GRANT NUMBER DAMD17-97-1-7100

TITLE: Mechanisms of Altered Control of Proliferation by Cyclic
Amp/Protein Kinase A During Mammary Tumor Progression

PRINCIPAL INVESTIGATOR: Walter T. Imagawa, Ph.D.

CONTRACTING ORGANIZATION: University of Kansas Medical Center
Kansas City, Kansas 66160

REPORT DATE: June 1999
TYPE OF REPORT: Annual

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.

S 20000303 132




L

R REPORT DOCUMENTATION PAGE O M, 040188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering 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
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Hilhway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank)  |2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
June 1999 Annual (1 Jun 98 - 31 May 99)
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Mechanisms of Altered Control of Proliferation by Cyclic Amp/Protein Kinase A DAMDI17-97-1-7100
During Mammary Tumor Progression

6. AUTHOR(S)

Imagawa, Walter T., Ph.D.

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

University of Kansas Medical Center
Kansas City, Kansas 66160

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

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

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited

13. ABSTRACT (Maximum 200 words)

We hypothesize that alterations in the regulation of growth by growth factors and cAMP during mammary
tumor progression are related to MAP kinase signaling pathways known to be affected by cAMP and
pertussis toxin (PT)-sensitive G proteins. Mammary epithelial cells from normal mouse mammary glands
were compared to pregnancy-dependent (PDT) and ovarian-independent (OIT) mouse mammary tumors in
serum-free, collagen gel cell culture. Previous studies suggested that the ERK cascade is only permissive
for proliferation, and cAMP and hormones stimulate proliferation via nonERK PT-sensitive pathways.
The possible involvement of superphysiological insulin/IGF-I receptor in PT sensitivity was examined.
PT-sensitivity of proliferation and ERK activation is observed in the absence of insulin. However, in the
presence of insulin, cAMP enhanced PT inhibition of ERK activity suggesting a PT-sensitive interaction of
insulin/IGF-I pathways with cAMP. Examination of other pathways showed that neither the activation
or inhibition of the p38 MAP kinase or changes in raf level correlated with stimulatory or inhibitory effects
of cAMP on growth. Lysophosphatidic acid (LPA), which affects normal and tumor growth similarly to
cAMP, was tested and found to activate MAP kinases (ERK, JNK, p38) in normal and OIT. LPA
stimulation of JNK and ERK activity but inhibition of growth in OIT emphasizes that inhibition of
proliferation in these tumors is does not correlate with MAP kinase inhibition and suggests that the
previous observation of JNK inhibition by cAMP in OIT is not relevant to its negative effect on growth.

14. SUBJECT TERMS 15. NUMBER OF PAGES
Breast Cancer 30
MAP kinase, cyclic AMP, proliferation, pertussis toxin 16. PRICE CODE
17. SECURITY CLASSIFICATION |18. SECURITY CLASSIFICATION |19. SECURITY CLASSIFICATION [20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified Unlimited
NSN 7540-01-280-5500 Standard Form 298 {Rev. 2-89) USAPPC V1.00

Prescribed by ANSI Std. Z39-18 298-102




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
this 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.

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.

/(]W 68 é f;)’??‘

PI - Slgnat




Table of Contents

Foreword. ... coeeiiieeennnneeennnnn.
Table of Contents..................
Abbreviations..........c. i
IntroducCtion. ....oveeeinennennnnn.

Cell culture and tissues
Preparation of cell extracts
ERK activity assay
phospho-ERK Western blotting
¢-Jun Kinase activity assay

Results and Discussion..........

Objectives

Insulin requirement for cAMP

CREB activation

Comparison of Raf levels

p38 activation in normal and

Lysophosphatidic acid effect
Research Accomplishments
Reportable Outcomes

ConclusSionS. . oot it eeeennaannn
References....... . iiinnnn.
ApPEendiCesS . . vt ittt ettt

Appendix 1, Figures
Appendix 2, Manuscript reprint

and PT growth

tumor
on MAP kinases




Abbreviations

cAMP, 3’-5’ cyclic adenosine monophosphate

C56, Compound 56 (EGF receptor phosphorylation inhibitor)
CREB, cAMP response element binding protein

EGF., epidermal growth factor

ERK, extracellular regulated mitogen-activated protein kinase (MAP kinase)
ECL, enhanced chemiluminescence

IGF-I, insulin-like growth factor I

JNK, c-jun protein kinase

LPA, l-oleoyl-lysophosphatidic acid

MEC, mammary epithelial cell

MEK, MAP kinase kinase

OIT, ovarian-independent mammary tumor

PD, PD098059 (MEK inhibitor)

PDT, pregnancy-dependent mammary tumor

PKA, protein kinase A

PT, pertussis toxin




Introduction

The purpose of this research is to identify the mechanisms underlying the change
in the proliferative response to 3'-5' cyclic adenosine monophosphate (cAMP)
that we have previously observed during mammary tumor progression in our rodent
systems (1). cAMP is a potent mitogen for normal mammary gland epithelium,
weakly mitogenic for hormone-dependent mammary tumors and growth inhibitory to
hormone-independent mammary tumors. cAMP-stimulated proliferation was inhibited
by pertussis toxin (PT) in normal mammary epithelium but neither the inhibitory
effect of cAMP nor basal cAMP-independent proliferation of hormone-independent

mammary tumors was affected by PT (2). PT is a bacterial toxin that ADP-
ribosylates Goi subunits and blocks activation of receptor-coupled
heterotrimeric Gaify proteins. These findings indicate that through

postreceptor crosstalk, pertussis toxin-sensitive Goify pathways modulate cAMP-
mediated proliferation.

These preliminary results led to the hypothesis that a critical alteration in
growth regulation related to signaling pathways affected by cAMP and pertussis
toxin-sensitive G proteins occurs during transformation and progression of
mammary tumors from hormone-dependent to hormone-independent growth. An in
vitro approach has been followed, taking advantage of our serum-free, primary
cell culture system, to examine intracellular kinase pathways that may be
altered during progression from normal mammary epithelium to hormone-independent
mammary tumors.

Previously we reported that cAMP inhibited the activity of the mitogen activated
protein kinase, ERK, in normal mammary epithelium, but did not affect ERK
activity in pregnancy-dependent (PDT) or ovarian-independent (OIT) mammary
tumors. Thus, the mitogenic effect of cAMP could not be related to a concurrent
stimulation of ERK activity. However, the growth-stimulatory effect of cAMP and
prolactin on normal and PDT cells in vitro was inhibited by the specific MEK
inhibitor, PD098059 (PD, (3)) which leads to the inhibition of ERK activity.
The growth of OITs, which occurs in insulin-only basal medium, was also
inhibited by PD. These results suggested that basal ERK was permissive for

proliferation. PT which inhibits the growth-stimulatory effect of cAMP, also
inhibited ERK activity indicating that a Goi protein-coupled pathway was
involved in ERK regulation and was permissive for cAMP mitogenesis. Examination

of the c-jun kinase (JNK) pathway indicated that like ERKs, JNK activity was not
affected by cAMP in normal or PDT cells but was inhibited by cAMP in OIT. Our
studies showed that neither c¢AMP inhibition (OIT) nor stimulation (normal, PDT)
of proliferation was reflected in a corresponding effect on the most likely
kinase target pathway, the ERK pathway. Inhibition of JNK activity in OIT
suggested that other MAPKs belonging to the stress activated protein kinase
family might be affected by cAMP. Interestingly, in T lymphocytes cAMP was
inhibitory to JNK but not ERK (4) and cAMP inhibition of JNK correlated with
thrombin-induced inhibition of vascular smooth muscle cell growth (5).

The inhibitory effect of PT on cAMP-stimulated growth and ERK suggested that a
GoiBy protein-mediated pathway could be involved but the only potential G

protein-coupled receptor ligand present in the medium was insulin. Insulin was
present at a superphysiological concentration (10 Hg/ml), however, and was
probably binding to the insulin-like growth factor receptor I (IGF-I) (6) which
can reportedly signal through G protein-coupled pathways (7). Thus, PT could
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potentially inhibit IGF-I receptor pathways stimulated by superphysiological
insulin that maintains basal ERK activity which 1is permissive for cAMP
mitogenesis. This explanation raises the possibility that the inhibitory effect
of PT on cAMP-stimulated proliferation occurs indirectly i e. not on a pathway
directly activated by cAMP.

Other recent studies have shown that cAMP can activate ERKs through rapl-
mediated activation of B-raf in contrast to its negative effect on ERK
activation via inhibition of raf-1 (8, 9). The relative abundance of B-raf or
raf-1 could then act as a switch that determines tissue specific regulation of
the ERK pathway by cAMP. This raises the possibility that the differential
expression of these factors could cause a switch in the cAMP response as we have
observed between normal mammary epithelium and hormone-independent mammary
tumors (OIT).

Body
Materials and Methods

Reagents. Cell culture: Ham's F-12, Medium 199, and Dulbecco's Modified Eagle's

medium (DMEM) were from GIBCO/BRL (Grand Island, NY); collagenase (CLS Type 2)
was from Worthington Biochemical Co. (Freehold, NJ), Percoll was from Pharmacia
Biotech (Piscataway, NJ). Rat tail collagen, solubilized in acetic acid, was
prepared as described previously (10). Antibodies: ERK 1 (C-16), ERK 2 (Cl4),
EGF receptor, IGF-1 receptor, raf-1, B-raf, jun kinase (JNK ) and phospho-
specific JNK were from Santa Cruz Biotechnology (Santa Cruz, CA); phospho-

specific p44/42 (pERK 1 and pERK 2, was from Promega (Madison, WI); CREB,
phospho-specific CREB, phospho-specific p38 and p38 was from New England
Biolabs, phospho-tyrosine antibody (PY20) was from Transduction Laboratories
(Lexington, KY). Biochemicals: MEK1l inhibitor, PD 098059, and EGFR receptor
phosphorylation inhibitor, Compound 56, were from Calbiochem (San Diego, CA).
Protein A and G agarose, dibutryl cyclic AMP (cAMP), pertussis toxin, l-oleoyl
lysophosphatidic acid (LPA) were from Sigma Chemical Co. (St. Louis, MO)). LPA
was prepared by brief sonication of an aqueous suspension in Saline A containing
bovine serum albumin (1 mg/ml). Gst-c-jun fusion protein substrate was prepared
using a fusion construct provided by Roger Davis. EGF was from Collaborative
Research (Waltham, MA).

Cell culture and tisgsues. Pregnancy-dependent mammary tumors were propagated
in vivo by intrafat pad transplants in estrogen and progesterone treated
{(injection or pellet) DDD mice. Ovarian-independent mammary tumors were raised
by subcutaneous transplantation of tumor pieces in virgin DDD mice. These
hormone-independent tumors grow rapidly in virgin hosts. Normal tissues were
from mature virgin Balb/cAnNCrlBR mice obtained from Charles River.

Normal and tumor tissues were dissociated with collagenase (0.1%) and purified
epithelial cells obtained by Percoll gradient centrifugation as described
previously (10). For growth experiments, cell organoids were cultured for 10
days within collagen gels as described (10). The basal medium used for cell
growth was composed of a 1:1 (v:v) mixture of Ham's F-12 and DMEM buffered with
20 mM HEPES and 0.67 g/1 sodium bicarbonate, and supplemented with 10 pg/ml
insulin, 100 U/ml soybean trypsin inhibitor, 1 pg/ml a-tocopherol succinate and
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other additives as indicated. Cell number was determined by fluorometric DNA
assay using diaminobenzoic acid (11) and standard curves using diploid tumor
cells.

Cell cultures for kinase assays were established as above using 10 or 6 cm
culture dishes with 5 to 10 million cells per culture. For some experiments,
cells were cultured on the surface of collagen I-coated plates. Normal cells
were cultured for 4-6 days in serum-free medium (above) prior to the addition of
test factors. Some OIT were first precultured for 24-48 hrs in 2% porcine serum
before washing and switching to serum-free medium for the remainder of the
culture period. cAMP (100 pg/ml) was added in combination with the cAMP
phosphodiesterase inhibitor R0-20-1724 (10-5 M, Calbiochem). Pertussis toxin
(100 ng/ml) was added overnight (to allow activation by the cells) prior to the
addition of test factors.

Preparation of Cell Extracts. After incubation for various times, cultures were
terminated by aspiration of the culture medium followed by blotting of the gels
on filter paper and transfer of the dehydrated gels to 0.6 ml of lysis buffer
containing 50 mM Tris-HC1 (pHE 7.5), 100 mM NaCl, 50 mM NaF, 5 mM EDTA, 1% (v/v)
Triton X-100, 40 mM B-glycerophosphate, 40 mM PNPP, 200 mM sodium orthovanadate,
100 mM phenylmethylsulfonyl fluoride (PMSF), 1 Hg/ml leupeptin, 1 Mg/ml
pepstatin A, 1 Hg/ml aprotinin. The lysates were mixed by vortexing and left on
ice for 60 min. before centrifugation (10 min, 13,000 x g, 4°© C). Nuclear
extracts were prepared with the above buffer containing 0.4 M KCL. Cells
cultured on collagen-coated plates were terminated by direct addition of lysis
buffer to the plate on ice. Supernatants were used for immunoprecipitations and
western blot analysis. Protein concentration was determined using the BCA assay
by Bradford.

Western Blotting. Sample lysates containing 20 png of total protein were
electrophoresed on 10% SDS-polyacrylamide gels and transferred to nitrocellulose
membranes by electroblotting. Membranes were blocked with TBS buffer containing
5% (w/v) dry milk (or 1% BSA for phosphotyrosine antiserum) and 0.1% Tween and
incubated with the manufacturer’s recommended dilution of antibody (dilutions
were adjusted as necessary). For all immunoblotting, a horseradish peroxidase-
conjugated secondary antibody was utilized to allow detection of the appropriate
bands using enhanced chemiluminescence (ECL, Amersham Corp.). Membranes were
stripped for reprobing with another antisera by incubating at 50° C for 30 min.
in Tris (63 mM, pH 6.7), 2% SDS, and 100 mM 2-mercaptoethanol then washed in PBS
and reblocked. For data analysis, ECL-detected bands were scanned using a
Molecular Dynamics Personal Densitometer using ImageQuant software.

Results and Discussion

Objectives:

The objectives of the present studies were to 1) examine the role of
insulin/IGF-I in PT-sensitive cAMP stimulation of proliferation, 2) determine if
B-raf is expressed and if the B-raf/raf-1 ratio differs between normal MEC and
OIT, 3) determine if another MAPK, p38, was activated differentially in normal
and tumor mammary epithelium by cAMP and other mitogens including, 4) examine
the effect of a Goify-coupled lipid mitogen lysophosphatidic on kinase pathways

1. Insulin requirement for cAMP mitogenesis. (Task 2).
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Effect of cAMP and PT on growth in the presence and absence of insulin:

PT inhibited cAMP stimulation of proliferation in serum-free medium containing
only superphysiological insulin (10 ug/ml). Insulin at this concentration is a
permissive requirement for optimal growth of mouse mammary epithelium in
response to all known growth-stimulating factors (12, 13). We asked if the
inhibitory effect of PT was due to the inhibition of insulin-like growth factor
I receptor (IGF-IR) mediated signaling since insulin at the concentration used
can bind to the IGF-IR (6). The effect cAMP (100 Wg/ml) and PT (10 ng/ml) on
growth and kinase activation was compared in normal MEC cultured in collagen
gels for 12 days in serum-free medium in the absence (I0) or presence (I10) of
insulin (10 MHg/ml) (Fig. 1). In I0 medium, cAMP treatment was only weakly
stimulatory to growth relative to basal medium controls where cell number
diminished. Compared to the starting cell number (OT) there was no net increase
in cell number showing that cAMP stimulated only enough proliferation to
compensate for cell loss occurring in the absence of insulin. The addition of
PT, however, lowered the cell number showing that PT has an effect even in the
absence of insulin. In contrast, cAMP stimulated multifold growth in I10 medium
that was strongly inhibited by PT. We show that c¢AMP requires
superphysiological insulin (lowering the insulin concentration diminishes the
proliferative effect, data not shown) to stimulate proliferation but PT
sensitivity is insulin-independent. That PT can inhibit the proliferative
effect of cAMP in the presence and absence of superphysiological insulin implies
that the PT-sensitive step is not related to insulin receptor or IGF-IR
activation.

Effect of cAMP and PT on kinase activity in the presence and absence of
insulin:

When ERK activity was examined by western immunoblotting of cell extracts with
phopho-specific ERK antiserum, basal activity was similar (slightly higher in
I10) and inhibited by PT in both I0 and I10 media (Fig 2). These results imply
that an insulin/IGF-I pathway does not directly regulate ERK and is not involved
in the PT response, in agreement with the proliferation assays (Fig. 1). cAMP
inhibited ERK activity as previously observed in I10 as well as I0 medium (Fig
2). PT inhibited basal ERK activity in both media but PT inhibition in the
presence of cAMP was almost complete in I10 medium whereas in I0 medium it had a
slight effect. Total ERKs were the same level in all lanes as revealed by
immunoblotting with ERK antisera. Thus, PT inhibited ERK activity to a greater
extent in I10 medium containing cAMP suggesting that cAMP sensitizes the ERK
pathway to PT via an interaction with an insulin/IGF-I pathway. This level of
inhibition of the ERK pathway may inhibit proliferation since we know that cAMP
mitogenesis is inhibited by inhibiting ERK activation with the MEK inhibitor
PD98059. The I0 medium data indicate, however, that PT inhibition of ERK
activity and proliferation is not dependent upon the co-activation of an
insulin/IGF-I pathway. But, 1in the presence of cAMP, a PT sensitive
insulin/IGF-I pathway may be involved that can lead to almost total inhibition
of growth and ERK activation. One caveat for these experiments is that the
cells used for kinase assay were precultured in 2% serum for the first 48 hrs to
promote growth prior to switching to serum-free medium for another 4 days. The
basal ERK activity in I0 might be a continued response to this serum exposure
so we plan to repeat these experiments under completely serum-free conditions.



The effect of cAMP on the activation of the stress associated protein kinases,
p38 and JNK was also examined I10 serum-free medium to compare the response of
these kinases to the ERKs. Cells were cultured and treated with cAMP and PT as
described above and kinase activation was assessed by western immunoblotting of
cell 1lysates with phospho-specific antisera against JNK and p38 (Fig 3) .
Unlike ERKs, p38 activity was unaffected by cAMP or PT while JNK activity was
slightly inhibited by PT or cAMP (30% maximal inhibition in the presence of cAMP
and PT) although examination of the variation in this inhibitory effect in other
experiments indicates that this result is probably not significant. Therefore,
the effect of PT on growth correlates best with an inhibitory effect on the ERK,
not the JNK or p38 pathways.

IGFI receptor expression and activation:

Since cAMP or PT may affect the activation of the IGF-IR, studies have been
initiated to monitor the activation of IGF-IR in cultured normal and OIT cells
by immunoprecipitation of the receptor followed by western immunoblotting with
antiphosphotyrosine antisera. Using IGF-IR antisera from Santa Cruz we can
detect IGF-IR by direct western blotting of of cell extracts and no consistent
difference in the level of receptor can be discerned between normal MEC and OIT
in four different experiments. We have not been able to detect any appreciable
tyrosine phosphorylation of the IGF-IR in cells cultured in basal insulin-
containing medium in the presence or absence of cAMP. We plan to try
alternative commercially available antisera and if no effect is observed,
examine the phosphorylation state of the insulin receptor and the effect of
IGF-I substitution of insulin.

2. CREB activation (new work)

We have begun to look at downstream factors that may be activated by multiple
kinase pathways and serve as endpoints to measure the relative contributions of
different pathways to transcriptional and biological responses. The effect of
cAMP and PT on the phosphorylation of the transcription factor CREB which is a
substrate for cAMP/PKA and RSK is under examination but western immunoblotting
of nuclear extracts with phosphospecific CREB antisera does not reveal any
significant effect of cAMP on CREB phosphorylation, the level of which is barely
detectable in our hands (not shown). CREB antisera do show the presence of the
protein in the normal MEC used for these experiments. This data 1s very
preliminary and more work is needed in optimizing the procedure for obtaining
nuclear extracts and immunoprecipitating CREB. We do observe activated ATF-1 in
basal medium cultures with no modulation by cAMP which suggests that this family
of transcription factors, more particularly ATF-2, should be examined in
parallel with CREB. We plan to continue to optimize conditions to assay
transcription factor activation in normal cells and extend this work to mammary
tumors.

3. Raf expression in normal and tumor cells (new work)

We also began studies examining the presence of B-raf and raf-1 in normal MEC
and OIT to determine if the ratios of these kinases, which lie upstream of MEK
in the ERK pathway, differed in cells with different proliferative responses to
cAMP. We might predict that if cAMP inhibits proliferation that the level of
raf-1, which is inhibited by cAMP-activated PKA, will be higher than the level
of B-raf, associated with PKA stimulation of proliferation. The opposite may be
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occur in the OIT. When the relative levels of raf-1 and B-raf were compared in
normal and tumor cells cultured in basal serum-free medium (always with I10
unless otherwise indicated), the opposite effect was observed (Fig. 4). It was
interesting to find that both kinases are expressed in normal and tumor cells,
that but relatively more B-raf relative to raf-1 was found in the OIT compared
to normal or PDT cells. 1In other experiments the elevated level of B-raf is not
as dramatic as shown in Fig. 4 but it is safe to conclude that B-raf
underexpression relative to raf-1 is not associated with the inhibitory effect
of cAMP on proliferation.

4. Comparison of p38 activation in normal and tumor mammary epithelium. (Task 1)

Lysates from the same collagen gel cultures as above (no. 3) were screened with
phospho-specific p38 antisera to compare the level of activated p38 in these
cells. We find that the level of active p38 in cells cultured within collagen
gels, in basal serum-free medium is elevated in OIT compared to normal MEC and
PDT (Fig. 5). Total p38 assessed by immunoblotting with p38 antisera showed
that the level of enzyme was similar in normal and tumor cells. Thus, an
elevation in p38 activity may be significant for the OIT phenotype and suggests
that the regulation of this enzyme is altered in late stage breast tumors. The
effect of cAMP on p38 activation was examined in normal cells cultured within
collagen gels or on the collagen-coated dishes. In 3 experiments each, no
effect of cAMP treatment (30 min - 60 min) on p38 phosphorylation was observed
as assessed by western immunoblotting with phospho-specific antiserum (not

shown). Examination of the effect of cAMP on p38 phosphorylation in 4 cultured
OITs (3 within collagen gels, 1 on collagen-coated dishes) also showed that cAMP
did not affect the phosphorylation of p38 (not shown). Thus, cAMP does not

significantly activate or inhibit this pathway in normal MEC or OIT. Three PDT
tumors cultured within collagen gels have been examined and indicate that cAMP
elevates p38 activity about 1.5-2-fold but these results need to be confirmed.
These results indicate that basal p38 activity may be altered in OIT but that
the differential effect of cAMP on proliferation of normal MEC and OIT does not
correlate with an effect on p38 activity.

5. Effect of lysophosphatidic acid on kinase activity in normal MEC and OIT.
(Task 1)

Lysophosphatidic acid (LPA) is a phospholipid mitogen that selectively affects
normal and tumor MEC growth in the same manner as cAMP (2). Its mitogenic
effect is similarly PT sensitive. All the evidence we have obtained thus far
indicates that cAMP mitogenesis is not directly associated with the activation
of ERK, JNK, or p38 activity in normal or tumor MEC with the possible exception
of p38 activation in PDT. However, the proliferative effect of cAMP is
dependent upon basal ERK activity as shown by the inhibitory effect of PT and
the MEK inhibitor PD98059. We have attempted to gain further insight into
growth- stimulatory and growth-inhibitory pathways by comparing the effect cAMP
with that of LPA on kinase pathways.

The effect of inhibitors of LPA on activation of the ERK, JNK, and p38 pathways
was investigated in normal MEC and OIT. Normal MEC and OIT cells were cultured
on collagen-coated dishes, in serum-free medium for 8 days and LPA was added in
time course and dose/response studies. LPA stimulated the activity of all of
these kinases at an optimum concentration of 0.05 mM, which coincides with the
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optimum effect on proliferation, with activity peaking at a duration of exposure
of 4-10 min. Fig. 6. (A, B, C) is a summary of 3-6 experiments in which
activated kinase was detected by immunoblotting with phospho-specific antisera
to these kinases or in the case of JNK, also confirmed by direct assay of kinase
activity in immunoprecipitates. We have shown that detection of activated ERK
by immunoblotting with phospho-specific antisera correlates with direct assay of
kinase activity in ERK immunoprecipitates (Appendix 2, (14)). Bound antisera
was detected by ECL and bands quantitated by scanning densitometry. Data are
normalized to basal (i.e. fold above basal, and represent arbitrary units). LPA
treatment activated ERK and p38 relatively more than JNK. LPA activation of ERK
was inhibited by PT (Fig. 6D) indicating a Go0i protein-coupled pathway. In
contrast, PT did not inhibit LPA-induced activation of JNK or p38. So LPA can
activate multiple kinases by PT-dependent and -independent pathways.

LPA stimulation of signaling in a variety of cell lines has been shown to occur
through ligand-independent activation of the EGF receptor (15-18).
Transactivation is shown by LPA-induced phosphorylation of the receptor, and the
demonstrated inhibition of LPA activation of ERKs by specific inhibitors of EGF

receptor phosphorylation (and activation) such as Compound 56 (Calbiochem). As
shown in Fig. 6, we examined the effect of Compound 56 (C56) on LPA activation
of kinases and observed a partial inhibition of ERK. However, there was no

effect on JNK or p38 activity. Shown for comparison is the effect of EGF and
the inhibitory effect C56 on EGF activation of ERK and JNK but a lessor

inhibition of p38. The inhibitory effect of C56 on ERK activity was
inconsistent (2/4 experiments) as was an observed an elevation in EGF receptor
tyrosine phosphorylation in LPA-stimulated cultures (not shown). In comparison
to EGF activation of EGF receptor tyrosine phosphorylation, LPA's
transactivation of the EGF receptor is about 10-fold lower. In the same
experiments, consistent €56 inhibition o0f EGF-induced EGF receptor
phosphorylation was observed. Thus, the kinase experiments suggests that LPA

couples to multiple kinase pathways but only weakly through transactivation of
the EGF receptor. Only the ERK pathway is PT-sensitive which is reminiscent of
the effect of PT on these kinases in cAMP-treated cells. But unlike cAMP, LPA
activates the ERK pathway.

The effect of PT, PD98059 and the EGF receptor phosphorylation inhibitor,
Compound 56 (C56), on LPA-induced proliferation of normal MEC was also assessed
(Fig. 7). PT and PD98059 inhibited the effect of LPA on proliferation
consistent with their inhibitory effect on LPA-induced ERK activity indicating
that activation of the ERK pathway is important for LPA mitogenesis. We also
observed a partial inhibitory effect of C56 which is consistent with its partial
inhibitory effect on ERK activity. Dose-response studies were performed with
C56 and the effect is dose-dependent and maximum at the indicated concentration
of 100 UM (Fig. 7). At this time we suspect that this drug may act via an EGF
receptor-independent mechanism as well or our ability to detect ligand-
independent EGF receptor phosphorylation is not sensitive enough. Clearly,
studies examining the effect of a dominant negative EGFR construct on LDPA-
induced responses would be desirable. However, results obtained with O0ITs
(below) suggest that LPA can activate ERKs independently of EGF receptor
transactivation. Toxicity is apparently not an issue since the cultures do not
show signs of cell degeneration.
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We have begun studies examining the effect of LPA on OIT and the data are
preliminary. However, some conclusions can be drawn. To recapitulate, OIT
growth is autonomous and independent of EGF in our culture system. EGF
independence is explained by the low to undetectable level of EGF receptors in
these tumors as assessed by western immunoblotting with EGF receptor antiserum
under assay conditions where the receptor is easily detected in normal MEC (not
shown). We have tested C56 on OIT in which growth is inhibited by LPA and find
that, as expected, it does not reverse the inhibitory effect of LPA on growth
(Pig. 8), the stimulatory effect of LPA on ERK activity (Fig. 9) or JNK
activity (Fig. 10). Thus, LPA, at least in OIT, can activate MAP kinases and
inhibit proliferation independently of EGF receptor transactivation. What is
interesting is the comparison of the effect of cAMP and LPA on the activity of
MAP kinases. Although both factors are inhibitory to growth, cAMP has no
effect (ERK, p38) or is inhibitory (JNK) to MAP kinases while LPA is stimulatory
(ERK, JNK). The effect of LPA on p38 activity in OIT is under investigation.
We are drawn to the conclusion that the inhibitory effect of LPA and cAMP on
proliferation is independent of direct stimulatory or inhibitory effects on MAP
kinases (ERK, JNK) associated with proliferation control by mitogenic growth
factors and cAMP in other systems.

Research Accomplishments

1. Begun examination of the role of a PT-sensitive insulin receptor or IGF-I
receptor activation in cAMP-induced mitogenesis.

2. Compared the level of raf-1 and B-raf expression in normal and tumor mammary
epithelium.

3. Examined the level and regulation of p38 MAP kinase in normal and tumor
mammary epithelium.

4. Compared the effect of cAMP and lysophosphatidic acid on MAP kinase
activation in normal and tumor mammary epithelium.

Reportable Outcomes

Manuscript (Appendix 2): Xing, C and Imagawa, W (1999) Altered MAP Kinase
(ERK-1,-2) Regulation in Primary Cultures of Mammary Tumor Cells: Elevated
Basal Activity and Sustained Response to EGF. Carcinogenesis 20, 1201-1208

Conclusions

1. Preliminary results indicate that PT sensitive inhibition of ERK activity is
independent of superphysiological insulin but is enhanced by cAMP only in the
presence of superphysiological insulin. The inhibition of basal ERK activity
by PT in insulin-containing medium bolsters our previous conclusion that
basal ERK activity is permissive for cAMP mitogenesis and suggests that the
PT-sensitive component of cAMP mitogenesis may be due to co-stimulation by

Goi protein-coupled insulin or IGF-I receptor activation. In the next year,
the effect of ¢AMP and PT on IGF-I and insulin receptor activation will be
explored.

2. Regulation of CREB transcription factor activation has been initiated but
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although no firm results are in hand we plan to accelerate the examination of
transcription factor activation (ATF-2, ELK-1l, c-jun) to determine if cAMP
pathways converge at this level of regulation. This was not included in the
previous statement of work but our findings indicate that we must examine
factors downstream of kinase activation in order to gain insight into cAMP’s
differential effect on proliferation between normal and tumor cells.

The examination of raf expression patterns revealed that shifting ratios of
raf-1 to B raf do not explain the different mitogenic effects of cAMP on
normal MEC and mammary tumors. This suggest that the mechanisms responsible
for the differential effect of cAMP on normal and tumor mammary epithelium
lies either downstream of raf in signaling pathways or is not raf-dependnet
except in a permissive manner.

We have examined the regulation of p38 MAP kinase and find no evidence for
CAMP or PT regulation in normal MEC or OITs although basal activity appears
to be elevated in OITs. Therefore, the effect of PT on growth correlates
best with an inhibitory effect on the ERK, not the JNK or p38 pathways in
normal MEC. The significance of elevated p38 activity in OITs is not known
but proliferation experiments using the p38 pathway inhibitor S$B202190 are
planned to assess the requirement of this pathway for proliferation control
by cAMP.

The effect of LPA on signaling has been compared to cAMP. In spite of the
similar effects these two factors have on the proliferation of normal and
tumor MEC, we find that they have markedly different effects on kinase
activation. LPA stimulates the activity of ERK, JNK, p38 while cAMP is
inhibitory to ERK in normal MEC and JNK in OIT. The effect of LPA on kinase
activity 1is PT-dependent for ERK but not JNK or p38. These results
strengthen the interpretation that the positive and negative effect of cAMP
on proliferation are not related by corresponding parallel effects on MAP
kinases. However, a threshold level of ERK appears to be permissively
required for cAMP mitogenesis. The pertussis toxin sensitivity of cAMP
mitogenesis may be due to activation of the insulin or IGF-I receptor but
other PT-sensitive pathways cannot be excluded. Overall these findings
direct our attention to protein kinase A pathways and substrates including
transcription factors. The monitoring of transcription factor activation by
cAMP, EGF (a known strong activator or ERKs), LPA, and PT is planned to look
for crosstalk at this level.

These findings contribute to our knowledge of cAMP regulation of growth in
normal and tumor MEC. The identification of cAMP-mediated pathways and genes
that are responsible for the inhibition of mammary tumor growth can lead to
the production of chemicals or probes of prognostic or therapeutic use.
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Appendix 1

Effect of cAMP and PT on growth in the presence
and absence of insulin
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Figure 1. Effect of insulin on cAMP mitogenesis.
Normal MEC were cultured for 10 days in serum-free
medium with or without insulin (10 pg/ml). cAMP
(100 pg/ml), PT (10 ng/ml), or EGF (10 ng/ml)
were added as indicated. Mean and SD or triplicates is
plotted.

Effect of cAMP and PT on p38 and JNK 1 activities
in normal MEC cultured in insulin-containing medium
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Figure 3. Effect of cAMP and PT on p38 activity.
Normal MEC were cultured as in Fig 2. Lysates were
western immunoblotted with phospho-specific antiser
to JNK and p38. Relative intensity of bands detected
by ECL was determined by scanning densitometry.

Effect of cAMP and PT on ERK1,2 Activity in Normal MEC
a5 cultured in the presence and absence of insulin
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Figure 2. Effect of insulin on cAMP and PT inhibition of
ERK activity in cultured normal MEC. Cells were cultured

in collagen gels for 10 days (2% serum was added for the first

24 hrs prior to switching to serum-free medium with or without.
insulin (10 pg/ml). cAMP treatment was 30 min., and PT

was added overnight. Activated ERK was determined by western
immunoblotting with antiphospho-ERK antisera. Relative
intensity of resultant bands detected by ECL was determined by
scanning densitometry.

Western immunoblotting of B-raf and raf-1 in
cultured normal and tumor mammary cells

—
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Figure 4. Relative level of B-raf and rat-1 in normal MEC and
mammary tumors (OIT, PDT). Cells were cultued within
collagen gels in serum-free basal medium containing insulin (10
pg/ml) for 10 days. At this time, cells lysates were prepared and
raf-1 and B-raf detected by western immunoblotting. All samples
were analyzed togethere on the same blot which was probed by
raf-1 antisera after stripping of B-raf. Densitometry was performed
as described and band density normalized to Nor-1.
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Appendix 1

Comparative Activity of p38 in Normal MEC
and Mammary Tumors
15
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Figure 5. Relative level of activated p38 in normal MEC
and mammary tumors (OIT, PDT), Cells were cultured as
described in Fig 4. Cell lysates were subjected to western
immunoblotting with phospho-specific antiserum to p38.
After ECL detection of bands, relative band density was
determined by scanning densitometry and normalized to
Nor-1.
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Figure 6 (A,B,C,D)

Effect of LPA on ERK, JNK, and p38 activation in normal MEC. Ave of 4-5
experiments is plotted as fold of basal. Values are derived from densitometry

of bands detected after western immunoblotting witt phospho-specific antisera
or and/orJNK kinase assay. LPA (0.05 mM) treatment was 10 min., EGF 4 min.

C56 (100 mM) was added 2 hrs prior to LPA and PT (100 ng/ml overnight.
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Effect of inhibitors on LPA mitogenesis
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Figure 7. Effect of Inhibitors on LPA mitogenesis. Normal MEC were cultured within
collagen gels for 10 days with the above additives: LPA (0.05 mM), Compound 56
(C56,100 uM), PT (10 ng/ml), PD98059 (50 uM). Average and SD of 3 experiments, nomalized to basal.

Effect of Compound 56 on LPA mitogenesis in OIT
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Figure 8. Effect of Compound 56 on LPA inhibition of growth in OIT.

Plotted is mean cell numbernormalized to basal from a single experiment done in triplicate.
Cells were cultured for 10 days in collagen gels. LPA (0.05 mM), C56 (100 pM).
C56 does not affect the inhibitory effect of LPA on growth
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Effect of LPA and Compound 56 on ERK activation
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Figure 9. Effect of LPA and Compound 56 on ERK activation in OIT. Results of one experiment is plotted.
Cultured OIT were treated with LPA (0.05 mM) for 4 min., C56 ( 10 and 100 uM) was added one hour before LPA .
Cells were lysed and ERK activation examined by western immunoblotting with phospho-specific ERK antisera.
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Figure 10. Effect of LPA on JNK 1 activity in OIT. Average of two experiments is plotted, normalized
to basal. Doses treatment schedule are the same as in Fig 9. C56 was added at 100 uM.
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An elevation in total MAP kinase activity and expression
has been observed in breast cancer tissue. However, the
mechanisms underlying these changes in kinase activity
and regulation by growth factors are not well characterized.
In these studies, the effect of the potent mammary mitogen,
epidermal growth factor (EGF), on the activation of the
mitogen-activated protein kinases, ERK1 and ERK2 (extra-
cellular regulated protein kinases 1 and 2, respectively), was
compared in primary cultures of normal mouse mammary
epithelial cells and in a hormone-responsive mouse mam-
mary tumor. In normal epithelium, EGF stimulated an
early rise in ERK activity at 4 min, followed by a rapid
decline, whereas a sustained (1 h) elevation of ERK activity
was observed in the tumor cells. The time course of ERK
activity in both cell types coincided with the phosphoryla-
tion state of the EGF receptor, suggesting that altered
regulation of EGF receptor phosphorylation or EGF recep-
tor turnover produces an enhanced ERK response to EGF
in tumor cells. The MEK inhibitor, PD 098059 inhibited
EGF-stimulated proliferation and ERK activity in a paral-
Iel, dose-dependent manner showing that ERK activation
is at least permissive for the proliferative response to EGF.
In addition, tumor cells showed a 4-fold elevation in basal
(or ligand-independent) activity over normal cells without
an increase in total enzyme level, and a preferential activa-
tion of ERK1 by EGF. These EGF-dependent and -inde-
pendent changes in ERK regulation in the hormone-
responsive mammary tumor underscore how multiple
alterations in the regulation of this pathway may play a
role in mammary tumorigenesis.

Introduction

Epidermal growth factor (EGF) is a potent mitogen for normal
and tumor mammary epithelial cells. Overexpression of EGF
and its receptor (EGFR or ErbB-1) has been observed in breast
cancer, raising the possibility of potential autocrine growth
regulation as observed in some breast cancer cell lines (1).
Elevations in EGFR levels can also play a role in mammary
tumor progression from hormone dependence to hormone
independence, as shown in mouse mammary tumors (2) and
in human breast cancer cells when the EGFR is overexpressed
(3). In addition, an elevated level of EGFR is associated with
a poor prognosis in breast cancer (1). The EGF receptor is a
transmembrane tyrosine kinase that is activated by tyrosine

Abbreviations: EGF, epidermal growth factor; ERK, extracellular regulated
protein kinase; MAP kinase, mitogen-activated protein kinasc.

© Oxford University Press

autophosphorylation after ligand-induced dimerization (4). The
ligand-bound receptor is capable of phosphorylating multiple
signal transduction molecules, leading to the activation of
multiple signal transduction pathways including protein kinase
cascades (5). One of these kinase cascades is the ras-raf
pathway leading to the activation of the extracellular regulated
protein kinases (or ERKs), one of the mitogen-activated protein
(MAP) kinase cascades. This pathway has been the subject
of intense interest because of its role in the regulation of
proliferation, differentiation and cell-matrix interactions.
ERK1 and ERK2 are dually phosphorylated on threonine and
tyrosine by the upstream MAP kinase kinase, MEK. ERKs
then phosphorylate and activate a variety of substrates including
transcription factors, protein kinases and phosphotyrosine pro-
tein phosphatases leading to positive or negative regulation of
signaling cascades (5).

Disruption of the regulation of the ERK pathway can
predispose cells to undergo tumorigenic conversion as illus-
trated by the ras oncogene (6) which lies upstream of ERK,
and transfection studies showing that constitutively active
mutants of MEK can lead to in vitro transformation, increased
sensitivity to, or independence from growth factors and tumor
formation in vivo (7,8). Recent studies have shown an increase
in the level and kinase activity of ERKs in human renal
cell carcinoma (9) and breast cancer (10), indicating that
deregulation resulting in overstimulation of this pathway may
play a role in tumorigenesis. :

These latter studies in primary human tumors did not address
the regulation of the activation of the ERK cascade by
exogenous factors. It was not possible to discern if an apparent
constitutive elevation in basal activity was due to an inherent
alteration in the regulation of the pathway or if the pathway
was more sensitive to stimulation by an exogenous ligand. In
our studies, we have sought to directly compare the effect of
EGF on the activation of the ERKs in primary cell cultures of
normal and tumor mammary epithelium to better recognize
alterations that may occur during tumorigenesis. Primary
culture using a biomatrix-based culture system was chosen to
more closely approximate the in vivo state and as an alternative
to immortalized cell lines adapted for growth on a plastic
substrate. These experiments show that the mitogenic effect
of EGF in normal and tumor mammary epithelium is dependent,
at least in part, on ERK activation. Furthermore, mammary
tumor epithelium may exhibit an elevation in basal ERK
activity and sustained ERK activation by EGF, the latter
sustained activation reflecting a difference in the regulation of
EGF receptor activity. This altered regulation of the MAP
kinase pathway may be an example of an alteration in regulation
by growth factors that may occur in some breast cancers
impacting both tumor growth and progression.

Materials and methods

Reagents

Cell culture: Ham's F-12, Medium 199 and Dulbecco’s Modified Eagle’s
medium (DMEM) were from Gibco BRL (Grand Island, NY); collagenase
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(CLS Type 2) was from Worthington Biochemi _W(:_ hold, NJ), Percoll was
from Pharmacia Biotech (Piscataway, NJ); rat tail collagen, solubilized in
acetic acid, was prepared as described previously (11). Antibodies: ERK1
(C-16), ERK2 (C-14), and EGF receptor (EGFR) antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA); phospho-specific p44/42 (ERK1 and
ERK2) antibody was from Promega (Madison, W1); phospho-tyrosine antibody
(PY20) was from Transduction Laboratories (Lexington, KY). Biochemicals:
MEK1 inhibitor PD 098059 was from Calbiochem (San Diego, CA); MAP
kinase substrate peptide containing the MAP kinase consensus phosphorylation
sec&ucnce (amino acids 95-98 of MBP) was from Santa Cruz Biotechnology;
fy- 2P)ATP was from DuPont-NEN. EGF was from Collaborative Research
(Waltham, MA) and Protein A agarose was from Sigma (St Louis, MO).
Cell culture and tissues

Mammary tumors were raised from intrafat pad transplants of an undifferenti-
ated mammary carcinoma derived after transfection of primary mammary
epithelial cells from virgin Balb/c mice with the BAG (12) retroviral vector
containing a mouse Gai2 ¢DNA insert. This tumor arose originally from
transfected cells transplanted into cleared fat pads and is stored as a frozen
stock. Tumors are raised in virgin hosts in vivo by transplantation into the fat
pad. In this tumor, the retroviral insert appears to have undergone rearrangement
and a full length retroviral transcript is not detectable by northemn analysis
(unpublished observations). In vive, this tumor can grow in ovariectomized
hosts, while in vitro, progesterone and prolactin but not estrogen stimulate
the proliferation of this tumor (unpublished observations). This tumor is, thus,
classified as hormone responsive, not hormonc dependent. Normal tissues
were from mature virgin Balt/cAnNCrlBR mice obtained from Charles River.
Animals were maintained and killed ding to NIH guidelines and p |
approved by the Institutional Anima! Care and Use Committee of the
University of Kansas Medical Center.

Normal and tumor tissues were dissociated with collag (0.05%) and
purified epithelial cells obtained by Percoll gradient centrifugation as described
previously (11,13). These cells have been shown in extensive studies to
be composed primarily of ducta! epithelium with a minor population of
myocpithelial cells located basally to the ductal epithelium (14,15). For growth
experiments, cell organoids were mixed with neutralized, isosmotic rat
collagen, and 0.5 ml containing ~2X10° cells pipetted into individual wells
of 12-well culture plates containing a preformed bottom layer of collagen gel
(0.25 ml) as described (11). The basal medium used for cell growth was
composed of a 1:1 (v:v) mixture of Ham’s F-12 and DMEM buffered with
20 mM HEPES and 0.67 g/ sodium bicarbonate, and supplemented with 10
kg/ml insulin, 100 U/ml soybean trypsin inhibitor, 1 pg/ml a-tocopherol
succinate and other additives as indicated in legends to figures. Cells were
grown at 37°C in a 2% CO/98% air pt Medium was changed every
other day. When PD 098059 (in dimethy! sulfoxide) was added, it was mixed
well by vortexing in fresh medium at the time of medium changes. For
determination of cell b llagen gels ining cells were transferred
to 12X75 mm glass tubes, acidified with 1/10 vol 25% acetic acid and
incubated at 37°C until the collagen had dissolved. Cells were pelieted,
extracted with 70% cthanol overnight and the cell pellets dried for fluorometric
DNA assay using diaminobenzoic acid (16). Cell cultures for kinase assays
were established as layers on collagen-coated culture dishes to facilitate
rapid termination. Dishes were coated with collagen by covering the surface
of the dish with a thin film of denatured rat tail collagen and air drying
overnight. Cell organoids were seeded onto collagen I-coated 10 cm culture
dishes in basal FIZDMEM (above) suppl d with 2% porcine serum
(for tumor) or 5% BSA (for normal MEC). After 4-6 days, when the cells
had grown to near confluence, the cells were rinsed three times with basal
serum-free medium and incubated in this medium for 24-36 h prior to the
initiation of experimental treatments. Control experiments showed that serum
pre-exposure had no effect on the time course of ERK activation for tumor
or normal cells.

Termination and preparation of cell extracts

After culture in basal serum-free medium for 24-36 h, the cells were exposed
to EGF (20 ng/ml) for various times before termination. Cultures were
terminated by aspiration of the culturc medium followed by two washes with
ice-cold phosphate-buffered saline (PBS) and lysed in 0.5 ml lysis buffer
containing 50 mM Tris—HCI (pH 7.5), 100 mM NaCl, 50 mM NaF, S mM
EDTA, 1% (v/v) Triton X-100, 40 mM B-glycerophosphate, 40 mM PNPP, 200
MM sodium orthovanadate, 100 pM phenylmethylsulfonyl fluoride, 1 pg/ml
leupeptin, 1 pg/ml pepstatin A, 1 pg/ml aprotinin. The lysates were mixed by
vortexing and clarified by centrifugation (10 min, 13,000 g, 4°C). Supernatants
were used for i precipitations and blot analysis. Protein concen-
tration was determined using the BCA assay by Bradford.

MAP kinase assay

MAPK assays were performed using an immune complex kinase filter assay
as described previously with minor modifications (17). Briefly, 0.3 mg of
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samplie protein and 10 pl Protein A-Sepharose beads, washed previously in
Triton lysis buffer and conjugated with 3 pg anti-MAP kinase rabbit polyclonal
antibodics (ERK1 and ERK2), were mixed in a total volume of 1.0 m] at 4°C
ovemight. Control experiments indicated that this procedure resulted in the
immunoprecipitation of >90% of immunoreactive ERK1 and ERK2. The
Protein A-Sepharose was then washed twice with 1.0 ml of Triton lysis
buffer, twice with 1.0 ml of reaction buffer (SO mM HEPES (pH 7.5), 10 mM
magnesium acetate, | mM dithiothreitol] and pended in 40 pl of kinase
reaction buffer containing 20 pM ATP, 0.25 mg/ml myelin basic protein
peptide and 10 pCi [y->2PJATP. The samples were incubated for 30 min at
30°C and the reaction was terminated by the addition of 20 ul of 200 mM
EDTA, pH 7.0. Samples were centrifuged (13,000 g, 2 min, 4°C) and 50 ul
of the supernatant was spotted on p81 calion{{change filter paper (Whatman).
The filters were washed three times (8 min each) in 200 ml of 180 mM
phosphoric acid, once in 200 ml of 96% ethano! and then air-dried. Radio-
activity was quantitated by liquid scintillation counting (Packard).

Western blotting and immunoprecipation of EGFR
Samples containing 20 pg of total protein were electrophoresed on 10%
SDS-polyacrylamide gels and transferred to nitrocellulose membranes
by electroblotting. Membranes were blocked with TBS buffer containing 5%
(w/v) dry milk and 0.1% Tween and incubated with anti-phospho-ERK
antibody (diluted at 1:3000), ERK! and ERK2 antibodics (diluted at l:lO)
000), or anti-EGF receptor (EGFR) antibody (diluted at 1:2000) as indicated.
For immunoprecipitation of the phosphorylated EGFR, 200 g of total protein
was immunoprecipitated overnight with anti-phosphotyrosine antibody (PY20).
The immunoprecipitates were resolved on a 10% SDS-polyacrylamide gel,
transferred to nitrocellulose, and probed with EGFR antibody (diluted at
1:1000). For all immunoblotting, a horseradish peroxidase-conjugated second-
ary antibody was utilized to allow detection of the appropriate bands using
hanced chemilumi -¢ (Amersham). I precipitation with anti
1o the EGFR followed by immunoblotting with PY20 yielded results similar
to the above protocol (data not shown), showing that immunoprecipitation
with PY20 precipitated phosphorylated EGFR not just receptor-associated
tyrosine phosphorylated phosphoproteins complexed to non-phosphorylated
EGFR.

Results

Effect of EGF on proliferation

The concentration dependence and time course for EGF-
stimulated growth of normal and mammary tumor celis in
serum-free, basal medium containing insulin was examined
(Figure 1). Compared with normal mammary epithelial cells
in collagen gel culture, the tumor cells showed similar sensitiv-
ity to EGE. The relative cell numbers for normal and tumor
in Figure 1 show a lower cell number for tumors; however,
the magnitude of the EGF-stimulated increase in cell number
over basal was similar for tumor and normal cells (5.9; versus
5.1-fold, respectively). The time course of growth for tumors
exhibited a rapid phase of growth beginning at 4 days and
reaching a plateau at 10 days. This is a typical response pattern
in collagen gel culture. Actual increase in cell number is not
observed immediately after culture since the cell organoids
first have to attach to, and cells begin to migrate into, the
collagen gel matrix. In contrast to normal mammary epithelium
(18), the proliferative response to EGF is not dependent upon
insulin, since EGF was growth-promoting in medium lacking
insulin supplementation (not shown).

Effect of EGF on MAP kinase activity

Normal and tumor mammary epithelial cells were cultured on
collagen-coated culture plates and exposed to EGF in serum-
free medium for different times. Cells cultured in the monolayer
system also proliferate in response to EGF over a long time
course similar to cells cultured within gels (19). The monolayer
system was originally chosen to facilitate rapid termination of
cultures. At termination, cells were lysed and total ERK1 and
ERK2 activities determined after immunoprecipitation with
combined ERK1 and ERK2 antisera. Figure 2A shows that in
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Fig. 1. The effect of EGF on the growth of mammary tumor cells. (A}
Tumor cells were cultured for 10 days in serum-free medium containing
different concentrations of EGF. (B) Time course of growth in the presence
of EGF (10 ng/ml). Data are expressed as means * SD of triplicates. Initial
cell number was 2.5X 105, Representative of three experiments.

normal cells, ERK activity in immunoprecipitates rose to a
peak at 4 min and declined rapidly within 10 min to a level
~2-fold higher than the basal activity. In comparison, tumor
cells (Figure 2B) showed a 4-fold higher basal activity and a
sustained increase in kinase activity in response to EGF.
Although the fold activation by EGF was less than for normal
cells (due to the elevated basal activity), the final level of
activity was ~2-fold higher. At times >60 min , there was a
gradual decline in ERK activation in tumor cells. The difference
in the time course for kinase activation (maximum in minutes
to 1 h) versus proliferation (maximum after days) reflects the
difference in the way the assays are performed. Kinase assays
on monolayer cultures are designed to detect an EGF response
in a ‘synchronized’ population i.e. re-exposed to EGF after a
period in its absence. Under these conditions, a response to
EGF is measurable and illustrative of the effect of EGF. During
long term continuous exposure to EGF in proliferation assays,
we assume a similar activation is occurring (also accompanied
by a prolonged elevated basal level) in dividing cells over
time as cells enter the proliferating cell pool (represented by
cells at the periphery of colonies or monolayers).
Immunoblot analysis of cell lysates was performed using
antisera against phosphorylated and total ERK1 and ERK2 to
examine the relative activation of ERK1 and ERK2. Shown
in Figure 3 is a comparison of normal (A) and tumor cells (B)
cultured in basal medium or stimulated by EGE. For both cell
types, ERK1 and ERK2 were activated with no apparent
change in total ERKs. Examination of the immunoblotting
data-suggests that in tumor cells, EGF activates ERK1 (p44)
to a greater extent than ERK2 (p42). Densitometry of the ERK
bands and comparison of the ratio (ERK1:ERK?2) of the fold
increases caused by EGF at 4 min showed that this ratio was
higher in tumor cell cultures (mean = 5.2, range 2.8-11.8,
n = 8) compared vﬁr.h normal cell cultures (mean = 1.35,
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Fig. 2. Time course of MAP kinase activation in response to EGF (10 ng/
ml) in (A) normal and (B) tumor mammary epithelial cells. Cells were
plated on collagen-coated culture dishes and grown to near confluence in
basal medium containing insulin plus BSA V (2.5 mg/ml) or 2% porcine
serum for normal and tumor cells, respectively. Cultures were transferred to
insulin-only medium for 24-36 h then treated with or without EGF for the
desired ume before lysxs in extraction buffer. MAP kinase activity was

d li in yprecipi of cell extracts as described in
the Matenal and methods. Avcrages and range of duplicates are plotted.
Results are representative of three experiments for normal and tumor cells.
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Fig. 3. Western blot analysis of ERK 1 and ERK 2 activity in (A) normal
and (B) tumor mammary epithelial cells. Cell cultures were treated with
EGF (10 ng/ml) for 2, 4, 10, 30 and 60 min prior to termination. Basal (B)
control cultures were done in parallel. Cell lysates were electrophoresed,
transferred to nitrocellulose membranes and blotted with phospho-specific
ERK antisera (activated ERKs, top panels) followed by stripping and
reprobing with ERK 1 and ERK 2 antisera (total ERKs, lower panels).
Results are representative of three experiments for normal and tumor cells.
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range 1-2.6, n = 6). These results suggest that ERK1 is more
important for the EGF response in tumor cells, whereas ERKs
1 and 2 were activated to a similar extent in normal cells.

Recent work has indicated that the total level of MAP
kinases is higher in breast cancer compared with normal breast
(10). We compared the total level of ERKs in normal and
tumor cells by electrophoresing, side-by-side, equal amounts
of protein from lysates of these cells cultured in basal medium,
and performed immunoblot analyses with antisera to ERK 1 and
ERK2. ERK bands were subjected to scanning densitometry,
summed and normalized to the lowest value. By this analysis,
total ERK levels for normal and tumor cells, 1.06 + 0.19
versus 1.14 * 0.27 (mean * SD arbitrary units, n = 6),
respectively, were found not to be significantly different
(Student’s t-test, P > 0.05). However, the ratio of cytosolic
protein to cell number was an average of 73% higher (mean
of two experiments) in tumor cells than normal cells, indicating
that the basal level of kinases, if normalized to cell number,
is higher in tumor cells. Thus, the difference in basal activity
between normal and these tumor cells most probably results
from differences in the regulation of their state of activation
(4-fold) and a smaller contribution from an increased level of
kinase per cell.

Dependence of EGF-stimulated cell proliferation on ERK
activation

The MEK (ERK kinase) inhibitor, PD 098059, has been shown
to specifically and reversibly block ERK activation and inhibit
proliferation (20,21). We have shown that EGF, a potent
growth stimulant, activates the ERK pathway. To determine if
ERK activation by EGF is necessary for the proliferative
response to this growth factor, normal and tumor mammary
epithelial cells were cultured in the presence of EGF and
different concentrations of PD 098059. The effect of PD
090859 on EGF-induced proliferation and ERK activation was
then assessed. This compound inhibited the proliferation of
tumor and normal cells cultured in the presence of EGF in a
concentration-dependent manner (Figure 4A and B). The
growth of cells exposed to dimethyl sulfoxide vehicle alone
was not affected (not shown). This inhibitory effect is consistent
with the interpretation that the ERK pathway is a major
signaling pathway involved in EGF mitogenesis in mammary
epithelial cells but does not establish that this is the only
pathway or that this pathway may not act in synergism with
other pathways. That other cellular functions could be affected
by PD 098059 was shown by the effect of the inhibitor on the
morphology of the colony outgrowths for normal and tumor
cells. The typical stellate morphology was reduced and the
colonies appeared more rounded as if binding and spreading of
cells into the collagen matrix was inhibited. This morphological
change was observed from the initiation of the cultures (within
2 days when attachment to the gel becomes observable) for
both normal and tumor cells, the effect as observed in tumor
cells is illustrated in Figure 5. This change in morphogenesis
indicates that the ERK pathway is involved in the initiation
and/or maintenance of matrix interactions, perhaps in the
generation of adhesion plaques or the regulation of the cytoskel-
eton. Since PD 098059 has been shown to reversibly inhibit
MEK, we performed experiments in which tumor cells were
cultured in the presence of EGF and PD 098059 for the first
6 days in vitro then switched to inhibitor-free medium. After
6 days, growth was inhibited by 33% in cultures containing
PD 098059, and upon removal of the inhibitor, cell number
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X616.

increased to a level similar to cells cultured continuously in
the presence of only EGF (Figure 6). The effect of the inhibitor
on colony morphology was also reversible with the growing
colonies assuming a more stellate morphology. The continuous
presence of EGF was required for reversibility of the growth
inhibition. This reversibility suggests that restoration of ERK
activation by EGF is sufficient to promote proliferation and
reestablish matrix interactions, phenomena that may be related.

To confirm that PD 098059 was inhibiting ERK activity,
cells were cultured in the presence and absence of this
compound and ERK activation was assessed by electrophoresis
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time, parallel cultures in PD were switched to EGF-only medium and
cultured for an additional 2, 4 or 6 days before termination. Control cultures
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Fig. 7. Effect of PD 098059 on MAP kinase activation in (A) normal and
(B) tumor mammary epithelial cells. Cells were preincubated in inhibitor for
1 h before EGF was added. After 4 min in EGF, cultures were terminated
and western blotting for phosphorylated and total ERKs was performed as
described in Figure 3. Representative of three experiments.

and immunoblotting of cell lysates with antisera to phosphoryl-
ated ERK1 and ERK2. Figure 7 shows that ERK phosphoryla-
tion was inhibited in normal and tumor cells in a concentration
dependent manner with complete inhibition of EGF-stimulated
ERK phosphorylation at concentrations £50—100 p.MZ
EGF receptor phosphorylation in normal and tumor cells

As shown in Figure 1, maximum EGF-stimulated ERK activa-
tion was prolonged in the tumor and relatively transient in
normal cells. EGF binding to its receptor results in receptor
dimerization and transphosphorylation of tyrosines by the
receptor kinases (4). We monitored tyrosine phosphorylation
of the receptor to compare the time course of receptor activation
to ERK activation. Figure 8 shows that the time course of
EGF-induced receptor autophosphorylation differed between
normal and tumor cells. Receptor phosphorylation was sus-
tained in tumor but not normal cells where it declined signific-
antly by 30 min. Thus, we find a correlation between ligand-
induced EGF receptor activation and ERK activation, sug-
gesting that the extended time course of activation in tumor
cells is due to continued stimulation of the ERK pathway

"
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Fig. 8. Phosphorylation of the EGF receptor in response to EGF and PD
098059. (A) Normal and (B) tumor mammary epithelial cell cultures were
stimulated by EGF for 4-60 min. PD 098059 was also included in parallel
for cells exposed to EGF for 4 min (peak response). Cell lysates were
immunoprecipitated with anti-phosphotyrosine antisera then the
immunoprecipitates were subjected to western blot analysis with EGF
receptor antisera. The 170 kDa band is the phosphorylated EGF receptor.
A431 cell lysates were run as a positive control. Representative of three
experiments. B, basal untreated culture.

initiated at the EGF receptor. Figure 8 also shows that PD
098059 pretreatment_of cells did not block EGF receptor
autophosphorylation (or EGF-induced c-jun kinase (JNK1 and
JNK2) activation (unpublished observation} in agreement with
the reported specificity of this agent. Western immunoblotting
of cell lysates with antisera to the EGF receptor showed that
there was no apparent change in total receptor level during a
1 h time course in normal and tumor cells (data not shown).

Discussion

These studies were initiated to examine the hypothesis that
the regulation of the activity of the MAP kinases, ERK1 and
ERK2 could be altered during mammary tumorigenesis. This
hypothesis was tested by comparing the effect of EGF, a
known activator of this pathway, on proliferation and activation
of ERKs in normal and tumor mammary epithelial cells.
Previous work examining the effect of growth factor stimula-
tion of confluent and quiescent cultures of fibroblasts has
shown that after an early peak in ERK activation, there is a
slower elevation in activity over several hours to a level above
basal. This later rise or sustained increase in activity is
associated with the stimulation of DNA synthesis (22-25).
The time course of ERK activation in our primary epithelial
cell cultures differs from that observed in fibroblasts by lacking
this biphasic quality. In normal mammary epithelium, EGF
stimulates peak ERK activity at 4-5 min post-exposure, with
a decline to a steady level ~2-fold above basal by 30 min; this
is presumably sufficient and necessary to maintain mitogenesis
as revealed using the upstream MEK inhibitor, PD 098059.
Thus, during proliferation occurring over a period of 7-10
days, the continuous presence of EGF would stimulate ERK
activity in the proliferating pool of cells shown to be localized at
the periphery of the colonies or tips of growing projections (26).

In the tumor cells, EGF stimulation caused ERK activity
to rise to a plateau at 4-5 min before declining slowly but
remaining elevated ~3-fold above the basal level. A
preferential activation of ERK1 by EGF was also observed.
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Both enzymes appear to be present in approximately equal
levels as observed by immunoblotting, suggesting that
MEK is preferentially phosphorylating ERK1 or that the
dephosphorylation of these proteins is differentially regulated
in the tumor cells. Both ERKs phosphorylate the same
sequence in peptide substrates but may differ in their nuclear
translocation or association with cell surface receptors (27).
In fact, nuclear translocation may be associated with
sustained ERK activation observed in fibroblasts or PC12
cells that is associated with mitogenesis or differentiation,
respectively (28,29). We can hypothesize that sustained
activation and nuclear localization of ERK1 in tumor cells
may play a role in tumorigenesis.

In spite of the enhanced stimulation of ERK activity by
EGF, we observed no dramatic enhancement of EGE
mitogenesis in vitro. This could reflect a growth limitation
of the in vitro system in which proliferation plateaus at 10—
14 days, or suggest that EGF also affects non-proliferative
signaling pathways affecting tumor cell invasion, differenti-
ation or cell—cell interactions. EGF may also affect prolifera-
tion indirectly in vivo by modulating responses to other
growth-stimulatory factors such as hormones. Estrogenic
control of proliferation has been linked to EGF (30-32) and
recently, an estrogen non-responsive breast cancer cell line
was found to possess an elevated basal MAP kinase activity
(33). Below, we speculate on possible roles that EGF may
play in regulating matrix interactions, especially the regulation
of matrix-responsive signaling pathways that may play a
role in tumor progression.

For both cell types, we observed a correlation between
tyrosine phosphorylation of the EGF receptor and ERK
activation. Thus, the difference in the time course of EGF-
induced ERK activation between normal and tumor cells
was due to the a sustained activation of the EGF receptor,
not a direct modulation of ERK activity downstream of
MEK that is independent of EGF receptor activation. This
response is reminiscent of a mutant EGFR found in human
cancers, which exhibits a low level of constitutive activity
combined with a decrease in down regulation resulting in
an amplification of signaling and possibly tumorigenesis
(34). The prolonged EGFR activation could be explained
by attenuated down regulation or an alteration in the
regulation of its phosphorylation state by other kinases or
phosphatases. For example, EGFR kinase activity is inhibited
by phosphotyrosine phosphatases regulated by protein kinase
C acting through the MAP kinase pathway (35,36), arachi-
donic acid metabolites can augment the mitogenic effect of
EGF by enhancing the phosphorylation of the EGF receptor
(37), and phosphatases (PTP1C) have been found associated
with the EGFR that can dephosphorylate the receptor upon
co-stimulation of cells by ligands to G protein-coupled
receptors  (38). Also, treatment of primary cultures of
mammary epithelium with the tyrosine phosphatase inhibitor,
pervanadate, could potentiate cell proliferation stimulated by
a suboptimal concentration of EGF that itself is not
mitogenic (39).

Another key difference between normal and tumor cells
was an elevation in the level of basal kinase activity. We
could not reproducibly detect any difference in basal EGFR
phosphorylation between normal and tumor cells, although,
in breast cancer cells overexpressing ErbB-2, an elevation
in ligand-independent basal activity was observed (6). This
tumor does not proliferate in the absence of EGF or
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other mitogens, rendering autocrine stimulation an unlikeiy
explanation for the elevation in ERK activity in basal medium.

It is possible that altered cell matrix interactions seen as
changes in tumor morphology in vivo can affect basal ERK
activity. Many studies have shown that membrane receptors
for matrix molecules (integrins) can signal via the ERK
pathway, illustrating how proliferation control can be linked
to matrix interactions (40-43). Cell matrix interactions can
be EGF dependent as well. We have also observed an effect
of PD 098059 on the morphology of the outgrowths in
collagen gels. While not directly showing an effect on
matrix binding, we speculate that this result indicates that
the ERK pathway is required for proper matrix interaction
and possibly also cell migration. The synthesis and deposition
of matrix molecules (Type IV collagen, laminin, fibronectin)
is regulated by substrate (44) and growth factors such as
EGF (45). EGF then can therefore affect (directly or
in cooperation with other pathways) proliferation and
morphogenesis by ERK-directed events that establish matrix
interactions such as adhesion complexes and then act
as positive or negative co-regulators of matrix-dependent
signaling. As an example, overexpression of the EGFR has
been associated with a defect in integrin function in human
cutaneous squamous carcinoma cells (46).

Another possible explanation for an elevation in basal
activity is a change in the regulation of the expression or
activity of ERK specific threonin/tyrosine phosphatases that
inactivate ERK (24,47,48). Recently, it has been shown in
Rat-1 cells that the expression of the ERK phosphatase
MKP-1 is controlled by growth factors acting via ERK-
and calcium-dependent pathways. Interestingly, treatment
with sodium orthovanadate, a phosphatase inhibitor, elevated
basal ERK activity in the absence of growth factor (24).
Thus, an attenuation in the expression or activation of
phosphatases might be manifest as a rise in basal ERK
activity.

In conclusion, we find that a hormone-responsive mammary
tumor exhibits multiple alterations in the regulation of the
activity of the MAP kinases, ERK1 and ERK2 with a
smaller change in enzyme level. These alterations are related
in part to a change in the regulation of the EGFR but also
involve pathways that are independent of EGE. These kinds
of alterations in a pathway associated with proliferation and
estrogen receptor regulation may play a role in tumor
progression and the evolution of hormone independence in
breast cancer.

Acknowledgements

This work was supported by grants from the American Cancer Society,
ACS RD-385; NIH/NCI, CA 68414-01, and a Kansas Health Foundation
fellowship (to C.X.) 1) AN RML

References

I.Dickson,R. and LippmanM. (1995) Growth factors in breast cancer.
Endocrine Rev., 16, 559-589.

2.Kienhuis,C., Sluyser,M., de Gokeij,C., Koenders,P. and Benraad,T. (1993)
Epidermal growth factor receptor levels increase but epidermal growh
factor receptor ligand levels decrease in mouse mammary tumors during
progression from hormong dependence to hormone independence. Breast
Cancer Res. Treat., 26, 289-295.

3.van AgthovenT., van AgthovenT., Portengen,H., Foekens,J. and
Dorssers,L. (1993) Ectopic expression of epidermal growth factor
receptors induces hormone independence in ZR-75-1 human breast
cancer cells. Cancer Res., 52, 5082-5088.



4.Schlessinger,J. and Ullrich,A. (1992) Growth factor signaling by receptor
tyrosine kinases. Newron, 9, 383-391.

5.Campbell,]., SegerR., GravesJ., GravesL. Jensen,A. and Krebs,E.
(1995) The MAP kinase cascade. Rec. Prog. Horm. Res., 50, 131-159.

6.Janes,P., Daly,R., deFazio,A. and Sutherland,R. (1994) Activation of the
ras signalling pathway in human breast cancer cells overexpressing
erbB-2. Oncogene, 9, 3601-3608.

7.Brunet,A., Pages,G. and Pouyssegur,J. (1994) Constitutively active
mutants of MAP kinase kinase (MEK1) induce growth factor-relaxation
and oncogneicity when expressed in fibroblasts. Oncogene, 9, 3379-3387.

8.Mansour,S., Matten,W., Hermann,A., CandiaJ., Rong,S., FukasawaK.,
Vande Woude,G. and AhnN. (1994) Transformation of mammalian
cells by constitutively active MAP kinase kinase. Science, 265, 966-970.

9.0ka,H., Chatani,Y., Hoshino,R., Ogawa,O., KakehiY., TerachiT.,
Okada,Y., Kawaichi,M., Kohno,M. and Yoshida,0. (1995) Constitutive
activation of mitogen-activated protein (MAP) kinases in human renal
cell carcinoma. Cancer Res., 55, 4182-4187.

10.Sivaraman,V.,, WangH.-y,, Nuovo,G. and Malbon,C. (1997)

Hyperexpression of mitogen-activated protein kinase in human breast

cancer. J. Clin. Invest., 99, 1478-1483.

.Richards,J., LarsonL., YangJ., GuzmanR., TomookaY., OsbormnR.,

Imagawa,W. and Nandi,S. (1983) Method for culturing mammary

epithelial cells in rat tail collagen matrix. J. Tissue Cult. Meth., 8, 31-36.

12.Price,J., Turner,D. and Cepko,C. (1987) Lineage analysis in the vertebrate
nervous system by retrovirus-mediated gene transfer. Proc. Natl Acad.
Sci. USA, 84, 156-160.

13.Imagawa,W., Bandyopadhyay,G., Garcia,M., Matsuzawa,A. and Nandi,S.
(1992) Pregnancy-dependent to ovarian-independent progression in
mammary tumors delineated in primary culture: Changes in signal
transduction, growth factor regulation and matrix interaction. Cancer
Res., 52, 6531-6538.

14.Hamamoto,S., Imagawa,W., Yang.J. and Nandi,S. (1987) Morphogenesis
of mammary epithelial cells from virgin mice growing within collagen
gels: Ultrastructural and immunocytochemical characterization. Cell
Differ., 22, 191-202.

15.Levay-Young,B.K., Hamamoto,S., Imagawa,W. and NandiS. (1990)
Casein accumulation in mouse mammary epithelial cells after growth
stimulated by different hormonal and nonhormonal agents. Endocrinology,
126, 1173-1182.

16. Hinegardner,R. (1971) An improved fluorimetric assay for DNA. Anal.
Biochem., 41, 477-487.

17.Reuter,C., Catling,A. and Weber,M. (1995) Immune complex kinase
assays for mitogen-activated protein kinase and MEK. Methods Enzymol.,
255, 245-279.

18.Imagawa,W., Spencer,E.M., Larson,L. and Nandi,S. (1986) Somatomedin-
C substitutes for insulin for the growth of mammary epithelial cells
from normal virgin mice in serum-free collagen gel! cell culture.
Endocrinology, 119, 2695-2699.

19.Imagawa,W., Bandyopadhyay,G. and Nandi,S. (1995) Multifunctional
phosphatidic acid signaling in mammary epithelial cells: Stimulation of
phosphoinositide hydrolysis and conversion to diglyceride. J. Cell
Physiol., 163, 561-569.

20.Dudley,D., PanglL., DeckerS., Bridges,A. and Saltiel A. (1995) A
synthetic inhibitor of the mitogen-activated protein kinase cascade.
Proc. Natl Acad. Sci. USA, 92, 7686-7689.

21.Alessi,D., Smythe,C. and Keyse,S. (1993) The human CL100 gene
encodes a tyr/thr-protein phosphatase which potently and specifically
inactivates MAP kinase and suppresses its activation by oncogenic ras
in xenopus oocyte extracts. Oncogene, 8, 2015-2020.

22.Vouret-Craviari,V,, van Obberghen-Schilling,E., ScimecaJ., van
Obberghen,D. and Pouysse’gur,J. (1993) Differential activation of
p44™P% (ERK 1) by a thrombin and thrombin-receptor peptide agonist.
Biochem. J., 289, 209-214.

23.Co0k,S. and McCormick,F. (1996) Kinetic and biochemical correlation
between sustained p44 ERK 1 (44 kDa extracellular signal-regulated
kinase) activation and lysophosphatidic acid-stimulated DNA synthesis
in Rat-1 cells. Biochem. J., 320, 237-245.

24.Cook,S., BeltmanJ., Cadwallader,K., McMahon,M. and McCormick,F.
(1997) Regulation of mitogen-activated protein kinase phosphatase-1
expression by extracellular signal-related kinase-dependent and Ca?*-
dependent signal pathways in Rat-1 cells. J. Biol. Chem., 272,
13309-13319.

25.Meloche,S., Seuwen K., Pagés,G. and Pouysségur,J. (1992) Biphasic and
synergistic activation of p44™# (ERK1) by growth factors: Correlation
between late phase activation and mitogenicity. Mol. Endocrinol., 6,
845-854.

26.Richards,J., Pasco,D., YangJ., GuzmanR. and Nandi,S. (1983)

1

27.

28.

29.

30.

3

32

33.

34,

35.

3

=N

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

MAP kinase and mammary growth

Comparison of the growth of normal and neoplastic mouse mammary
cells on plastic, on collagen gels and in collagen gels. Exp. Cell Res.,
146, 1-14.

Robbins,D., Zhen,E., ChengM., Xu,S., Ebert,D. and CobbM. (1994)
MAP kinases ERK1 and ERK2: pleiotropic enzymes in a ubiquitous
signaling network. Adv. Cancer Res., 63, 93-117.

Lenormand,P., Sardet,C., Pages,G., L'Allemain,G., Brunet,A. and
Pouyssegur,J. (1993) Growth factors induce nuclear translocation of
MAP kinases (p42mapk and p44mapk) but not of their activator MAP
kinase kinase (p45mapkk) in fibroblasts. J. Cell Biol., 122, 1079-1088.
Traverse,S., Seedorf,K., Paterson,H., Marshall,C., Cohen,P. and Ullrich,A.
(1994) EGF triggers neuronal differentiation of PC12 cells that
overexpress the EGF receptor. Curr. Biol., 4, 694-701.

Migliaccio,A., Di-Domenico,M., Castoria,G., de-Falco,A., Bontempo,P.,
Nola,E. and Auricchio,F. (1996) Tyrosine kinase/p21ras/MAP-kinase
pathway activation by estradiol-receptor complex in MCF-7 cells.
EMBO J., 15, 1292-1300.

.Mohamood,A., Gyles,P, BalanG., Holis,V., Eckberg E., AsseffaA.,

Han,Z., Wyche,J. and Anderson,W. (1997) Estrogen receptor, growth
factor receptor and protooncogene protein activities and possible signal
transduction crosstalk in estrogen dependent and independent breast
cancer cell lines. J. Submicrosc. Cytol. Pathol., 29, 1-17.
Chrysogelos,S., Yarden,R., Lauber,A. and Murphy,J. (1994) Mechanisms
of EGF receptor regulation in breast cancer cells. Breast Cancer Res.
Trear., 31, 227-236.

Coutts,A. and Murphy, L. (1998) Elevated mitogen-activated protein
kinase activity in estrogen-nonresponsive human breast cancer cells.
Cancer Res., 58, 4071-4074. N

Huang H., Nagane M., KlingbeilC., LinH., NishikawaR., JiX.,
Huang,C., Gill,G.,, Wiley,H. and Cavenee,W. (1997) The enhanced
tumorigenic activity of a mutant epidermal growth factor receptor
common in human cancers is mediated by threshold levels of constitutive
tyrosine phosphorylation and unattenuated signaling. J. Biol. Chem.,
272, 2927-2935.

Griswold-Prenner,l., Carlin,C. and Rosner,M. (1993) Mitogen-activated
protein kinase regulates the epidermal growth factor receptor through
activation of a tyrosine phosphatase. J. Biol. Chem., 268, 13050-13054.

.Morrison,P., Saltiel, A. and Rosner,M. (1996) Role of mitogen-activated

protein kinase kinase in regulation of the epidermal growth factor
receptor by protein kinase C. J. Biol. Chem., 271, 12891-12896.
Glasgow,W., Hui,R., Everhart,A., SPJ., Angerman-SterwartJ., HanB.-
B. and ElingT. (1997) The linoleic acid metabolite, (13S)-
hydroperoxyoctadecadienoic acid, aug the epidermal growth factor
receptor signaling pathway by attenuation of receptor dephosphorylation.
J. Biol. Chem., 272, 19269-19276.

Tomic,S., Greiser,U., Lammers,R.,, Kharitonenkov,A., Imyanitov,E.,
Ullrich,A. and Bohmer,E-D. (1995) Association of SH2 domain protein
tyrosine phosphatases with the epidermal growth factor receptor in
human tumor cells. J. Biol. Chem., 270, 21277-21284.

McIntyre,B., Briski,K., Hosick,H. and Sylvester,P. (1998) Effects of
protein tyrosine phosphatase inhibitors on EGF- and insulin-dependent
mammary epithelial cell growth. Proc. Soc. Exp. Biol. Med., 217,
180-187.

Clark,E. and Brugge,J. (1995) Integrins and signal transduction pathways:
the road taken. Science, 268, 233-239.

Morino,N., Mimura T., Hamasaki K., TobeK., UekiK., KikuchiK.,
Takehara K., Kadowaki,T., Yazaki,Y. and NojimY. (1995) Matrix/
integrin interaction activates the mitogen-activated protein kinase,
p4derk-1 and pd2erk-2. J. Biol. Chem., 270, 269-273.

Miyamoto,S., Teramoto,H., Gutkind,S. and Yamada, K. (1996) Integrins
can collaborate with growth factors for phosphorylation of receptor
tyrosine kinases and MAP kinase activation: roles of integrin aggregation
and occupancy of receptors. J. Cell Biol., 135, 1633-1642.

Lin,T., Chen,Q., Howe,A. and Juliano,R. (1997) Cell anchorage permits
efficient signal transduction between ras and its downstream kinases.
J. Biol. Chem., 272, 8849-8852.

David,G. and Bemnfield, M. (1981) Type I collagen reduces the degradation
of basal lamina proteoglycan by mammary epithelial cells. J. Cell Biol.,
91, 281-286.

Salomon,D.S., Liotta,L.A. and Kidwell, W.R. (1981) Differential response
to growth factor by rat mammary epithelium plated on different collagen
substrata in serum-free medium. Proc. Natl Acad. Sci. USA, 78, 382-386.
Fujii, K. (1996) Ligand activation of overexpressed epidermal growth
factor receptor results in loss of epithelial phenotype and impaired

107




C.Xing and W.Imagawa

RGD-sensitive integrin function in HSC-1 cells. J. /nvest. Dermatol.,
107, 195-202.

47.Tonks,N. and Neel,B. (1996) From form to function: Signaling by
protein tyrosine phosphatases. Cell, 87, 365-368.

48.Groom,L., Sneddon,A., Alessi,D., Dowd,S. and Keyse,S.  (1996)
Differential regulation of the MAP, SAP and RK/p38 kinases by Pystl,
a novel cytosolic dual-specificity phosphatase. EMBO J., 15, 3621-3632.

Received January 12, 1999; revised March 23, 1999; accepted March 25, 1999

108



