
REPORT DOCUMENTATION PAGE 
Form Approved 
OMB No. 0704-0188 

Public reDortinq burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing.instructions, searching existing data sources, 
aathering and maintaining the data needed, and completing and reviewing the collection of information   Send comments regarding this burden estimate or any other aspect of this gathering and maintaining the data needed, and completing 
collection of information, including suggestions for reduc" 
Davis Highway, Suite 1204, Arlington, VA  22202-4302, 
collection ö'nnf'oVmät'ion/incruding suggestions for reducing this burden, to Washington Headquarters Services, Directorate ?or Information Operations and Reports,1215 Jefferson 
-    ■   ■- ■ - ••   ■■'-■   .-'.-»---"I..   "■>-"-"""i, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503. 

1. AGENCY USE ONLY (Leave blank) REPORT DATE 
August      1997 

3.  REPORT TYPE AND DATES COVERED 
Final    fl   Sop  94   -  31   Aug  97X 

4.  TITLE AND SUBTITLE 
Modulation of C.yc-.l i n Expression by c-Myc in Malignant 
and Nonmalignant Mammary Epithelial Cells  

6.  AUTHOR(S) 

Roherjt_B^ JDlcJcsoruJliJl^ 
Christelle Benaud 

7.   PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Georgetown   University  
Washington,    DC. 20057 

9.  SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
U.S. Army Medical Research and Materiel Command^ 
Fort   Detriok,   Maryland 21702-5012 :  

FUNDING NUMBERS 
DAMD17-94-J-4051 

8.   PERFORMING ORGANIZATION 
REPORT NUMBER 

10.  SPONSORING/MONITORING 
AGENCY REPORT NUMBER 

11. SUPPLEMENTARY NOTES 19971203 007 
12a.   DISTRIBUTION / AVAILABILITY STATEMENT 

Approved for public release; distribution unlimited 

12b.   DISTRIBUTION CODE 

DTIC QUALITY INSPECTED % 

13. ABSTRACT (Maximum 200   1»^ jWpcJiJe of Ullü gl'ÜHL WÜM LU HlippUrL yiüÜOÜLUial Ualülüg-PTT 
an experimental model relevant to breast cancer etiology. Specifically, we explored thje 
multifactorial nature of the interaction ot a growth factor (,'1'GFalpha, which is commonly 
expressed,both in benign and malignant proiirerative disease ot the human breast)and an 
oncogene (c-myc,whose gene is amplified and whose protein is inappropriately expressed 
in 20-30% of human breast tumors. Using a transgenic mouse model, we observed LliaL co- 
expression of these two genes was remarkably syiiergistlc lor ousel and progression of 
mammary tumors.-Using iu viLiu culture uf explanted, single and bitransgenic mouse 

ject explored TGFalpha-myc synergy at the dual levels of 

In terms of the cell cycle, 

mammary tumor cells,—this project 
cell survival and proliferation.—While mye 
genes, TCFalpha promoted cell survival by inducing BelX-L,, 
myc ahortcned Cl by modulat-i-ng—eyclin E, p27, and cdc25A, which activated cdk-2 and 
inactivated Rb.—Thus, the interaction of TGFalpha and myc promoted shortened,  
aberrant cycles resulting in survival of genetically aberrant cells.  

14. SUBJECT TERMS ^     ^___ 
c-myc, gene amplification, overexpression, cyclins, ceil cycle 
regulation, tumor progression, breast cancer 

15. NUIV ~" OF PAGES 

16. PRICE CODE 

17.  SECURITY CLASSIFICATION 
OF REPORT 

Tlncl assified  

18.  SECURITY CLASSIFICATION 
OF THIS PAGE 

Hnt-.l assified  

19.  SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified  

20. LIMITATION OF ABSTRACT 

(Tnl imi ted 

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. Z39-18 
298-102 



AD 

Grant Number DAMD17-94-J-4051 

TITLE:   Modulation of Cyclin Expression by c-Myc in Malignant 
and Nonmalignant Mammary Epithelial Cells 

PRINCIPAL INVESTIGATOR:  Robert B. Dickson, Ph.D. 
Christelle Benaud 

CONTRACTING ORGANIZATION:  Georgetown University 
Washington, DC  20057 

REPORT DATE:   August    1997 

TYPE OF REPORT:  Final 

PREPARED FOR: U.S. Army Medical Research and Materiel Command 
Fort Detrick, Maryland  21702-5012 

DISTRIBUTION STATEMENT: Approved for public release; 
distribution unlimited 

The views, opinions and/or findings contained in this report are 
those of the author(s) and should not be construed as an official 
Department of the Army position, policy or decision unless so 
designated by other documentation. 



FOREWORD 

Opinions, interpretations, conclusions and recommendations are 
those of the author and are not necessarily endorsed by the U.S. 
Army. 

Where copyrighted material is quoted, permission has been 
obtained to use such material. 

Where material from documents designated for limited 
distribution is quoted, permission has been obtained to use the 
material. 

Citations of commercial organizations and trade names in 
lis report do not constitute an official Department of Army 

endorsement or approval of the products or services of these 
organizations. 

/     in conducting 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). 

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

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

)C     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. 

jCU / 0— 
PI - Signature Date 



Table of Contents 

Item Page 

Introduction 5 

Body 

Materials and Methods 7 

Results 8 

Conclusions 12 

References 15 

Final Bibliography 18 

Personnel List 19 

Appendix 20 



INTRODUCTION 

The c-myc proto-oncogene is frequently amplified in many human cancers including 

breast cancer, and its amplification is associated with a high proliferation rate and poor prognosis 

(1-4). Transgenic animal models have confirmed the tumorigenic potential of c-myc 

overexpression in mammary tissue (5-9), but the mechanism by which Myc promotes tumor 

growth has not been elucidated. De-regulated c-myc expression can promote cell transformation 

in cooperation with growth factors such as EGF (10), and has been associated with cell 

proliferation as well as apoptosis (11, 12). Thus, the experiments described here were intended 

to identify components of the pathways through which Myc acts to both increase proliferation 

and induce apoptosis in mammary epithelial cells and to examine the impact of EGF on those 

pathways. To explore these mechanisms, this project initially set out to characterize effects of 

Myc on cyclins regulating the G, -S phases of the cell cycle. However, in the first year of our 

study it became evident that the effects of Myc were not mediated primarily through cyclin 

regulation. Our studies have focused instead on characterization of other regulators of the cell 

cycle (cdk inhibitors and cdk phosphorylation state) and cell death (bcl family of proteins). The 

studies have primarily utilized two mammary epithelial cell lines (MECs): 1). Myc #83 cells 

(13) which were derived from a mammary tumor of a Myc transgenic mouse and can be induced 

to undergo apoptosis by altering their growth environment (i.e. removal of the growth/survival 

factor EGF or addition of the growth inhibitor TGFß). 2). AlN4-myc cells (14) which are 

chemically immortalized human MECs which demonstrate an accelerated growth rate compared 



to parental cells but which undergo reversible growth arrest rather than apoptosis in the absence 

ofEGF. 

By using these two types of mammary cell lines, both aspects of Myc overexpression 

have been examined. In Year 2, we completed our studies of apoptosis concluding that Myc 

upregulates the death protein Bax; this effect is countered by EGF (TGFa) induced BclXL. We 

also found that Myc serves to modulate Rb phosphorylation through activation of cdk-2, 

secondary to a large decrease in p27 and a smaller induction of cyclin E. In the third year, we 

have continued these cell cycle studies to address possible modulation of cdk-2 phosphorylation 

status and to begin to set up a system in which to regulate Myc. 



BODY 

Materials and Methods 

Cell lines 

The benzo(a)pyrene-immortalized and transformed human mammary epithelial cell line 

184AlN4-myc (10,14) and its parental cell line 184A1N4 were used to study the effects of myc 

overexpression on cell cycle regulation. The AlN4-myc line was established via retroviral 

infection with a construct containing mouse myc under the control of the Moloney mouse 

leukemia virus long terminal repeat (MMLV LTR). Both cell lines were maintained in media 

containing 0.5% fetal calf serum (FCS), 0.5ug/ml hydrocortisone, 5ug/ml insulin, and 10 ng/ml 

epidermal growth factor (EGF, Upstate Biotechnology Incorporated, Lake Placid, NY). The 

cells arrest in Gj in the absence of EGF. 

RNA Isolation 

A1N4 and AlN4-myc cells were plated sparsely (1.5 x 106 cells) in culture flasks (225 

cm2; Costar) and growth arrested as described above. Following re-stimulation with EGF 

(10ng/ml), total RNA was harvested at three hour intervals by the guanidine thiocyanate-acid 

phenol method (15). 

Northern analysis 

Total RNA (12ug) was separated on 1% agarose-formaldehyde gels and transferred to 

nylon membranes (Amersham). Blots were hybridized overnight with a 700bp 32P-labeled, 

random-primed human probe for cdc25A (nt936-1637). Bands were detected with a 

Phosphorlmager 445 SL. 



Myc-ER Inducable Construct 

We obtained a c-myc-ER expression construct and an inactive vector control c-delta myc 

ER from M.J. Bishop (UCSF, San Francisco, CA). Initial transfections of A1N4 cells are using 

Lipofectamine (Life Technologies Inc, Gaithersburg, MD), according to the manufacturers 

recommendations. Backup strategies will include electroporation, calcium phosphate-mediated 

transfection, and the use of an alternate, non-transformed mammary epithelial cell line, MCF10A 

(initially provided by the Michigan Cancer Foundation, now also available through ATCC, 

Rockville, MD). 

Results 

Myc and cell cycle regulation 

We previously showed that c-myc overexpression in both mouse (HC-14-myc and 

MMEC-myc) and human (AlN4-myc) MECs decreased their doubling time by about 6 h, 

compared to parental lines. Experiments with the A1N4 lines suggested that this difference was 

not due to increased sensitivity to EGF, but rather to a shortening of Gv A1N4 and AlN4-myc 

cells were arrested in Gj in the absence of EGF and were allowed to re-enter the cell cycle by 

replacing EGF. FACS analysis demonstrated that the AlN4-myc cells began to enter S phase 

12h after EGF addition and percent cells in S phase peaked at 18h. In contrast, parental cells did 

not enter S phase until 18h and peaked at 24h. 

The shortened Gl phase does not appear to be due to any gross changes in cyclin A or Dl 

RNA expression as assessed by a non-radioactive RNase protection assay, which we have 

developed (17). In unsynchronized cells, Myc overexpression had no significant effect on cyclin 

A or Dl mRNA expression. Cyclin mRNA was nearly undetectable in arrested cells and 
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induction was closely correlated with changes in cell cycle phase. However, subsequent studies 

provided strong support for multifactorial regulation of cdk-2 by Myc. First, we demonstrated 

that the Rb protein appeared to be permanently phosphorylated throughout the cycle and 

unaffected by withdrawal of EGF (coupled to cycle arrest). Second, we found that this effect 

was paralleled by a cell cycle-independent activation of cdk-2. Cdk-2 activation appeared to be 

secondary, in part, to a modest induction of cyclin E and to a strong suppression of expression of 

p27. The activational CAK phosphorylation also appeared to correspond to the catalytic 

activation of cdk-2. 

New Results - cdc25A regulation 

In the third year, we have begun to examine the determinants of inhibitory 

phosphorylation of cdk-2. Specifically, we studied regulation of the oncogenic phosphatase 

cdc25A, since it is thought to be a major determinant of cdk-2 activity and since a recent study 

identified the cdk2 phosphatase cdc25A as a direct transcriptional target of Myc. In 

unsynchronized cells, cdc25A RNA was elevated compared to parental cells (Figure 1 A). The 

result was somewhat unexpected since a similar analysis of cyclins A and Dl RNA showed no 

significant differences between the two cell lines during asynchronous growth (not shown). 

However, despite the elevated RNA levels, the time of cdc25A induction in synchronized cells 

was similar in both cell lines, beginning at 12h and reaching maximum levels between 15 and 

21h after EGF stimulation (Figure IB). 

New results - Cell transplantation with regulatable Myc-ER 

In the third year, we have also worked toward developing a system whereby we may 

regulate expression of Myc in our model system. The purpose of such studies is to assess the 
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temporal relationships among Myc, its two putative regulators p27 and cyclin E, activation of 

cdk-2, and phosphorylation (inactivation) of Rb. Of two available approches; transcriptional 

regulation under Tet operon (18), and post transcriptional regulation of an estrogen receptor-Myc 

chimera (17), we have chosen the latter. The reasons for this choice were its immediate 

availability and the extremely rapid time-course experiments it could afford. 

We are currently attempting electroporation, calcium phosphate, and lipofectamine 

procedures to transfect the A1N4 cells with the Myc-ER construct we have obtained. Should 

transfection of these cells prove to be problematic, we will use the human MCF-10A mammary 

epithelial cells (obtained from Michigan Cancer Foundation) as a back-up. These cells have 

similar, EGF-dependent regulation of the cell cycle compared to A1N4 and they have been easily 

transfected by other laboratories (data not shown). We hope that these experiments will be 

completed by September of this year. 

10 
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Figure 1:        Northern analysis pf cdc25A RNA in A1N4 and AlN4-myc cells. A: Expression 
in unsynchronized cells. Cells were grown in the presence of EGF and were 
harvested at approximately 75% confluence. B: Cell cycle dependent expression. 
Cells were arrested and re-stimulated by addition of EGF. At the times indicated, 
total RNA was harvested. 
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CONCLUSIONS 

Regulation of the cell cycle by Myc 

The cdc25 family of phosphatases has been implicated in the regulation of cdk activity, 

since its members remove inhibitory phosphate groups from serine 14 and tyrosine 15 of cdks 

(19). In particular, evidence of this effect has been clearly demonstrated for cdk-2. This is less 

clear for cdk-4; although UV irradiation stimulates tyrosine phosphorylation of cdk4 with 

subsequent Gx arrest (20), a clear function for such a cdk4 species in normal cell cycle 

progression has not been demonstrated. Thus, cdc25 expression may not be as important for 

cyclin Dl/cdk4 activity as it is for cdk2 activation. 

The A and B forms of cdc25 can function as transforming oncogenes in cooperation with 

activated Ha-ras or with the loss of Rb (21). The synergism between Ras and cdc25 may be 

explained by the observation that Rafl, a component of the Ras signal transduction pathway, can 

phosphorylate and activate cdc25 proteins (22). The assertion could also explain the results of 

Steiner et al., (23). They found that full induction of cdk2 kinase activity by Myc also required 

cdc25A activity, which could apparently be stimulated by serum growth factors, perhaps through 

the Ras-Raf pathway. A more recent study indicates that cdc25A expression can be directly 

induced by Myc in fibroblasts (24). However, another study using a similar rat fibroblast cell 

line showed no increase in cdc25A steady state levels when Myc was overexpressed (25). In our 

MEC system, cdc25A RNA levels were elevated by Myc overexpression, but the timing of 

cdc25A expression induction following exposure to EGF was quite similar in the two MEC lines. 

Its RNA was first detected 12 hours after EGF addition, suggesting that other factors in addition 

to Myc are required for cdc25A expression. 

12 



Figure 2 summarizes the results of this grant so far. The major effects of Myc appear to 

be inhibition of expression of p27 and activation of cyclin E. However, cdc25A appears to be 

under controls in addition to Myc. Through potentially multiple influences, Myc thus activates 

cdk-2, which inactivates Rb. Thus, cells are poised in G, to respond to EGF with a shortened, 

aberrant cell cycle. 

Current and Future Studies 

Our current studies focus on evaluation of the temporal relationships among the proposed 

steps in Myc regulation, as depicted in Figure 2. We hope to refine our hypothesis by examining 

its close relationship among Myc induction, one (or more) of its mediators (p27, cyclin E, 

cdc25A), and subsequent, downstream effectors (such as Rb). 

Our longer range studies (now beyond the scope of the grant) entail establishing more 

cause and effect relationships among dysregulation of cyclin E, p27, cell cycle shortening, and 

tumorigenesis. First, we hope to obtain cyclin E and p27 expression constructs. These will be 

transfected into A1N4 (or MCF10A) cells to assess their ability to mimick Myc and shorten the 

Gl-phase. Next, we hope to obtain an MMTV promoter-driven cyclin E transgenic mouse strain 

and a p27 knockout mouse strain. Each will be mated to our TGFa transgenic strain to establish 

the scope of each alteration for interaction with TGFa in a synergistic fashion (like Myc) for 

mammary tumorigenesis. 

13 
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Figure 2. Proposed model for the effects of c-myc overexpression on cell cycle regulation in 
MECs. Myc induces cdk2 activation, via increased cyclin E expression and decreased p27 
expression, which in turn can alter the phosphorylation state of Rb. Myc may also induce 
Cdc25A expression, which would further stimulate cdk2 activity. EGF is required for cyclin Dl 
expression. Additional targets of the EGF receptor signaling pathways may also be necessary for 
progression into the S phase. The combination of c-myc overexpression and EGF signaling leads 
to accelerated proliferation and may therefore promote genetic instability. (See Ref 26) 

14 



REFERENCES 

1. Escot, C, Theillet, R., Liderau, R., Spyratos, F., Champeme, M., Gest, J., and Callahan, 
R., 1986. Genetic alternation of the c-myc protooncogenes (MYC) in human primary 
breast carcinomas. Proc. Natl. Acad. Sei. USA 83:4834-4838. 

2. Berns EMJJ, Klijn JGM, van Puten WLJ, van Staveren IL, Portengen H, and Foekens, 
JA., 1992. C-myc amplification is a better prognostic factor than HER2/neu amplification 
in primary breast cancer. Cancer Res. 52:1107-1113. 

3. Borg, A., Baldetorp, B., Ferno, M., Olsson, H., Sigurdsson, H., 1992. C-myc is an 
independent prognostic factor in postmenopausal breast cancer. Internatl J Cancer 
51:687-691. 

4. Kreipe, H., Fischer L., Feigner, J., Heidorn, K., Mettler, L., Parwaresch, R., 1993. 
Amplification of c-myc, but not c-erb-B2 is associated with high proliferative capacity in 
breast cancer. Cancer Res. 53(8):1956-1961. 

5. Stewart, T.A., Pattengale, P.K., and Leder, P., 1984. Spontaneous mammary 
adenocarcinomas in transgenic mice that carry and express MMTV/myc fusion genes. 
Cell 38:627-637. 

6. Leder, A., Pattengale, P.K., Kuo, A., Stewart, T., and Leder, P., 1986. Consequences of 
widespread deregulation of the c-myc gene in transgenic mice: multiple neoplasms and 
normal development. Cell 45:485-495. 

7. Schoenenberger, CA., Andres, A.C., Groner, B., van der Valk, M., Lemeur, M., and 
Gerlinger, P. 1988. Targeted c-myc gene expression in mammary glands of transgenic 
mice induces mammary tumors with constitutive milk protein gene transcription. Embo 
J. 7:169-175. 

8. Amundadottir, L.T., Johnson, M.D., Merlino, G., Smith, G., and Dickson, R.B. 1995. 
Synergistic interaction of transforming growth factor a and c-Myc in mouse mammary 
and salivary gland tumorigenesis. Cell Growth Diff 6:737-748. 

9. Sandgren, E.P., Schroeder, J.A., Qui, T.H., Palmiter, R.D., Brinster, R.L., and Lee, D.C. 
1995. Inhibition of mammary gland involution is associated with TGFa-but not c-myc- 
induced tumorigenesis in transgenic mice. Cancer Res 55:3915-3927. 

10. Valverius, E.M., Ciardiello, F., Heldin, N.E., Blondel, B., Merlino, G, Smith G, 
Stampfer, M.R., Lippman, M.E., Dickson, R.B., Salomon, D.S. 1990. Stromal influences 
on transformation of human mammary epithelial cells overexpressing c-myc and SV40T. 
J. CellPhys. 145:207-216. 

15 



11. Kato, G.J., and Dang, C.V., 1992. Functions of the c-Myc oncoprotein. FASEB J. 
6:3065-3072. 

12. Packham, G., and Cleveland, J.L. 1995. c-Myc and apoptosis. Biochem Biophys Acta 
1242:11-28. 

13. Amundadottir, L.T., Nass, S.J., Berchem, G., Johnson, M.D., and Dickson, R.B. 1996. 
Cooperation of TGFa and c-Myc in mouse mammary tumorigenesis: coordinated 
stimulation of growth and suppression of apoptosis. Oncogene 13:757-765. 

14. Stampfer, M.R., Pan, C.H., Hosoda, J., Bartholomew, J., Mendelsohn, J., and Yaswen, P., 
1993. Blockage of EGF receptor signal transduction causes reversible arrest of normal 
and immortal human mammary epithelial cells with synchronous reentry into the cell 
cycle. Exp Cell Res 208:175-188. 

15. Chomzynski, P., Sacchi, N. Single-step method of RNA isolation by acid guanidinium 
thiocyanate-phenol-chloroform extraction. Anal Biochem 162: 156-159, 1987. 

16. Eilers, M., Picard, D., Yamamoto, K.R., and Bishop, J.M. 1989. Chimaeras of Myc 
oncoprotein and steroid receptors cause hormone-dependent transformation of cells. 
Nature 340:66-68. 

17. Nass, S.J., and Dickson, R.B., 1995. Detection of cyclin messenger RNA by non- 
radioactive RNase protection assay: A comparison of four detection systems. 
BioTechniques 19:772-778. 

18. Gossen, M., and Bujard H., 1992. Tight control of gene expression in mammalian cells 
by tetracycline-responsive promoters. Proc Natl Acad Sei (USA) 89:5547-5551. 

19. Morgan, D.O., Principles of CDK regulation. Nature 374: 131-134, 1995. 

20. Terada, Y., Tatsuka, M., Jinno, S., Okayama, H., Requirements for tyrosine 
phosphorylation of CDK4 in Gl arrest induced by ultraviolet irradiation. Nature 376: 
358-362, 1995. 

21. Galaktionov, K., Lee, A.K., Eckstein, J., Draetta, G, Meckler, J., Loda, M., Beach, D., 
CDC25 phosphatases as potential human oncogenes. Science 269:1575-1577, 1995. 

22. Galaktionov, K., Jessus, C, Beach, D., Rafl interaction with CDC25 phosphatase ties 
mitogenic signal transduction to cell cycle activation. Genes Dev., 9:1046-1058, 1995. 

23. Steiner, P., Philipp, A., Lukas, J., Godden-Kent, D., Pagano, M., Mittnacht, S., Bartek, J., 
Eilers, M., Identification of a Myc-dependent step during the formation of active G, 
cyclin-cdk complexes. EMBO J., 14:4814-4826, 1995. 

16 



24. Galaktionov, K., Chen, X., Beach, D., Cdc25 cell-cycle phosphatase as a target of c-myc. 
Nature 382:511-517, 1996. 

25. Vlach, J., Hennicke, S., Alevizopoulos, K., Conti, D., Amati, B. Growth arrest by the 
cyclin-dependent kinase inhibitor p27Kip 1 abrogated by c-Myc. EMBO J., 15:6595-6604, 
1996. 

26. Nass, S.J., and Dickson, R.B., Defining a role for c-myc in breast tumorigenesis, Breast 
Cancer Res Treat 44:1-22,1997. 

17 



FINAL BIBLIOGRAPHY 

Papers 
Amundadottir, L.T, Johnson, M.D., Merlino, G.T., Smith, G.H., and Dickson, R.B.: Synergistic interaction of 
transforming growth factor a and c-myc in mouse mammary and salivary gland tumorigenesis. Cell Growth and 
Different. 6:737 -748 1995. 

Nass, S. and Dickson, R.B.: Detection of cyclin messenger RNAs by non-radioactive ribonuclease protection assay: 
A comparison of four detection methods. Biotechniques. 19: 2-6, 1995. 

Amundadottir, L.T., Merlino, G.T., and Dickson, R.B.: Transgenic models of breast cancer. Breast Cancer Res. 
Treat. 39:119-135. 1996. 

Nass, S.J., Li, M., Amundadottir, LT., Furth, PA., and Dickson, RB., Role for BclxL in the regulation of 
apoptosis by EGF and TGFp! in c-myc overexpressing mammary epithelial cells. Biochem Biophvs Res Comm. 
277: 248-256, 1996 

Amundadottir, L.T., Nass S, Berchem G, Johnson, M.D., and Dickson, R.B.: Cooperation of TGFoc and c-myc in 
mouse mammary tumorigenesis: coordinated stimulation of growth and suppression of apoptosis. Oncogene. 
13:757-765, 1996. 

Nass, S.J., and Dickson R.B., Regulation of the cell cycle progression and cell death in breast cancer, Breast J.. 3:15- 
25, 1997. 

Nass, S.J., and Dickson, R.B., Defining a role for c-myc in breast tumorigenesis, Breast Cancer Res Treatment. 44:1- 
22, 1997. 

Nass S.J., and Dickson R.B., Altered cell cycle regulation in mammary epithelial cells which overexpress c-myc, 
Cancer Research, submitted 

Abstracts 

Dickson, R.B., Amundadottir, L., Johnson, M.D., McCormack, S.J., Nass, S., Smith, G., and Merlino, G.T.: Growth 
factor-nuclear oncogene interactions in mammary tumorigenesis. Conference on Hormones and Growth Factors in 
Development and Neoplasia. Bethesda, MD, 1995. 

Nass S.J., Li M., Furth P., and Dickson R.B.: Regulation of c-myc induced apoptosis by EGF and TGFß in 
mammary epithelial cells (MECS), Proceedings of the Annual Meeting of the AACR. Washington DC, 1996 

Nass, S.J., and Dickson, R.B. Altered cell cycle regulation in mammary epithelial cells (MEC's) which 
overexpress c-myc. Proceedings of the Annual Meeting of the AACR. San Diego, CA, 1997. 

Nass, S., Amundadottir, L., Li, M., Furth, P., and Dickson, R.B., Growth factors and c-myc in tumor progression vs. 
death, Cambridge Symposium on Breast and Prostate Cancer Genetics. Lake Tahoe, NM, 1997. 

Nass SJ, and Dickson RB, Regulation of cell death and the mammary epithelial cell cycle by myc, US Army Breast 
Cancer Meeting. Washington DC, 1997. 

18 



PERSONNEL LIST 

Dr. Sharyl Nass - Current affiliation: Johns Hopkins University 
Department of Oncology 

Ms. Christelle Benaud - Graduate student, Department of Cell Biology, Lombardi Cancer 
Center, Georgetown University School of Medicine 

19 



APPENDIX 

Manuscript submitted to Cancer Research 

20 



ALTERED CELL CYCLE REGULATION IN MAMMARY EPITHELIAL CELLS 

WHICH OVEREXPRESS c-MYC1 

Sharyl J. Nass and Robert B. Dickson 

Department of Cell Biology and Vincent T. Lombardi Cancer Center, Georgetown University, 

Washington D.C. 20007. 

Running Title: Myc and and the cell cycle in breast cancer 

Corresponding author: Dr. Robert B. Dickson, Lombardi Cancer Research Center, Room 

W417B, TRB, Georgetown University, 3970 Reservoir Road, NW, Washington D.C. 20007. 

Tel: (202)687-3770. Fax: (202)687-7505.   e-mail: DicksonR@GUNET.Georgetown.edu. 

21 



Abstract 

The c-myc gene is commonly amplified and/or overexpressed in primär}' human breast 

cancers, and mouse transgenic models have demonstrated that c-myc expression can play an 

important role in mammary tumorigenesis. We investigated cell cycle control in mammary 

epithelial cells (MECs) with constitutive c-myc expression. In both mouse and human MECs, c- 

myc overexpression decreased the doubling time by about 6 h compared to parental lines. The 

decrease was not due to a change in EGF sensitivity, but rather to a shortening of the G, phase of 

the cell cycle. Rb was constitiutively hyperphosphorylated in cells with exogenous Myc 

expression, in contrast to the parental cells which exhibited a typical phosphorylation shift as they 

traversed G,. The abnormal phosphorylation status of Rb in c-mvc-overexpressing cells was 

associated with premature activation of cdk2 kinase activity as a result of reduced p27 expression 

and elevated cyclin E expression. 
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Introduction 

The proto-oncogene c-myc encodes a highly conserved nuclear phosphoprotein which 

contains a leucine zipper and a basic-helix-loop-helix motif common to many transcription factors 

(1-5). When bound to its heterodimeric partner Max, Myc protein binds specifically to DNA and 

can activate transcription. However, the specific targets of myc regulation are not well 

characterized, and thus its mode of action is poorly understood, despite intense investigation. 

Myc has been implicated in the regulation of cell proliferation, differentiation, and death by 

apoptosis (reviewed in 1-6). Since aberration of any of those normal processes can contribute to 

tumorigenesis, it is not surprising that deregulated expression of the c-myc gene is often 

associated with neoplasia. In vitro, c-myc overexpression can cooperate with other oncogenes 

such as Ras to transform cells. Additionally, the ability of inappropriately expressed Myc to 

promote tumorigenesis in vivo has been clearly demonstrated by transgenic mouse models (7) 

Classified as an immediate early gene, c-myc expression is tightly regulated and correlated 

with the proliferative state of the cell (8). In normal quiescent cells, Myc protein levels are very 

low and its expression is strongly induced following mitogen stimulation. Similarly, expression 

decreases as cells become growth arrested or undergo differentiation. A reduction in c-myc levels 

due to disruption of one copy of the gene results in a lengthened Gl cell cycle phase (9), while 

inhibition of c-myc expression blocks cell cycle progression and leads to G, arrest (10-11). 

Conversely, when c-myc expression is deregulated, cells are often unable to withdraw from the 

cell cycle when signaled to do so (12-13). 

Based on the above observations, c-myc has long been thought to control key aspects of 

the proliferative response. Since passage through the cell cycle is orchestrated by the cyclins and 

their associated cyclin dependent kinases (cdks, reviewed in 14), those regulatory proteins would 

be logical targets for such a proposed action of Myc. Normally, expression of the various cyclins 

is tightly regulated and is characteristic of specific stages of the cell cycle. Several studies in 

fibroblasts and hematopoietic cells in fact suggest that expression or activity of some cyclins (ie. 
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cyclins Dl, E, and A) and cdks (ie. cdks 1 and 2) may be altered by c-myc expression (9, 15-20). 

In addition to the activating cyclin subunits, cdk activity can be modulated by cdk inhibitors as well 

as by a number of kinases and phosphatases (reviewed in 21), some of which have also implicated 

as targets of Myc (20 [p27]; 22 [Cdc25A]). However, with the exception of the cdc25A gene, the 

genes in question lack Myc-Max consensus binding sites in the promoter region, indicating that 

their regulation by Myc is indirect. 

Although some mechanistic details of the action of Myc have emerged from studies with 

rodent fibroblasts, there is considerable interest in further elucidating the mechanisms(s) of 

malignant transformation by Myc in human epithelial and hematological malignancies. 

Overexpression of c-myc is thought to play a role in the development of breast cancer since it is 

commonly amplified and/or overexpressed in human breast tumors (reviewed in 23). 

Amplification of the c-myc gene is often associated with highly proliferative tumors and poor 

prognosis. In addition, Myc confers tumorigenicity when overexpressed in the mammary gland of 

transgenic mice. Recent results from our laboratory (24) and others (25) showed that 

overexpression of TGFoc can strongly synergize with c-myc in transgenic mice to promote 

mammary tumor development, confirming previous in vitro observations that Myc can cooperate 

with growth factors such as TGFa or EGF to transform mammary epithelial cells (MECs) (26, 

27). The contribution of TGFa may be due, at least in part, to the suppression of Myc-induced 

apoptosis via increased expression of Bcl-xL (28, 29). However, tumors and cell lines derived 

from the double transgenic mice also showed an accelerated growth rate compared to those from 

single transgenic mice (24,28). Since Myc has been implicated in cell cycle regulation of 

fibroblasts, the tumorigenic action of constitutive c-myc expression in the mammary gland may 

also be due to aberrant cell cycle progression.   Although a variety of changes in the expression of 

cell cycle regulators have been identified in human breast cancer cell lines and primary tumors 

(reviewed in 30), little is known about the causes or consequences of cell cycle deregulation in 

breast cancer. Thus, the purpose of this study was to identify changes in cell cycle regulation in 

MECs which overexpress c-mvc, and to examine the impact of EGF on those cells. 
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Results 

We began our studies by comparing the effect of constitutive Myc expression on the 

growth rate of human and mouse mammary epithelial cell lines. In both mouse (HC14-myc) and 

human (AlN4-myc) MECs, c-myc overexpression decreased the doubling time by about 6 h 

compared to parental lines (Table 1). Our results are also in agreement with previously published 

data which indicated a similar decrease in doubling time by MMLV LTR-driven c-myc 

overexpression in MMEC cells, another cell line derived from normal mouse mammary tissue (26, 

Table 1). In order to determine whether the faster growth rate was simply due to increased 

sensitivity to growth factors, the two human cell lines were grown in the presence of various 

concentrations of EGF for three days. The two resulting dose-response curves were parallel, with 

the AlN4-myc cells growing faster than the parental cells at all concentrations tested (Figure 1). 

The A1N4 and AlN4-myc cells were used to further investigate the observed change in 

growth rate. In the absence of EGF, neither the parental nor the c-mjc-infected cell line showed 

significant growth (Figure 2A). That observation was due to the fact that both cell lines arrested in 

G[ upon EGF deprivation (Figure 2B). In order to determine the kinetics of cell cycle progression 

in the two lines, cells were arrested in G, in the absence of EGF and were allowed to re-enter the 

cell cycle by replacing EGF. FACS analysis demonstrated that the AlN4-myc cells began to enter 

S phase 12 h after EGF addition and percent cells in S phase peaked at 18 h (Figure 3). In 

contrast, parental cells did not enter S phase until 18 h and peaked at 24 h. The results suggested 

that the difference in doubling time was due to a shortened G! phase of the cell cycle. 

Since Rb is believed to play an important role in the Gt phase of the cell cycle, we next 

examined Rb expression and phosphorylation and observed a significant difference between the 

two cell lines. In arrested A1N4 cells, Rb expression was relatively low and the protein was 

present only in the hypophosphorylated state (Figure 4). About 6 hours after EGF stimulation, 

approximately 50% of the protein was found in the hyperphosphorylated state. At all time points 

beyond 6 hours, Rb protein levels were greatly increased and most of the protein was 
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hyperphosphorylated. In contrast, Rb was highly expressed and phosphorylated at all timepoints 

tested in AlN4-myc cells. 

We then examined the expression of several proteins which are known to be involved in the 

regulation of G, progression and have been implicated in the regulation of Rb function (Figure 5). 

Cyclin Dl protein expression was very low in arrested cells, was rapidly induced following EGF 

stimulation, and remained elevated throughout the remainder of the cell cycle. Cyclin Dl levels 

were maximal at 6 h after stimulation in A1N4 cells, and at 3 h in AlN4-myc cells. Cyclin E 

protein was detectable in arrested cells of both lines, but it was further stimulated by EGF addition 

and then down regulated later in the cell cycle. Peak levels of this cyclin were observed between 9 

and 15 h in parental cells, and from 3 to 6 h in c-myc-expressing cells. Expression of two cyclin 

dependent kinases which interact with cyclins Dl and E were also examined. Cdk4 expression 

was constant throughout the cell cycle in both cell lines, but protein levels were higher in A1N4- 

myc cells. Western analysis of cdk2 demonstrated a dramatic mobility shift in the protein due to 

CAK phosphorylation. In A1N4 cells, the shift was observed about 12 h after EGF addition, 

while AlN4-myc cells already contained low levels of phosphorylated protein even when arrested, 

with a maximal shift at about 6-9 h post stimulation. As expected, those mobility shifts 

corresponded to the time of cyclin E induction. CAK is believed to be constitutively active, but can 

only phosphorylate cdks which are complexed with a cyclin (21). Finally, expression of a cdk 

inhibitor, p27, was analyzed. The function or expression of any G{ cdk inhibitors could 

potentially be altered in cells with a shortened G, phase, but we chose to examine p27 first, since 

there was precendent for modifed p27 levels in fibroblasts with deregulated c-myc expression (20). 

Protein levels were quite high in arrested A1N4 cells and decreased as the cells progressed through 

the cell cycle. In contrast, p27 was barely detectable in arrested AlN4-myc cells, and was rapidly 

eliminated following EGF addition. 

The results presented in Figure 5 suggested that differences in cdk2 activity might be 

responsible for the shortened G, phase in c-myc-overexpressing cells. We therefore directly 

examined activation of cdk2 in the cells with an in vitro kinase assay (Figure 6). As predicted, 
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arrested parental cells contained very little active cdk2, and a major increase in activity was 

observed 12 hours after EGF stimulation, the time at which cyclin E was maximally expressed, 

p27 levels were reduced, and cdk2 was phosphorylated by CAK. In contrast, cdk2 was active 

even in EGF-deprived AlN4-myc cells, with maximal activation at 6 h after EGF stimulation. 

Since a recent study identifed the cdk2 phosphatase Cdc25A as a direct transcriptional 

target of myc, we also wished to examine its expression in our MEC system. In unsynchronized 

cells, cdc25A RNA was elevated compared to parental cells (Figure 7A). That result was 

somewhat unexpected since a similar analysis of cyclins A and Dl RNA showed no significant 

differences between the two cells lines during asynchronous growth (not shown). However, 

despite the elevated RNA levels, the time of cdc25A induction in synchronized cells was similar in 

both cell lines, beginning at 12 h and reaching maximal levels between 15 and 21 h after EGF 

stimulation (Figure 7B). 

The shortened Gj phase did not appear to be a consequence of any gross changes in cyclin 

A or Dl RNA expression (not shown).   Cyclin RNA was undetectable in arrested cells and 

induction was closely correlated with changes in cell cycle phase. In both cell lines, cyclin Dl 

expression was detectable by three hours after EGF treatment and levels remained relatively 

constant throughout the cell cycle, in agreement with the results by Western blot. In the AlN4-myc 

cells, cyclin A RNA expression began about 9 hours after EGF stimulation, with a peak at 18 

hours (31). 

Discussion 

The results presented here show that constitutive, elevated expression of c-myc leads to 

altered cell cycle regulation in MECs, with accelerated passage through G,. We propose that the 

faster growth rate of c-myc expressing MECs is due to increased cdk2 activity and constitutive 

phosphorylation of Rb. The elevated cdk2 activity in arrested and synchronized AlN4-myc cells 

compared to parental cells was associated with increased cyclin E expression and diminished 

expression of the cdk inhibitor p27. 
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Control ofCdk2 activity by p27 and cyclin E 

In normal cells, p27 protein levels undergo cell cycle dependent oscillations, with highest 

levels in G, (32). The protein is also induced, through translational and posttranslational 

mechanisms, by several conditions which facilitate G; arrest, including high density, or exposure 

to TGFß or lovastatin (32, 33, 34). Interestingly, Myc overexpression can block TGFß-dependent 

growth arrest in keratinocytes (35). It is thought that p27 associates with cyclin E/cdk2 until cyclin 

D levels are high enough to sequester the inhibitor in cyclin D/cdk complexes. p27 may thereby 

detemine the order of cdk activation by inhibiting cdk2 activity until the cyclin D level (and 

therefore cdk4 activity) is maximal (30, 34). Our observations therefore indicate that this level of 

regulation is reduced or eliminated in MECs which overexpress c-myc. In the parental A1N4 line, 

p27 was expressed in arrested cells and was down-regulated following EGF addition, in agreement 

with a recent report which demonstrated that growth arrest by anti-EGFR antibody involves p27 

expression (36). The AlN4-myc cells, in contrast, had markedly reduced p27 protein levels, even 

in the absence of EGF stimulation. 

Our findings are therefore, in part, similar to those observed in density arrested fibroblasts 

following induction of a regulatable c-myc expression construct (20). In that study, Myc activation 

led to a rapid increase in G, cdk activity and subsequent Rb phosphorylation. Since those density 

arrested cells already contained relatively high levels of cyclins Dl and E, an increase in cyclin 

expression was neither necessary nor observed prior to Myc-induced cdk activation. Rather, the 

authors suggested that the change in cdk kinase activity was specifically due to a Myc-dependent 

decrease in p27 levels. However, our results and those of Steiner et al. (20) appear to contrast the 

findings of a more recent study in fibroblasts (37). It was reported that Ratl cells infected with a 

p27 retro virus had inactive cyclin E/cdk2 complexes and arrested in G,. Co-expression of Myc 

with p27 promoted cdk2 activation and released the cells from the G, arrest without altering the 

p27 protein levels. The authors proposed that Myc indirectly promoted the sequestration and 

inactivation of p27. 
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Rb and the G; cyclin dependent kinases 

In its hypophosphorylated state, the retinoblastoma protein prevents cells from exiting the 

G, phase of the cell cycle (reviewed in 38). Normally, as cells progress through G,, Rb becomes 

increasingly phosphorylated, allowing the cells to proceed into S phase to complete the rest of the 

cycle. 

The high levels of phosphorylated Rb in AlN4-myc cells was most likely due to the 

elevated cdk2 activity, which was significant even in arrested cells. In vitro, several cyclin/cdk 

complexes can phosphorylate Rb, but in vivo, the mechanism of Rb phosphorylation is not fully 

understood. Both cyclin D- and cyclin E- associated kinases have been implicated in Rb 

phosphorylation (39-42), but the timing of Rb hyperphosphorylation in normal cells most closely 

corresponds with the activation of cyclin E/cdk2 (43-44). A recent study in Ratla cells also points 

to an important role for cdk2 activity in Myc-driven cell cycle progression (45). The authors found 

that cyclin A expression following Myc induction could be blocked by microinjected expression 

plasmids encoding cdk inhibitors or kinase negative cdk2, or by treatment with a cdk2-specific 

chemical inhibitor. 

Alternatively, the constitutively hyperphosphorylated state of Rb could be due to an 

inability of the AlN4-myc cells to dephosphorylate Rb. Normally, Rb is dephophorylated by 

protein phosphatase types 1 and 2 during mitosis (46,47). It is difficult to distinguish between the 

two scenarios in our system, since c-myc expression is also constitutive. An inducible c-myc 

expression construct may provide a better system for distinguishing between the two possibilities. 

It is also interesting to note that fibroblasts prepared from Rb knockout mouse embryos 

also exhibit a shortened Gx phase compared to wild type fibroblasts, and like the AlN4-myc cells, 

the Rb deficient cells are still dependent on an external growth signal and can be arrested in G, by 

serum withdrawal (48). Furthermore, the Rb negative cells display premature and elevated 

expression of cyclin E, but comparatively insignificant changes (either quantitative or temporal) in 

the expression of several other cell cycle regulated genes, including cyclin Dl. Those results 
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reiterate the likely connection between Rb function and cyclin E expression (and thus cdk2 

activity). 

Although cdk4 levels appeared to be elevated in AlN4-myc cells compared to parental 

cells, there was little difference in cyclin Dl induction following EGF stimulation, implying that 

altered cyclin Dl-associated activity did not contribute significantly to the change in growth rate. 

Cyclin Dl expression was very low or undetectable in arrested cells and was rapidly induced by 

EGF stimulation in both cell lines. Those findings are in accord with the hypothesis that Myc and 

cyclin Dl function in complimentary, rather than linear pathways (49). In the Rat la fibroblast 

system, it was also determined that c-myc overexpression did not eliminate the requirement of 

cyclin Dl induction by serum for cell cycle progression (20). Furthermore, since Myc appeared to 

induce phosphorylation of Rb prior to induction of either cyclin Dl expression or cdk4 activity in 

both parental and Myc-transfected Rat la cells, those results suggest that cyclin Dl-associated 

activity is necessary for some other aspect of G, progression. Recently, a novel target of cdk4 and 

cdk6 was identified in a human breast cancer cell line (50), and certainly there could be other, as 

yet undefined, targets of cyclin Dl-associated kinases. Nonetheless, cyclin Dl is not required for 

cell cycle progression in some cells that are functionally deficient for Rb due to mutation or viral 

oncoprotein expression, (51), and cyclin Dl mRNA and protein expression is often low in breast 

cancer cell lines which lack Rb function (52). Perhaps the effect of constitutive phosphorylation of 

Rb is different from that of functional Rb inactivation by mutation, deletion, or association with 

viral oncoproteins, with regard to the cyclin Dl requirement in the cell cycle. It should also be 

noted that cyclin Dl binds to Rb through a domain similar to those found in viral oncoproteins 

which interact with and inactivate the tumor suppressor (53), suggesting that a physical interaction 

between the two proteins may lead to further inactivation of one or the other. 

AroleforCdc25A? 

The Cdc25 family of phosphatases have also been implicated in the regulation of cdk 

activity, since they remove inhibitory phosphate groups at serine 14 and tyrosine 15 on cdks (21). 

Although UV irradiation stimulates tyrosine phosphorylation of cdk4 with subsequent G, arrest 
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(54), a clear function for such a cdk4 species in normal cell cycle progression has not been 

demonstrated. Thus Cdc25 expression may not be as important for cyclin Dl/cdk4 activity as it is 

for cdk2 activation. 

The A and B forms of Cdc25 can function as transforming oncogenes in cooperation with 

activated Ha-ras or loss of Rb (55). The synergism between Ras and Cdc25 may be explained by 

the observation that Rafl, a component of the Ras pathway, can phosphorylate and activate Cdc25 

proteins (56). That assertion could also explain the results of Steiner et al., (20). They found that 

full induction of cdk2 kinase activity by Myc also required Cdc25A activity, which could 

apparently be stimulated by serum growth factors, perhaps through the Ras-Raf pathway. A more 

recent study indicates that cdc25A expression can be directly induced by Myc in fibrobasts (22). 

However, another study using a similar rat fibroblast cell line showed no increase in Cdc25A 

steady state levels when Myc was overexpressed (37).   In our MEC system, cdc25A RNA levels 

were elevated by Myc overexpression, but the timing of cdc25A expression induction following 

exposure to EGF was quite similar in the two MEC lines. The RNA was first detected 12 hours 

after EGF addition, suggesting that other factors in addition to Myc are required for cdc25A 

expression. 

Distinguishing the roles of Myc in cell cycle, apoptosis, and malignant progression 

In contrast to fibroblast models in which c-myc expression was sufficient to force quiescent 

cells to re-enter the cell cycle (12, 13), c-myc overexpression was not sufficient to drive the 

mammary epithelial cells through the cell cycle in the absence of a growth stimulus (EGF). That 

difference may simply be due to cell type specificity or experimental conditions, but it should also 

be pointed out that although the fibroblasts re-entered the cell cycle, they were executing an 

apoptotic pathway rather than an actual proliferative response. The AlN4-myc cells, like the 

parental A1N4 cell line, reversibly arrest in Gx in the absence of EGF, rather than undergoing 

apoptosis. Deregulated c-myc expression can induce apoptosis in primary mouse tumor MECs in 

the absence of growth/survival factors (28, 29). Thus, the results suggest that A1N4 cells, 

presumably during the process of immortalization, have undergone some change which makes 
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them incapable of executing the apoptotic pathway in response to Myc. Although mutation of p53 

is an attractive postulation to account for the difference, no mutations were found in the highly 

conserved exons 4-9 in the immortalized cell line (57). However, it was noted in that study that 

p53 proteins levels were unusually high, suggesting that the protein may be posttranscriptionally 

modified. Whatever the cause, the end result is that these cell lines provide an excellent model for 

studying alterations in cell cycle control due to c-myc overexpression in the absence of the 

confounding effects of apoptosis induction. That is an important distinction to make since a recent 

study found that the effects of Myc on cell cycle progression and apoptosis are indeed distinct 

(45). 

In summary, our results may provide at least a partial explanation as to why Myc and EGF 

can cooperate to transform MECs and similarly, why there is such a strong synergism between 

Myc and TGFa in mammary tumorigenesis, as demonstrated by transgenic mouse models. Myc 

overexpression, in conjunction with EGF receptor stimulation, forces the cells through G, at a 

faster rate, resulting in accelerated growth. If this phenotype also allows epithelial cells within the 

mammary gland to proliferate under some conditions which would normally induce a G, arrest and 

block DNA replication, increased genetic instability may also be a logical endpoint, analogous to 

the phenomenon which was demonstrated for p53 mutations (58, 59). Indeed, it has already been 

demonstrated that prolonged Myc overexpression in Rat la cells can promote a variety of genetic 

aberrations, including numerical changes, chromosome breakage, and the formation of circular 

chromosomal structures, chromosome fusions, and extrachromosomal elements (60). In further 

support of that hypothesis, a recent study demonstrated that ectopic expression of p27 (which was 

down-regulated in the AlN4-myc cells) suppressed tumor growth and the accumulation of 

aneuploid cells in a brain tumor model (61). 
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Materials and Methods 

Cell lines 

A pair of human mammary epithelial cell lines (184A1N4, 184AlN4-myc) were used to 

study the effects of c-myc overexpression on cell cycle regulation. The parental cell line, A1N4, 

was derived from normal mammary tissue obtained by reduction mammoplasty and was 

immortalized with benzo(a)pyrene (62). The AlN4-myc line (27) was established via retroviral 

infection of A1N4 cells with a construct containing mouse c-myc under the control of the Moloney 

mouse leukemia virus long terminal repeat (MMLV LTR). Both cells lines were maintained in 

BVIEM (Gibco-BRL, Gaithersburg, MD) containing 0.5% FCS, 0.5 |ig/ml hydrocortisone, 5 

|ig/ml insulin (Biofluids, Rockville, MD), and 10 ng/ml EGF (Upstate Biotechnology Incorporated 

[UBI], Lake Placid, NY). The cells arrest in Gj in the absence of EGF (63). 

A pair of mouse mammary cell lines (HC14 and HC14-myc) was also used in preliminary 

experiments. The HC14 line was established from a mid-pregnant mammary gland and was 

transfected with a c-myc expression construct driven by the MMLV LTR (64). Both cell lines 

were routinely grown in IMEM with 10% FCS. 

Growth assays 

Cells were plated in 96-well plates (Costar, Cambridge, MA) at a density of 1000-2000 

cells/well. At various time points, plates were stained with crystal violet (Sigma, 0.5% in 30% 

MeOH), rinsed with water and dried. At the end of the experiment, the dye was redissolved in 0.1 

M sodium citrate in 50% ETOH and the absorbance at 540 nm was measured with an MR700 plate 

reader (Dynatech Laboratories Inc.). Doubling times were calculated from the slope of the line 

generated by plotting log(absorbance) vs time. 

FACS Analysis 

Cells were plated (5xl05 cells/plate) in 10 cm dishes (Falcon 3003, VWR Scientific, 

Philadelphia, PA) in normal growth media containing EGF. The next day the cells were changed 

to EGF-free media to arrest them in G,. After 48 hours, the cells were restimulated with EGF (10 
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ng/ml) and cells were harvested at 3 h intervals. Nuclei were isolated and stained with propidium 

iodide for cell cycle analysis according to the method of Vindelov et al. (65). 

Western Analysis 

Cells were plated, arrested, and restimulated with EGF as described for FACS analysis. At 

1.5 or 3 hour intervals following EGF stimulation, total cell lysates were prepared. Cells were 

washed with cold PBS and then scraped into cold lysis buffer (50 mM HEPES [pH 7.5], 150 mM 

NaCl, 10% glycerol, 1% Triton x-100, 1.5 mM MgCl2, 1 mM EDTA, 1 mM Na304V, 100 mM 

NaF, 10 mM pyrophosphate, 10 |ig/ml PMSF, 10 (ig/ml aprotinin, 10 fig/ml leupeptin). After a 

10 minute incubation on ice, lysates were spun for 10 minutes in a cold micocentrifuge to remove 

cellular debris and were frozen at -70 °C. Twenty fig of protein from each sample were separated 

by SDS-PAGE and transferred to either nitrocellulose or PVDF membranes. Acrylamide 

concentrations varied depending on the target protein as follows; Rb, 6%; cyclin Dl, cyclin E, 

cdk2, and cdk4, 10%; p21 and p27, 14%. Blots were blocked in 4% milk, 1% BSA in Tris 

buffered saline with Tween-20 (TBST, 10 mM Tris, pH 7.4, 150 mM NaCl, 0.5% Tween-20) for 

1 h at room temperature and then incubated in TBST with 1% BSA and the following antibodies (1 

(ig/ml): Rb (Pharmingen, San Diego, CA), cyclin Dl and E (UBI), cdk2 and cdk4 (Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA), or p27 (Santa Cruz). Proteins were visualized with an 

HRP-linked second antibody (1/2000 in TBST with 1% BSA) and a chemiluminescent detection 

system (Pierce, Rockford, IL). Amido black or India ink staining of the membranes demonstrated 

equal loading and transfer of the samples. Since appropriate antibody for Cdc25A was not 

commercially available, we chose to examine its expression at the RNA level only (see below). 

Kinase assays 

Cell lysates (100 fig) were incubated with 1 fig anti-cdk2 antibody for 2 h (4°C) prior to 

precipitation with Agarose A beads (Santa Cruz). Immunoprecipitates were washed twice with 

lysis buffer and twice with kinase buffer (50 mM HEPES [pH 7.5], 10 mM MgCl2, 1 mM EDTA, 

1 mM NaF, 1 mM DTT, 0.3 mM ß-glycerophosphate, 1 mM NajC^V, 10 |ig/ml PMSF, 10 |ig/ml 

aprotinin, 10 [ig/ml leupeptin). The beads were then resuspended in 30 jil kinase buffer and the 
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reaction was started by adding ATP (200 \iM), -j^P-ATP (5 (iCi) and histone HI (1 |ig). Samples 

were incubated at 30 °C for 15 min before stopping the reaction with 2x loading buffer (62.5 mM 

Tris [pH 6.8], 10% sucrose, 2% SDS, 5% ß-mercaptoethanol, 1% bromphenol blue). Labeled 

proteins were run on a 10% polyacrylamide gel which was dried prior to visualization with a 

Phosphorlmager 445 SI (Molecular Dynamics, Sunnyvale CA). 

RNA Isolation 

A1N4 and AlN4-myc cells were plated sparsely (1.5 xlO6 cells) in culture flasks (225 cm2; 

Costar) and growth arrested as described above. Following re-stimulation with EGF (10 ng/ml), 

total RNA was harvested at three hour intervals by the guanidine thiocyanate-acid phenol method 

(66). 

Northern Analysis 

Total RNA (12 |ig) was separated on 1% agarose-formaldehyde gels and transferred to 

nylon membranes (Amersham). Blots were hybridized overnight with a 700bp 32P-labeled, 

random-primed human probe for cdc25A (nt 936-1637). Bands were detected with a 

Phosphorlmager 445 SI. 

RNase Protection Assay 

Changes in cyclin RNA expression were examined using a nonradioactive RNase 

protection assay, as previously decribed (31). A pGEM-4z vector containing a 400 bp fragment of 

the human cyclin A cDNA was linearized with EcoRI prior to synthesis of a 440 bp riboprobe. A 

1.3 kb NotI fragment of human cyclin Dl in a BluescriptKS- plasmid was linearized with EcoNI 

to synthesize a 360 bp probe. 
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Cell Line Doubling Time Difference 

A1N4 27.4 +/-0.6 h 
5.9 h 

AlN4-myc 21.5 +/-0.3 h 

HC14 25.1 +/- 0.5 h 
6.3 h 

HC14-myc 18.8 +/-0.3 h 

MMEC1 24.0 h 
5.8 h 

MMEC-myc1 18.2 h 

Table 1: Doubling times for 1 human pair and 2 mouse pairs of cell lines, +/- S.E. 

(pair=c-myc-overexpressing line and its parental line). The last column indicates 

the decrease in doubling time of the Myc line compared to its parental line. 

'Reference 26. 
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Figure Legends 

Figure 1:       Growth of A1N4 and AlN4-myc cells in response to EGF is concentration 

dependent. Cells were plated in 96 well plates with increasing concentrations of 

EGF and incubated for three days before being stained with crystal violet. Note 

that the two curves are parallel. n=8, +/- S.E. 

Figure 2:       A1N4 and AlN4-myc cells arrest in Gt in the absence of EGF. 

A: Growth of both A1N4 and AlN4-myc cells is dependent on EGF. Cells were 

plated in 96 well plates (103 cells/well) in the presence or absence of EGF and were 

stained with crystal violet at the indicated times. Relative cell number was then 

measured as absorbance at 540 nm. n=8. B: Cell cycle histograms for 

unsynchronized cells grown in normal media with EGF and arrested A1N4 and 

AlN4-myc cells which had been deprived of EGF for 48 h. 

Figure 3:       Cell cycle analysis of A1N4 and AlN4-myc cells re-stimulated with EGF following 

growth arrest for 48 hours. Arrested cells were treated with 10 ng/ml EGF and 

harvested at 3 hour intervals. Propidium iodide staining and FACS analysis was 

performed with isolated nuclei. 

Figure 4: Expression and phosphorylation of Rb in synchronized cells (A1N4 and AlN4-myc). 

Arrested cells were re-stimulated with EGF and whole cell lysates were prepared at 

the times indicated. 20 jig of protein were separated on a 6% gel before transfer to 

nitrocellulose for Western analysis. The faster moving band is due to 

hypophosphorylated (inhibitory) Rb and the upper band contains 

hyperphosphoylated Rb. A0=A1N4 at time 0. M0=AlN4-myc at time 0, 

+=unsynchronized cells. 
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Figure 5:      Expression of the G! cyclins Dl and E, their associated kinases ckd4 and cdk2, and 

the cdk inhibitor p27 in synchronized A1N4 and AlN4-myc cells. Lysates were 

harvested as in Figure 4 and were separated on 10% acrylamide gels prior to 

transfer to nitrocellulose for western analysis. In the case of cdk2, phosphorylation 

by CAK leads to a downward shift in mobility, producing the observed doublet. +, 

unsynchronized cells. 

Figure 6:      Kinase activity of cdk2 in synchronized A1N4 and AlN4-myc cells. Cdk2 was 

immunoprecipitated from whole cell lysates at the indicated times following EGF 

re-stimulation. The precipitates were then incubated for 15 min at 37 °C in the 

presence of histone HI and yATP. Labeled substrate was detected by 

phosphorimager analysis following fractionation on a 10% PAGE gel. 

Figure 7:       Northern analysis of cdc25ARNA in A1N4 and AlN4-myc cells. A: Expression 

in unsynchronized cells. Cells were grown in the presence of EGF and were 

harvested at approximately 75% confluence. B: Cell cycle dependent expression. 

Cells were arrested and re-stimulated by addition of EGF as in Figure 3. At the 

times indicated, total RNA was harvested. 
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