal of tamox-
ifen by exhibiting a tamoxifen-withdrawal response.
Withdrawal responses have been widely reported for other
endocrine therapies, including high-dose estrogen and
progestin treatment.!3” Whether this occurs for antiestro-
gens is unclear, because the incidence of tamoxifen with-
drawal responses has not been clearly defined and
documented. Several anecdotal and single case reports of
tamoxifen withdrawal responses have been published.!38-143
Several larger studies indicate a low incidence of tamoxifen
withdrawal responses.!#414> Thus, the data from these mod-
els may be predicting a response yet to be clearly demon-
strated in the clinic or demonstrating an experimental
artifact. Should these models be correct, the potential for a
significant incidence of tamoxifen withdrawal responses
could indicate an important, and potentially underesti-
mated, clinical response pattern.
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Selection of Hormone-Independent but Hormone-
Responsive Cells against 4-Hydroxytamoxifen

Rather than use hormone-dependent cells and risk a
loss of tumorigenicity (e.g., the LY-2 phenotype) or select
in vivo using hormone-dependent cells and obtain a tamox-
ifen-stimulated phenotype, we hypothesized that cells
already hormone independent and responsive might provide
a more appropriate starting point for the generation of resis-
tant variants. These cells already proliferate in the absence
of estrogenic stimulation both in vivo and in vitro. To elim-
inate species-specific metabolic differences between rodents
and humans, we chose to perform a stepwise selection of the
MCF-7/LCC1 cells in vitro against the potent tamoxifen
metabolite 4-hydroxytamoxifen. We obtained a stable resis-
tant population designated MCF-7/LCC2. These cells are
resistant to tamoxifen when growing either in vitro or as
xenografts in nude mice!*6 and have remained stably resis-
tant in the absence of selective pressure.

We determined the likely cross-resistance profile of these
cells by assessing their in vitro growth response to steroidal
antiestrogens. Although resistant to tamoxifen, MCF-7/LCC2
cells are not cross-resistant to either ICI 182,780 or ICI
164,384.146147 This response pattern suggested that some
patients who initially respond to tamoxifen but ultimately
relapse may retain the ability to respond to a steroidal anti-
estrogen. Subsequently, this resistance pattern has been
observed in preliminary data from a Phase I trial of ICI 182,780
in heavily tamoxifen pretreated patients.'® These data indicate
that, as predicted by the MCE-7/LCC2 phenotype, patients that
ultimately relapse on tamoxifen can obtain responses to a sub-
sequent steroidal antiestrogen, treatment. Thus, an in vitro
observation correctly predicted a subsequent pattern of
response in breast cancer patients. These data suggest that the
clinical responses to ICI 182,780 probably represent a genuine
direct antitumor effect, rather than a possible tamoxifen with-
drawal response, and suggest that the MCF-7/LCC2 phenotype
is not merely an in vitro artifact. The relevance of these cells
and their phenotypes has been reviewed. 3065

Cells Selected for Resistance to Steroidal Antiestrogens

MCF-7/LCC1 cells selected against the steroidal antiestro-
gen ICI 182,780 have been isolated and characterized. An in
vitro stepwise selection was used similar to that used to gen-
erate the MCF-7/LCC2 cells. The stable ICI 182,780-resis-
tant population was designated MCF-7/LCC9. MCF-7/LCC9
cells are resistant to ICI 182,780 in vitro and in vive.'* Our
data indicate that these cells exhibit cross-resistance to tamox-
ifen, even though the cells have not been exposed to a triph-
enylethylene antiestrogen. If correct, this pattern of in vitro
resistance would suggest that patients may be better served if
treated initially with tamoxifen and subsequently with a
steroidal antiestrogen, rather than vice versa. The validity of
this prediction remains to be tested in patients.

MODELS FOR STUDYING MULTIPLE-DRUG
RESISTANCE (MDR1/GP170)

Many breast tumors are often initially responsive to cyto-
toxic chemotherapy. Almost all develop a multiple
drug-resistant phenotype, however, and this is ultimately
responsible for the failure of current cytotoxic regimens.3*
Acquired resistance is frequently associated with expression
of the MDRI gene and its gp170 glycoprotein product. The
level and incidence of detectable MDR1/gp170 expression is
significantly higher in the tumors of treated versus untreated
breast cancer patients'*-'32 and correlates with in vitro
resistance to cytotoxic drugs.' 2154 Several in vitro models
have been established with which to screen for new agents
that can reverse this form of multiple drug resistance.

Cells Selected for Resistance against Adriamycin

Cell lines selected in vitro for resistance to adriamycin
frequently overexpress gp170, often as a result of amplifica-
tion of the MDRI gene. Among the most widely used cell
lines are the MCF-7APR line!53 and the HeLa (ovarian carci-
noma) variant KbV series.!*® The origin of the MCF-7APR
cells, as used in the current National Institutes of Health
(NIH) drug-screening program, has been questioned. The
MCEF-7 origin of these cells could not readily be determined,
and the cell line has been redesignated NCI/ADR-RES.!%7
The extent to which these cells can be used as a specific
model of multiple drug-resistant breast cancer is unclear.

One problem with cells selected in vitro is that they fre-
quently acquire multiple drug—resistance mechanisms. For
example, we have demonstrated that NCI/ADR-RES (MCF-
7APRY cells, but not MDRI-transduced MCF-7 cells (CL
10.3), are cross-resistant to tumor necrosis factor.!38
Because both adriamycin and tumor necrosis factor can
inhibit cells by the generation of free radicals,!>®!% this
cross-resistance in NCI/ADR-RES cells strongly suggests
the presence of adriamycin-resistant mechanisms in addition
to gp170, including altered expression of manganous super-
oxide dismutase.!’® Indeed, NCI/ADR-RES cells also
exhibit increased glutathione transferase and topoisomerase
II activities'é16? and have become estrogen independent
and antiestrogen resistant due to their loss of steroid hor-
mone receptor expression. >

The complexity of the resistance phenotype in these cells
may explain why the gp170-reversing potency of isomers of
flupenthixol identified in NCI/ADR-RES (MCF-7APR) cells
could not be confirmed in MDRI-transfected NIH 3T3
cells,'® which suggests a non—gp170-mediated mechanism.
Although NCI/ADR-RES cells are clearly of considerable use
for screening new resistance-modifying agents and combina-
tions, their use for detailed mechanistic studies of resistance
reversal may be limited. These cells are widely used and very
well characterized, however, and they provide an important
benchmark for comparing data among different studies.
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_ Cells Transduced with the MDRI Gene

To obtain cells in cases in which gp170 is the major mul-
tiple drug-resistance mechanism, a cloned, E2-dependent,
MCF-7 human breast cancer subline was transduced with a
retroviral vector directing the constitutive expression of the
MDRI gene.'®* After selection in the presence of the gp170
substrate colchicine, cell populations (MCF-7MPRI) were
isolated, and their ability to produce gp170 was determined
by radioimmunoprecipitation.!® In this study, one of the
MCE-7MPR! clones designated CL 10.3 was used. Trans-
duced cells express high levels of a 170-kd glycoprotein
exhibiting immunoreactivity with specific anti-gp170 anti-
bodies. Immunoreactivity is not detected in either the
parental MCF-7 cells or MCF-7 cells transduced with a con-
trol pSV2neo vector. The level of expression of MCF-7MPR!
cells is estimated to be within twofold to threefold of that
expressed by the adriamycin-selected NCI/ADR-RES
cells.!6 The function of the expressed glycoprotein was
confirmed by determining the sensitivity of parental and
MCF-7MPR! cells to a gp170 substrate (adriamycin) and to a
non-gp170 substrate (gossypol).!¢+165 Transduced cells have
a tenfold greater IC,, for adriamycin, whereas sensitivity to
gossypol is equivalent in both parental and transduced
cells.'®* A similar relationship has been observed for
colchicine and the non-gp170 substrate methotrexate (R.
Clarke and F. Leonessa, unpublished observations, 1990).

The increase in resistance exhibited by the transduced
MCEF-7MPR! cells would be expected to be sufficient to
induce clinical resistance in tumors. Perturbations in energy
metabolism in the MCF-7MPR! cells have also been observed
that are not present in the parental cells.'> MDRI-trans-
duced cells retain ER and PR expression and sensitivity to
the triphenylethylene antiestrogen 4-hydroxytamoxifen.'6*
Expression of the estrogen-inducible pS2 and EGFR genes
are similar in parental and MCF-7MPR! cells.!®* EGFR is up-
regulated, and pS2 expression is lost in NCI/ADR-RES
cells.!35164 The data indicate that overexpression of the
MDRI gene alone confers a multiple drug-resistance phe-
notype but does not result in either cross-resistance to anti-
estrogens or a loss of steroid hormone receptor expression.'®

The ascites variant MDA435/LCC6 of the ER— breast
cancer cell line MDA-MB-435 has been transduced with the
MDRI complementary DNA. The MDA435/LCC6 cells
appear to retain the major characteristics of their parental
cells; that is, they are ER—, highly tumorigenic, invasive, and
metastatic.!®® When the cells are grown as an ascites, the
mice become moribund within a reproducible time (approx-
imately 30 days) and exhibit a pattern of responses to estab-
lished cytotoxic drugs that closely reflects the activity of the
agents when administered as single agents to previously
untreated breast cancer patients.'®® The MDRI-transduced
cells (MDA435/LCC6MPRY) provide an ER— model for com-
parison with the ER+ MCF-7MPR! CL 10.3 cells. The ascites
variants provide an alternative to the murine leukemia
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ascites models (e.g., L1210, P388) for screening gp170-
reversing agents.!%

NORMAL BREAST EPITHELIAL CELLS AND
THEIR DERIVATIVES

Culturing Normal Breast Epithelial Cells in Vitro

Major advances have been made in the culture of normal
mammary cells from both humans and rodents. Not all of
the approaches can be discussed in detail here, but several
excellent reviews are available.!¢”-1% Of particular impor-
tance are models that allow for the coculturing of stromal
and epithelial cells, because the interactions among these
populations appear critical for normal glandular develop-
ment and function. The approaches reviewed by Ip and
Darcy'®” demonstrate the ability of cells maintained in vitro
to complete a phenotypically normal lobuloalveolar devel-
opment. These structures secrete milk proteins in response
to appropriate hormonal stimuli and undergo an apparent
involution on hormone withdrawal.!” The culture tech-
niques have been optimized for, and widely applied to, both
human and rodent mammary cells.'6”16% For example, nor-
mal human epithelial cells proliferate and differentiate in a
three-dimensional sponge-gel matrix culture system.'®

These approaches require the isolation of viable epithelial
or stromal cells from solid tissues. Many investigators
appear to use one of several collagenase-based disaggrega-
tion methods, 67170 but explant, organ culture, and organoid
approaches also are successful.!%167.17! The most effective
approaches generally differ from the standard cell culture
techniques used to propagate and study breast cancer cells,
primarily in the provision of a three dimensional environ-
ment and the inclusion of stromal cells.!é”-1%® The success
rate in establishing primary cultures of both normal and neo-
plastic mammary tissues has increased significantly. Even
relatively simple approaches can produce short-term cul-
tures on plastic with good reproducibility. For example,
Volpi et al. have reported success rates of 83% for primary
human breast cancers and 78% for normal breast tissue.'%

Several specialized cell culture media have been generated
that have greatly increased the success rate for establishing
primary cultures. In general, these are semi-synthetic media
that contain little or no serum, have low levels of Ca?*, and
are supplemented with various hormones, growth factors,
and chemically undefined ingredients, such as conditioned
cell culture media and bovine pituitary extract.196:17-175

Although these cells represent primary cultures—that is,
they have a finite life span in vitro—they may be immortal-
ized by treating them with carcinogens and transformed by
inducing an overexpression of several oncogenes. As with
the neoplastic breast cell lines, several caveats should be
borne in mind. For example, the primary and immortalized
cells are adapted to in vitro growth, and some of their
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expressed (or repressed) characteristics may be more closely
associated with this adaptation than their normal in vivo
function. However, this concern most likely is minimized
when three-dimensional culture matrices are used and stro-
mal cells are included. Immortalized cells are continually
proliferating, a state quite different from the resting tissues
from which their parental cells were derived.

All the available cell lines established from normal mam-
mary cells are ER-. ER has been introduced into several
normal human breast epithelial cell lines. However, the
resultant phenotype is growth inhibited by estradiol.!’¢ A
similar phenotype occurs when breast cancer cells are trans-
fected with ER.'® This E2-inhibited phenotype appears
counterintuitive, because estrogens are generally considered
mitogens in both normal and neoplastic breast tissues. Nev-
ertheless, these potentially “normal” cells are important
models that provide the opportunity to study aspects of the
biology of normal mammary epithelial cells, to identify
agents that may contribute to the malignant transformation
of normal mammary cells, and to determine phenotypic and
genotypic perturbations associated with this process.

Benzo(a)Pyrene-Immortalized 184 and BS Lineages
from Reduction Mammoplasties

Stampfer and Bartley'” have successfully established pri-
mary organoid cultures from normal reduction mammo-
plasty tissues. The source tissues for these cultures were
essentially resting, in that they were not obtained during a
functional or active period, such as early pregnancy, lacta-
tion, or involution.'” These cells can readily be immortal-
ized by treatment with benzo(a)pyrene (e.g., 184 cells).
Immortalized normal mammary epithelial cells can exhibit
evidence of their breast epithelial origin. For example, the
cells are clearly epithelial,!7? express several human milk fat
globulin antigens, and synthesize o-lactalbumin and B-
casein.'” Although immortalized—that is, they can be
maintained continuously in vitro—these cells are not con-
sidered transformed according to several criteria, including
their inability to form tumors in nude mice or significant
anchorage-independent growth.!”3

Transformation of Immortalized Human Mammary
Epithelial Cells with Oncogenes

The introduction of viral or cellular oncogenes into
benzo(a)pyrene-immortalized human mammary epithelial
cell lines results in a stepwise progression from a normal to
a malignant phenotype.'”>177-17 Two distinct immortalized
lineages (184AIN4 and 184B5) have been characterized
after transformation by several viral oncogenes. Tumori-
genicity in nude mice is observed after infection of the
benzo(a)pyrene-immortalized 184A1N4 subline with v-Ha-
ras (A1N4-H), but not v-mos (AIN4-M), c-myc (A1N4-
myc), or SV40T (AIN4-T; after limited passaging of
cells).'”” Although they are nontumorigenic, v-mos-, c-myc-,

LA
and SV40T-transformed cells do exhibit phenotypic trans-
formation and autonomy from growth factors in vitro to
varying degrees. Combination of v-Ha-ras with v-mos
(AIN4-MH) or SV40T (A1N4-TH) resulted in highly malig-
nant and metastatic tumors in the nude mouse.!””178 Consis-
tent with the effects of v-Ha-ras on the AIN4 cell line,
infection of the 184B5 subline with v-Ki-ras (B5kTu cells)
also confers tumorigenicity in nude mice.!7?

MCF-10A, MCF10AT, and MCF10AT1

Soule et al.!”> have described a spontaneously immortal-
ized “normal” human breast epithelial cell line (MCF-10).
The cells were isolated from mastectomy tissue obtained from
a 36-year-old premenopausal woman with benign fibrocystic
disease. After 849 days in culture, a population designated
MCF-10A was established. These cells exhibit a stable
t(3;9)(3p13;9p22) translocation.!” The MCF-10A cells
resemble luminal epithelial cells rather than myoepithelial
cells, and express antigens for several keratins and epithelial
sialomucins.'®® The cells are nontumorigenic in nude mice
and do not exhibit anchorage-independent growth.!” These
cells have also been used to assess the transforming ability of
several oncogenes. Transfection with the ER gene was not
sufficient to produce transformation.!'! MCF-10 cells
cotransfected with the erb-b2 and Ha-ras oncogenes (MCEF-
10A HE) exhibited a substantial increase in soft agar clono-
genicity but lacked significant tumorigenicity in nude mice. 8!

Transformation with the Ha-ras oncogene alone
(MCF10AT) caused an increase in clonogenicity chemotaxis
and degradation of basement membrane in vitro.'¥2 How-
ever, the cells are poorly tumorigenic in nude mice. Small,
palpable nodules do arise, and these can persist.'83 Sporadic
progression to carcinoma was observed, and cells from one
of these was reestablished in vitro (MCF10AT1). MCF10T1
cells can produce simple ducts when embedded in Matrigel
and transplanted into immunodeficient mice.’®>'% Up to
25% progress to invasive carcinoma.'3* Expression of c-erb-
b2 was detected in 50% of the atypical hyperplasias and
78% of the invasive adenocarcinomas.'®> These cells pro-
vide an important and unique model for the progression
from atypical hyperplasia to carcinoma.

HBL-100

The HBL-100 cell line is comprised of cells obtained
from an early lactation sample.'®¢ The cells have been
described as being of myoepithelial origin.!8” The donor was
an apparently healthy woman and had no evidence of breast
lesions. 86188 The cells can form colonies in soft agar, how-
ever, and are aneuploid.'®¢ Although early passage cells are
nontumorigenic, HBL-100 cells become tumorigenic after
repeated passage in vitro, generally around passage
70.187.189-191 This appears to be associated with the acquisi-
tion of specific marker chromosomes!®? and alterations in
microfilament and microtubules,'® and overexpression of
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an 89-kd heat shock protein in late passage.'®* Although
some HBL-100 cell stocks contain Mason-Pfizer monkey
virus,!% the ability to acquire a transformed phenotype
appears to be related to the incorporation of SV40 sequences
into the genome.!88:190.195.19 The cells bind and respond to
glucocorticoids and EGF,'7 and express functional B-adren-
ergic receptors'®® and the IGF-I receptor.'®® Although HBL-
100 cells are negative for ER and prolactin receptors,?® they
may require activity of their FGF-2 autocrine loop for max-
imal proliferation.??!

Although these cells are derived from an apparently normal
donor, it is not entirely clear that they can be considered to
represent normal mammary cells. Care must be exercised
when selecting HBL-100 cells as a model of normal breast
cells. For such a model, their use should probably be
restricted to cultures of as early a passage as possible, and
almost certainly to cells of passages earlier than 70. Under
other circumstances, HBL-100 cells provide a potentially use-
ful model in which to study transformation and progression.

IN VITRO MODELS FOR STUDYING
INVASION AND METASTASIS

To metastasize effectively, cells must accomplish a com-
plex compendium of activities, including escape from the
primary lesion, avoidance of immune surveillance, and pen-
etration into normal tissue at distant sites.22 Invasion of
extracellular matrices occurs repeatedly in this process, and
basement membrane invasion, in particular, has received
considerable attention.?” The loss of basement membrane at
the parenchymal-mesenchymal interface of locally invasive
tumors has been closely associated with metastatic dissemi-
nation.??4-206 The uniformity of basement membrane com-
position and structure suggests that the molecular
mechanisms involved in basement membrane recognition,
attachment, degradation, and traversal may yield novel tar-
gets for cancer therapy. Several in vitro models have been
used to study the process of basement membrane invasion
and its relationship to malignant progression.

In Vitro Assays for Invasive Potential

The development of Matrigel, a reconstituted basement
membrane extract from the EHS (Engelbreth-Holm-Swarm)
sarcoma,?’’ has been instrumental in facilitating compositional
and functional analyses of basement membranes. Matrigel is
liquid at 4°C, so that various manipulations are possible before
it sets into a homogeneous gel at 37°C. Matrigel contains the
major basement membrane components, including laminin,
collagen type IV, and heparan sulfate proteoglycan. Matrigel
has been used in two different assays to examine in vitro inva-
siveness of breast cancer cells.?08

The Boyden chamber chemoinvasion assay?®® compares
the ability of cells to traverse a Matrigel-coated polycarbon-
ate filter as they migrate toward different chemical attrac-
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tants. Invasive cells, stained on the lower filter surface, can
be quantitated either by image analysis or crystal violet
staining.?!® Although the assay was originally developed in
modified blind-well Boyden chambers, two-compartment
chamber systems, such as Transwell from Gibco (Rockville,
MD) and Bio-Coat wells from Collaborative Research/
Beckton Dickinson Labware (Franklin Lakes, NJ), have
been used successfully. Other adaptations include prelabel-
ing of the cells with either a nontoxic fluorescent dye or
radioactive agent to facilitate quantitation of invaded cells.

The ability of cells to form invasive colonies when
embedded in a three-dimensional gel of Matrigel is com-
pared qualitatively in the Matrigel-outgrowth assay.209210
Cells dispersed in a three-dimensional layer of Matrigel are
examined after culture for 2 to 10 days. Although dispersal
of single cells throughout the upper layer of Matrigel pro-
vides the most stringent test for invasive outgrowth, charac-
teristic morphologies can be achieved more rapidly with
cells sandwiched between two layers of Matrigel or simply
plated on top of Matrigel.

The presence or lack of ER is an important determinant of
both prognosis and choice of treatment of breast cancer. The
hormone-responsive or hormone-dependent breast cancer
cell lines represent a model system for the analysis of hor-
monal influences on the invasive process. Effects of estro-
gens, antiestrogens, and progestins on the in vitro
invasiveness of steroid-dependent and steroid-responsive
human breast cancer cells have been reviewed.2!!-214 Ip
addition, progression to hormone independence has impli-
cations for invasiveness and metastasis. For example, MCF-
7/MIII and MCF-7/LCCI cells have been shown to acquire
an increased metastatic potential as they become estrogen
independent.%! This increased metastatic potential is
reflected in increased activity in the Boyden chamber®? (but
not in Matrigel outgrowth assays), increased local invasive-
ness in vivo, and an ability to produce occasional distant
metastases in nude mice.5!

To examine the hypothesis that ER— human breast cancer
cell lines are constitutively more invasive than their ER+
counterparts, a large number of the human breast cancer cell
lines described above have been examined for invasiveness
in the Boyden chamber assay in vitro and for metastatic
potential in the nude mouse. These studies clearly indicate
that the majority of ER- cell lines are inherently more
aggressive than ER+ cells both in vitro and in vivo.!2%8
Because the incidence of distant metastases is significantly
lower and less reproducible than that observed in the MDA-
MB-435 cells, the MCF-7/MIII and MCF-7/LLCC1 cells
appear to represent a phenotype intermediate between the
poorly invasive MCF-7 and the metastatic MDA-MB-435.5!

Cell Lines and the Epithelial-to-Mesenchymal Transition
An emerging development in progression studies for breast

carcinoma is the immunocytochemical analysis of markers
characteristic of epithelial or mesenchymal phenotypes. The
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mesenchymal intermediate filament glycoprotein vimentin
(VIM) has been associated with lack of ER, high growth frac-
tion, and poor nuclear grade in human breast cancer.?'32!
VIM expression in the tumor component is indicative of an
epithelial-to-mesenchymal transition, which may occur during
the process of malignant progression. Consistent with this
notion, the epithelial marker E-cadherin, a homotypic cell
adhesion molecule, is lost from more aggressive tumors.?20-222
Loss of E-cadherin and acquisition of VIM expression are
events that characterize the epithelial-to-mesenchymal transi-
tion that occurs during embryogenesis.???

To begin to address this hypothesis, the invasiveness of
epithelial-like (VIM-) and mesenchymal-like (VIM+)
human breast cancer cells has been compared in the Boyden
chamber and Matrigel outgrowth assays. Irrespective of hor-
mone responsiveness, VIM+ cells exhibited significantly
higher levels of both in vitro invasiveness and metastatic
potential than did the VIM- negative group.?® VIM
expression was not detected in cells containing ER and was
present in only some of the cell lines lacking ER, whereas
E-cadherin was expressed functionally in all cell lines
expressing ER as well as some that had lost ER expression
and did not express VIM. These data suggest that the loss of
E-cadherin expression is not linked to hormone indepen-
dence but occurs earlier than VIM expression in the pro-
gression cascade. VIM expression also appears to be
downstream of hormone independence.

E-cadherin expression, indicative of an epithelial phenotype,
is associated with a compacted spherical morphology in VIM~—
cell lines when cultured in Matrigel.?>* E-cadherin is not pre-
sent in any VIM+ cell lines. Absence of both E-cadherin and
VIM is associated with a noninvasive cluster-type morphology.
The NCI/ADR-RES cell line, derived from the MCE-7 cells by
stepwise selection for increasing resistance to the drug adri-
amycin (see the previous section, Cells Selected for Resistance
against Adriamycin), is interesting in this regard. Thought to be
derived from the E-cadherin+/ER+/VIM— MCF-7 phenotype,
this subline has lost ER and E-cadherin, gained VIM expres-
sion, and become significantly more invasive. Examination of
additional adriamycin-resistant and vinblastine sulfate—resis-
tant variants of the MCF-7 and ZR-75-1B cell lines shows that
most, but not all, drug-resistant sublines expressed VIM.?2
Understanding of the relationships among drug resistance, VIM
expression, and invasiveness may provide important clues for
the optimization of chemotherapy for breast tumors.

The MCF-7/MIII and MCF-7/LCC1 variants retain ER and
uvomorulin (UVO) expression, generally lack VIM expres-
sion, and exhibit somewhat lower levels of invasiveness than
the VIM+ human breast cancer cells.!?*® These observations
support the hypothesis that these MCF-7 variants represent an
intermediate point in the metastatic progression of breast can-
cer. The metastatic potential of the MCF-7/MIII and MCF-
7/LCC1 cells, compared with the ER—/VIM- cell lines (e.g.,
MDA-MB-468).6! however, suggests that metastatic potential
may also develop independently of an event similar to the
epithelial-to-mesenchymal transition.?2
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Oncogene Expression and in Vitro Metastatic Potential ‘ 3

The effects of oncogenes on mammary cell invasiveness
have been examined. The ras oncogene is perhaps best stud-
ied and can induce the invasive phenotype in a variety of both
human and rodent epithelial systems. Transfection of human
bronchial epithelial cells transfected with v-Ha-ras increased
both invasiveness in vitro and metastatic potential in the nude
mouse.227-228 In NIH/3T3 cells, transfection with either v-Ha-
ras or genomic DNA containing various forms of activated
ras also resulted in increased invasiveness across the amniotic
membrane in vitro and metastatic dissemination in vivo.??

MCF-7 cells transfected with v-Ha-ras show increased in
vitro invasiveness of Matrigel, increased migration poten-
tial, and increased recognition of laminin,?*° but no apparent
increases in metastatic potential in nude mice.?!?3
Although both of the 184 sublines (A1N4 and B5) are trans-
formed to a tumorigenic phenotype by expression of ras
alone, only the initially more invasive A1N4 cells respond to
ras transformation with increased invasiveness. The refrac-
tory nature of the 184B5 cells to ras-induced effects on inva-
siveness, despite the induction of tumorigenicity, suggests a
possible lineage specificity for this response and begins to
dissociate ras effects on tumorigenicity from invasiveness.

Differential induction of metastatic potential by v-Ha-ras
has been previously reported.'$2231-233 Detailed analysis of a
highly stable rat mammary subclone after ras transduction
implicated rapid phenotypic diversification rather than direct
effects on a cascade of metastasis-effector genes.”** No
changes similar to the epithelial-to-mesenchymal transition
were seen after ras transformation of the A1N4 or B5 cells?!
or in the ras-transfected MCF-7 cells.?!! In contrast, com-
bined transformation of 184A1N4-immortalized human
mammary epithelial cells with v-Ha-ras and either SV40T or
v-mos induces a VIM+, invasive phenotype indicative of the
epithelial-to-mesenchymal transition event.?!?

The chemotactic activity and invasive property of the
MCF-10A cells cotransfected with both Ha-ras and erb-b2
(MCF-10 HE cells) has also been further investigated using
the Matrigel-based assays. MCF-10A HE cells showed ten-
fold higher invasiveness than the nontransfected cells,
formed branching colonies in Matrigel, and showed a high
cloning efficiency in soft agar (Thompson et al., unpub-
lished data, 1999). These attributes are indicative of a VIM+
phenotype resulting from an event similar to the epithelial-
to-mesenchymal transition.

CONCLUDING COMMENTS ON IN VITRO MODELS

Human breast cancer cell lines growing in vitro and as
human xenografts in vivo have a central role in most basic and
preclinical breast cancer research. They have been widely
used to investigate the cellular and molecular events associ-
ated with endocrine responsiveness, malignant progression,
invasiveness, and metastatic potential. With the increasing
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. restrictions being imposed on the use of vertebrate animals,

and the relatively limited number of species that develop
spontaneous mammary carcinomas, the emphasis on the in
vitro use of human breast cancer cell lines seems likely to
increase in the coming decades. Consequently, the introduc-
tion of additional representative human breast cancer cell
lines, particularly hormone-responsive lines, and the realistic
assessment and acknowledgment of the caveats associated
with the use of in vitro models are critical.

Some Caveats Regarding the Use of in Vitro Models

Despite their widespread use and the considerable data
arising from it, in vitro models have several potential limita-
tions. Relatively few well-characterized ER+ cell lines exist.
Although these cell lines tend to exhibit comparable estro-
genic responses in the end points most widely applied, the
extent to which these observations may be applied to all ER+
human breast tumors is unclear. Certainly, many of the most
important attributes, such as growth inhibition by antiestro-
gens, are likely to closely reflect the human disease. In cases
in which responses differ markedly from predicted or
observed responses in humans, such as growth inhibition by
physiologic levels of E2, a greater degree of caution is clearly
warranted. A clear deficit in the range of breast cancer cell
lines currently available is the relatively small number of ER+
and E2-responsive cell lines.

The majority of steroid-responsive cell lines have been
established, not from solid tumors, but from malignant effu-
sions. Although such effusions can occur with a 26% to 49%
frequency in breast cancer patients,?>23¢ they may not be
fully representative of all solid tumors. Despite the likely
metastatic origin of these cells, the ER+ cell lines from these
sites are rarely metastatic in vivo, even in severely immuno-
compromised animals (see Chapter 22).

The most widely used cell lines have now been in use since
the 1970s. Subtle changes may have been acquired during this
period, and these may not adequately reflect changes that
occur in human tumors in patients. Because the cells are
clearly adapted to grow in vitro, the perturbations that have
conferred this ability also may not occur in patients’ tumors.
Human breast tumors are highly heterogeneous and contain
many subpopulations of cells with different phenotypic char-
acteristics, including both ER+ and ER~ cells.?*" In contrast,
breast cancer cell lines are relatively homogeneous. This can
be viewed either as an advantage or as a disadvantage.
Although responses in a cell line may not fully reflect the
response of a complex human tumor, they do provide the abil-
ity to study, in considerable detail and complexity, the
responses of cells representative of tumor subpopulations.

In principle, cell lines are like any other experimental
model. When their limitations are openly acknowledged and
appropriately considered in experimental design and data
analysis, they can provide useful and important tools. Other-
wise, the risk exists of overinterpretation of data or the pursuit
of a potential in vifro artifact. As a generalization, those obser-
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vations from in vitro models that clearly reflect the human dis-
ease are more likely to reflect real events and lead to new
insights into mechanistic processes. When these models are
used to generate hypotheses for future testing in humans, the
validity of the observation awaits completion of the human tri-
als. Thus, major strengths of in vitro models include the abil-
ity (a) to study a specific cell type and elucidate the mechanism
of its response to agents at the cellular and molecular level,
(b) to identify mechanistic processes by comparing related cells
with different phenotypic characteristics, (c) to facilitate further
hypothesis generation and testing in vivo when cells are grown
as xenografts, and (d) to generate hypotheses for testing in the
ultimate model, the human being.

Establishment and Characterization
of New Breast Cancer Cell Lines and Variants

Despite the presence of a number of breast cancer cell lines?
and the emergence of new cell lines,? only three of those that
are in common or widespread usage (the parental MCF-7,
T47D, and ZR-75-1) are clearly estrogen dependent or estro-
gen responsive. Few of the established cell lines are metastatic
in nude mice, and those that metastasize with a high frequency
are generally ER—. Thus, new breast cell lines from malignant,
solid metastatic (e.g., bone, lung), and normal tissues—specif-
ically, steroid-hormone-responsive cell lines—are needed.
Unfortunately, breast cancer cells from patients’ tumors are
notoriously difficult to establish in vitro.?**-**! The take rate
for xenografts of tumor tissue in immunocompromised rodents
also is relatively poor, although it is generally higher than that
for direct in vitro growth.*? Also, a well-characterized panel of
nonmalignant breast epithelial cell lines that could be used for
comparative studies is notably absent. Of those “normal” cell
lines available, none is steroid hormone responsive.!”>173

New breast cancer cell lines require careful description
and characterization. When possible, the characteristics and
history of the patient (e.g., age, sex, race, treatment) and the
known characteristics of the tumor (e.g., histopathologic
diagnosis, tumor grade, nodal status, ER and PR expression,
S-phase/proliferativeness, and any other pertinent informa-
tion) should be provided. The human origin of the tissues
should be confirmed, and a karyotype and isoenzyme profile
should be reported. Typical polymorphic enzymes analyzed
include lactate dehydrogenase, glucose-6-phosphate dehy-
drogenase (EC 1.1.1.49), phosphoglucomutase-1 (EC
2.7.5.1), phosphoglucomutase-3 (EC 2.7.5.1), esterase D
(EC 3.1.1.1), mitochondrial malic enzyme (EC 1.1.1.40),
adenylate kinase (EC 2.7.4.3), and glyoxalase (EC 4.4.1.5).
These data are particularly useful in confirming the origin of
a variant as being derived from its parent and in excluding
contamination of a new cell line with cells of an established
cell line. To this end, we have routinely used the services cur-
rently provided by Dr. Joseph Kaplan through the Cell Cul-
ture Laboratory of the Children’s Hospital of Michigan in
Detroit. This facility is currently maintained under National
Cancer Institute contract to provide these services.
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The general characteristics of the new cell line or variant
should be clearly provided. This includes in vitro growth
characteristics (e.g., culture conditions, cell doubling time,
split ratio, and the passage number at which these data were
obtained) and the hormone-receptor profile and endocrine
responsiveness. A description of the morphology of the cells
(e.g., ultrastructural analyses), particularly one that addresses
tissue origin or evidence of differentiated function (e.g.,
secretory activity, production of milk proteins), is strongly
encouraged.?

The tumorigenicity of a new cell line should be determined
in at least one immunocompromised rodent model (preferably
several) and reported. Different immunocompromised mice
strains can exhibit different abilities to support xenografts,
and the model in which tumorigenicity is assessed should be
clearly indicated. The inability to form tumors in athymic
nude mice may not indicate that the cells are nontumorigenic
in other strains (e.g., scid; see Chapter 22). The histology of
any arising tumors should be compared with that of the orig-
inal tumor when possible. The presence of any metastases and
their histology also should be documented. When available,
any other pertinent data (e.g., oncogene expression or ampli-
fication) should also be provided.

The designation of a cell line or variant should follow the
guidelines of the Tissue Culture Association and should
reflect both the tissue of origin and the laboratory in which
it was established.?*® For our variant cells, we have chosen
to use a designation that appends our institution to that of the
original (parental) cell line (e.g., MCF-7/LCC1).

Cell Culture Conditions

The choice of culture conditions often can inadvertently
influence the experimental outcome. For example, for many
years, insulin was routinely added to the cell culture media
used to maintain breast cancer cells. Although insulin is a
potent mitogen for many of these cells, it does not appear to
be required for growth in vitro in serum-supplemented
media for most human breast cancer cell lines. Insulin can
down-regulate ER expression, however.2* Insulin and EGF
have been added to serum-free media for breast cancer
cells,? and both can influence the growth-inhibitory effects
of antiestrogens.?*524 Phenol red is widely used as a pH
indicator in cell culture media. A contaminant in phenol red
is known to be estrogenic, and this activity can alter both the
growth and antiestrogen responsiveness.248:249

Serum contains various growth factors and steroid hor-
mones. The steroids can be readily removed by treatment with
charcoal-coated dextran.?® MCF-7 cells also can use the
steroid sulfates present in serum.?! These steroid sulfates can
be removed by prior treatment with sulfatase.?”® The growth
factors and other proteins can be chemically inactivated to
produce a growth factor—free serum.?”? The concentration of
serum used also can be important. The dose-response rela-
tionship for antiestrogens is altered significantly by serum
concentration.>> We have found a final concentration of
either 5% fetal calf serum or 5% charcoal/dextran-stripped

serum to provide appropriate in vitro growth characteristics .
for most human breast cancer cell lines. The concentrations of
steroids, growth factors, and other constituents in serum may
vary considerably from batch to batch.

Estrogens remain within cells for several days,?** and when
stripping cells of endogenous estrogens, one must often thor-
oughly wash cell monolayers and maintain cells for several
days in the absence of estrogens. We routinely wash cells at
least three times with phenol red—free media supplemented
with 5% dextran/charcoal-stripped serum and maintain the
washed monolayers in this medium for a further 3 to 5 days
to ensure adequate removal of endogenous steroids.!462

The cell-seeding density also can have considerable
effects on cellular growth and metabolism. Cells seeded at
different densities have previously been demonstrated to
exhibit both different cell population doubling times and dif-
ferences in methotrexate poly-y-glutamate formation.®® In
many instances, one must closely control for seeding den-
sity, proliferative capacity, confluence, and serum batch.
The handling of cells, including duration of trypsinization
and time at room temperature during passage or treatment,
may also be important. For some cell lines, a trypsinized cell
suspension must be passed through a sterile needle to gen-
erate a single cell suspension.

These examples indicate the general importance of closely
controlling cell culture conditions. The reader is referred to
several excellent books on tissue culture techniques for a
more detailed description of cell culture procedures.255-257

SUMMARY

The development of stable cell lines derived from malig-
nant and normal human breast tissue has been of consider-
able use in breast cancer research, and such cell lines
continue to occupy a central position in basic breast cancer
research. These cell lines provide the ability to conduct stud-
ies that could not easily be performed in experimental ani-
mals or human beings. The ease of use, relatively low cost
of maintenance, general reproducibility of phenotype, and
ability to mimic properties seen in tumors in patients are
considerable advantages. However, the use and applicability
of cell lines are not without limitations. For example, cell
lines cannot be used to reliably predict in vivo toxicity or to
assess the toxicologic properties of new agents. Cell lines
also may be ineffective in establishing mechanisms of drug
metabolism or in elucidating critical tumor-host interac-
tions. Their metabolic adaptations to in vitro growth may not
reflect adaptations that occur in vivo. Nevertheless, breast
cancer cell lines have been used successfully for many years
to generate new hypotheses, screen new agents, and study
the biology of breast cancer. Many cell lines have the advan-
tage of being tumorigenic and thus can facilitate further
studies in vivo in experimental animals. Provided their limi-
tations are freely acknowledged, human breast cancer cell
lines will continue to provide one of the most powerful tools
in breast cancer research.
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