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Abstract

Retinoic acid (RA) induces cell cycle arrest of hormone-dependent human breast cancer (HBC) cells.
Previously, we demonstrated that RA-induced growth arrest of T-47D HBC cells required the activity
of the RA-induced protein kinase, protein kinase Ca (PKCa) [J. Cell Physiol. 172 (1997) 306]. Here,
we demonstrate that RA treatment of T-47D cells interfered with growth factor signaling to
downstream, cytoplasmic and nuclear targets. RA treatment did not inhibit epidermal growth factor
(EGF) receptor activation but resulted in rapid inactivation. The lack of sustained EGFR activation
was associated with transient rather than sustained association of the EGFR with the Shc adaptor
proteins and activation of Erk 1/2 and with compromised induction of expression of immediate early
response genes. Inhibiting the activity of PKCa, a retinoic acid-induced target gene, prevented the
effects of RA on cell proliferation and EGF signaling. Constitutive expression of PKCa, in the
absence of RA, decreased cell proliferation and decreased EGF signaling. RA treatment increased
steady-state levels of the protein tyrosine phosphatase PTP-1C and all measured effects of RA on
EGF receptor function were reversed by the tyrosine phosphate inhibitor orthovanadate. These results
indicate that RA-induced target genes, particularly PKCa, prevent sustained growth factor signaling,
uncoupling activated receptor tyrosine kinases and nuclear targets that are required for cell cycle
progression.
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Introduction

Retinoids, the natural and synthetic derivatives of vitamin A (retinol), exert antitumorigenic
effects in many types of cells and inhibit proliferation of human breast cancer (HBC) cells
[2]. In general, the effect of retinoic acid (RA) on HBC cell proliferation is limited to estrogen
receptor positive (ER+) HBC cells and to HBC cells that express the alpha isoform of the
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retinoic acid receptor [1,3-11]. In contrast, most ER(—), hormone-independent cells fail to
express RARa and are resistant to the antiproliferative effect of natural retinoids.

Retinoic acid receptors (RARs) and the retinoid X receptors (RXRs) are members of the steroid
hormone receptor superfamily of ligand-activated transcription factors [12]. The ability of RA
to regulate cell proliferation is associated with the ability of ligand-bound RARs to interfere
with the function of the mitogenic transcription factor, AP1 [9,13-19]. Although in some
circumstances retinoid inhibition of AP-1 function is independent of the transcriptional activity
of RARs, in many other situations it is associated with retinoid-induced changes in expression
of components of cellular signaling pathways [20-23]. In T-47D cells, RA-induced growth
arrest is mediated by RARa [11] and requires protein kinase Co. (PKCa) activity [1].

Epidermal growth factor (EGF)-related peptides are ligands for the ErbB family of receptor
tyrosine kinases [24]. There are four known ErbB family receptors: EGFR (ErbB1), ErbB2
(also called Neu, HER-2), ErbB3 and ErbB4 [24]. Mitogenic effects of EGF are mediated
through ligand-induced activation of EGFR. Signal transduction from the EGFR is initiated
when ligand binding stimulates receptor dimerization and tyrosine autophosphorylation on
multiple carboxy-terminal tyrosines, which then act as high-affinity binding sites for effector
proteins [25]. EGFR signaling pathways regulate proliferation of normal mammary epithelial
cells [26-28] and of ER(+) hormone-dependent HBC cells [29].

To elucidate the mechanisms by which RA and PKCa. regulate HBC cell cycle progression,
we have characterized the nature of RA-induced growth arrest of T-47D HBC cells. We
demonstrate that RA treatment of ER(+) T-47D HBC cells led to a state of functional mitogen
deprivation and withdrawal from the cell cycle. In the presence of RA, multiple growth factors
including EGF failed to induce mitogenic signaling pathways. The results indicate that RA
induces PKCa expression and PKCa then prevents sustained growth factor-induced
intracellular signaling. As a result, cell cycle progression in HBC cells is blocked and cells
enter a Go-like state.

Material and methods

Cell culture

The T-47D human breast cancer cell line was obtained from the American Type Culture
Collection (ATCC) and cells were grown in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS). The establishment of T-47D cells constitutively expressing PKCa has
been described previously [1]. Retinoids (from Biomol), G66976, PD98059 (all from
Calbiochem) and phorbol 12-myristate 13-acetate (TPA, from Sigma) were stored as
concentrated stocks in either absolute ethanol (retinoids) or DMSO, stocks of EGF (Upstate
Biotech, Inc.) and Nrg-1 (Oncogene Sciences, Inc) were prepared in RPMI 1640.

Proliferation assays

Cells were plated at 1.5 x 10° cells per 60-mm tissue culture dish or 1000 cells/well in 96-well
dishes. After 18-24 h (T = 0), reagents were added in fresh media. Media and reagents were
replenished every 48—72 h. Cell numbers were quantified following trypsinization and counting
using a standard hemocytometer or by measuring reduction of MTS (CellTiter Aqueous assay,
Promega, Inc.). The number of viable cells was determined by exclusion of trypan blue dye.
Each sample was counted in duplicate, and each condition was done in duplicate or triplicate.

FACS analysis

Cells were cultured in the presence and absence of reagents, solvent (ethanol or DMSO) or in
0.5% FBS RPMI. Upon completion of treatments, cells were trypsinized, counted and then
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centrifuged; 1 x 10° cells were resuspended in 50 ul PBS containing 2% calf serum. Cells were
fixed with 1 ml cold 80% ethanol, centrifuged and resuspended in 500 pl 0.1 mg/ml propidium
iodide (Sigma) with 0.6% NP-40, followed by incubation with 500 Al 2 mg/ml RNase in the
dark at room temperature. Cells were filtered through Nitex mesh and analyzed at the Herbert
Irving Comprehensive Cancer Center Flow Cytometry Laboratory. The cell cycle phase
distribution of each sample was estimated using the ModFit software program.

Transient transfection and CAT assay

For transient assays cells were transfected with 4 pg of an AP1 reporter plasmid (AP15-tk-
CAT) as a 0.5-ml calcium phosphate precipitate. After transfection, the media were replaced
with fresh medium with or without 1078 RA and incubated for 48 h. Total CAT activity was
then measured in extracts prepared 48 h post-transfection. Assays were performed using an
amount of extract that maintained activity in a linear range (determined to be between 1% and
50% substrate conversion). All conditions were performed in triplicate. The data are
representative of two independent experiments. For AP15-tk-CAT activity in the presence of
TPA, transfected cells were incubated with or without 1076 M RA for 24 h followed by the
addition of 100 ng/ml TPA. The transfected cells were then incubated in the presence or absence
of both RA and TPA for an additional 24 h.

Northern (RNA) blot

Cell monolayers were washed with cold PBS, scraped off the tissue culture dish in 3 ml of PBS
and centrifuged. Cell pellets were resuspended in PBS and total RNA isolated using TRI
Reagent LS (Molecular Research Center, Inc.) according to the manufacturer's protocol. The
final RNA was dissolved in 10 mM Tris—HCI (pH 8.0), 1 mM EDTA, 100 mM NaCl and 1%
SDS. RNA was denatured by heating to 65°C for 5 min in 50% formamide, 1.1 M formaldehyde
and resolved electrophoretically in 1.2% agarose gels containing 1.1 M formaldehyde and 40
mM MOPS. After electrophoresis, the gels were washed (1 x 20 min in 50 mM NaOH, 1 x 30
min in 10 x SSC and 0.1 M Tris-HCI, pH 7.5, and 1 x 60 min in 10x SSC) and transferred to
nylon membranes by diffusion in 10x SSC. After transfer, RNA was covalently cross-linked
to the membranes with a Stratagene UV cross-linker. Membranes were hybridized overnight
at 65°C with 32P-cRNA probes. Membranes were then washed twice at 65°C in 2x SSC/1%
SDS and twice in 0.2x SSC/0.1% SDS. The blots were exposed to X-ray film at —80°C with
intensifying screens. Duplicate filters were probed for the level of the ribosomal protein, L30
mRNA [30] as an indicator of total amount of RNA per sample.

Immunoprecipitations and immunoblot analyses

Cells were washed in cold PBS and lysed in 20 mM Tris—HCI, pH 8, 150 mM NaCl, 10 mM
sodium phosphate, 100 uM sodium orthovanadate, 100 pM ammonium molybdate, 10 mM
DTT, 10% glycerol, 1% NP-40, 1 mM PMSF and 1% protease inhibitor cocktail (Sigma) at
4°C for 15 min. Lysates were cleared by centrifugation and protein concentrations were
measured using Bradford's reagent. For immunoprecipitations, equal amounts of protein
(usually 0.8-1 mg) were incubated with specific antibodies for 12-16 h at 4°C. Immune
complexes were collected with protein A-agarose (Upstate Biotech, Inc., or Sigma) and washed
several times with lysis buffer. Bound proteins were released by heating for 5 min at 95°C in
sample buffer. Immunoprecipitates and cell lysates were resolved by electrophoresis on 6% or
10% sodium dodecyl sulfate-polyacrylamide gels and transferred electrophoretically to
nitrocellulose membranes. Membranes were blocked in 5% BSA/PBS/0.05% Tween-20 (PBS-
T) or 5% nonfat dry milk in PBS-T for 3 h at room temperature or overnight at 4°C. Membranes
were washed in PBS-T and then incubated overnight at 4°C with the indicated antibody. Anti-
EGFR antibodies were from Santa Cruz or from Transduction Lab; anti-PTP1C, anti-
phosphotyrosine and anti-Shc antibodies were obtained from UBI; and anti-phospho- and anti-
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total p44/42 MAP kinase or Akt/PKB antibodies were from New England BioLabs, Inc. After
incubation, membranes were washed in H,O, incubated with horseradish peroxidase-coupled
anti-1gG for 1 h at room temperature and then washed in H,O. Immunoreactive proteins were
visualized by enhanced chemiluminescence (ECL, Amersham).

Retinoids reversibly arrest T-47D cell proliferation

Both all trans-retinoic acid (RA) and a RARa-selective retinoid (Am580) arrested T-47D cell
proliferation in a time-and concentration-dependent manner (Fig. 1A). At low concentrations
(<10 nM, where the selectivity of Am580 for RARa vs. RARB or RARYy is <100-fold [31]),
Am580 was as effective as equal concentrations of RA, implicating RARa as the receptor
responsible for arresting proliferation. Retinoic acid also inhibited EGF-dependent and Nrg-1-
dependent proliferation (Fig. 1B). Therefore, it is likely that retinoids disrupt a signaling
pathway commonly used by multiple mitogens (see also Fig. 2, below).

Retinoid-induced growth arrest was reversible. First, at no time point (up to 11 days of retinoid
treatment) or retinoid concentration (up to 1076 M) did the viability of the treated cells drop
below 90% (not shown). Second, when RA was removed from the culture media, the treated
cells resumed proliferation (Fig. 1C). Taken together, these data demonstrate that activating
RARa reversibly arrests T-47D cell cycle progression without inducing cell death. In support
of this conclusion, we demonstrated that RA-treated T-47D cells were arrested in G or early
G4 by measuring DNA content at various times after addition of RA to the culture media or
after reducing the serum content of the culture media (Fig. 1D). Between 12 and 16 h after RA
(1 uM) addition or following serum reduction (from 10% to 0.25% fetal bovine serum), the
percentage of the population in S phase (i.e. with a DNA content >2N but <4N) decreased from
approximately 30% to less than 20% (Fig. 1D). There was a concomitant increase in the
percentage of cells with a 2N DNA content (from 55% to >70%). The accumulation of cells
with a 2N DNA content in a growth-arrested population is typically the result of either a block
to transit through the restriction point (R) late in G4, or withdrawal of cells from the cell cycle
into the quiescent state (Gg) [32]. A late G; block can be distinguished from a Gg arrest at the
level of total cellular RNA (which has nearly doubled by the time cells reach R) [33,34]. FACS
analysis following staining of cells with acridine orange showed a population of cells in both
serum-starved and RA-treated cultures with reduced total RNA consistent with an early Gy or
Gg population (data not shown).

Retinoid inhibition of AP1 transcriptional transactivation

The ability of retinoids to inhibit the proliferation of tumor cells, or to prevent de novo
transformation of normal cells, correlates with their ability to inhibit the transcription factor
AP1[9,13-21,35,36]. Several mechanisms have been proposed to account for the anti-AP1
activity of retinoids. Some investigators have demonstrated that retinoids inhibit AP1 activity
either by inhibiting expression of the proteins that constitute the AP1 factors or by inhibiting
signaling pathways that result in posttranslational activation of preexisting AP1 [3,15,20-23,
37,38]. Alternatively, some studies point to competition between activated RARs and AP1 for
limiting co-activators or interference with AP1 resulting from physical interactions between
ligand-bound RARs and AP1 [13,17]. The reduction in T-47D proliferation is associated with
decreased steady-state levels of AP1 activity (Fig. 2A). When T-47D cells were transiently
transfected with an AP1-CAT reporter plasmid, RA treatment resulted in a 50% reduction in
total AP1-dependent CAT activity. Treatment of transfected cells with TPA increased AP1
activity by approximately 100% compared to untreated cells. This increase was also seen in
RA-treated cells. The ability of TPA treatment to stimulate AP1 activity in the presence of RA
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was not consistent with either competition for limiting co-activators or physical interference
of AP1 activity by ligand-bound RARs.

Retinoids inhibit mitogen signaling in T-47D cells

The above results demonstrate that retinoid-treated cells arrest in a Gp/early-G; state that
closely parallels the effects of removing serum. Thus, it is possible that retinoid-treated cells
are unable to respond to mitogenic compounds normally present in fetal bovine serum. To test
this prediction, we assayed induction of immediate early gene expression (specifically c-fos,
c-jun and c-myc) by serum, insulin, epidermal growth factor and 17p-estradiol in control cells
and in cells pretreated with retinoids (Fig. 2B). T-47D cells were serum starved (0.25% FBS)
overnight in the presence or absence of 107 M RA and then stimulated with insulin (10 pg/
ml), 17p-estradiol (Ep, 106 M), EGF (20 ng/ml) or FBS (10%) for 30 min. All four treatments
resulted in an increase in mMRNA levels for c-fos, c-jun and c-myc. Although the magnitude of
the response varied between stimuli, EGF was the most potent stimulant and E, was the
weakest. RA pretreatment reduced or eliminated the response to each mitogen.

Mitogenic induction of these genes involves signal transduction via several protein kinase
pathways that activate distinct preexisting transcription factors [39-44]. Therefore, we felt that
it was most likely that retinoids were preventing signals from reaching these transcription
factors. To test this prediction, we assayed the effects of retinoids on mitogen activation of
several cytoplasmic protein kinases. Acute stimulation of serum-starved T-47D cells with EGF,
FBS or insulin resulted in rapid activation of Erk 1/2 (Fig. 2C), and in the case of EGF, Akt/
PKB as well. Pretreatment of cells with RA (1 uM, 16 h) reduced Erk activation by all stimuli
tested, but did not affect EGF activation of Akt/PKB. These results clearly demonstrate that
RA selectively interferes with pathways utilized by multiple growth factor receptors.

Retinoids limit the duration of mitogen signaling

In an effort to better understand how RA treatment attenuated growth factor activation of Erk
1/2 we focused on early responses of T-47D cells to EGF stimulation. Serum-starved T-47D
cells were pretreated with retinoic acid (RA, 10~/ M for 36 h) and then stimulated with EGF
(40 ng/ml). At various times after EGF stimulation whole cell lysates were analyzed for the
extent of EGFR tyrosine phosphor-ylation (Fig. 3A), tyrosine phosphorylation of the adaptor
protein Shc (Fig. 3B) and activation of Erk 1/2 (Fig. 3C). EGF rapidly induced phosphorylation
of the EGFR and all three isoforms of Shc. In the latter case, EGF stimulated a physical
association between the EGFR and Shc resulting in both tyrosine phosphorylation of Shc and
co-immunoprecipitation of Shc and EGFR (Fig. 3B). RA treatment did not alter the level of
EGFR, Shc or Erk 1/2 expression, nor did it affect the initial (0-5 min) response to EGF. The
most pronounced effect of pretreating cells with RA on EGF signaling was a shortening of the
duration of the EGF signal. This was evident when looking at EGFR activation, Shc
phosphorylation and Erk 1/2 activation. The data from five independent experiments measuring
EGFR tyrosine phosphorylation were averaged and plotted in Fig. 3D. The average activation
of the EGFR after 2-5 min was comparable in the presence and absence of RA (Fig. 3D, inset).
EGFR phosphorylation returned to resting levels within 30 min in RA-treated cells, whereas
in the absence of RA, EGFR phosphorylation was still elevated after 60 min. Similar results
were seen when the kinetics of Erk 1/2 activation by EGF was quantified (not shown).

Retinoid effects require PKCa activity

Previously we showed that activation of RARa induces PKCa mRNA and protein expression
[1,38,45], and that the increase in population doubling times of RA- or Am580-treated T-47D
cells required PKCa activity [1]. The latter conclusion was reached based on experiments using
an inhibitor of conventional PKC (PKCa is the only conventional PKC expressed in T-47D

cells before or after retinoid treatment), and by constitutively expressing PKCa in T-47D cells.
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To determine if the effects of retinoids on mitogen signaling also required the activity of RA-
induced PKCo we examined the effect of the inhibitor G66976 [46] on EGF signaling in RA-
treated T-47D cells. We then compared EGF signaling between parental T-47D cells, RA-
treated T-47D cells and T-47D cells stably expressing PKCa (in the absence of RA).

Retinoid treatment attenuated sustained EGF signaling in T-47D cells. Inhibiting PKCo activity
reversed these effects of RA on EGF signaling (Fig. 4). Serum-starved T-47D cells were
pretreated with RA for 36 h before stimulation with EGF. A subset of cultures was treated with
the conventional PKC inhibitor G66976 for 30 min before EGF stimulation. EGF signaling
was measured by determining the extent of EGFR tyrosine phosphorylation by immunoblotting
and by measuring activated Erk 1/2 levels (Fig. 4A). As seen in Figs. 2 and 3, both tyrosine
phosphorylated EGFR and phosphorylated Erk 1/2 levels were reduced in RA-treated cells
(Fig. 4A). When RA-treated cells were treated with the conventional PKC inhibitor, G66976,
before EGF stimulation, EGFR tyrosine phosphorylation and phospho-Erk 1/2 were elevated
to control levels (Fig. 4A). Thus, pretreating cells with G66976 reversed the inhibitory effects
of RA on EGF signaling, indicating that RA effects on EGF signaling require the activity of
PKCo. This conclusion was supported by expressing PKCa in T-47D cells from a constitutive
promoter [1]. Compared to parental T-47D cells, T-47D/PKCa cells grow at a reduced rate
that approximates that seen following treatment with 10~ M RA [1]. When assayed at the level
of Erk 1/2 activation, constitutive expression of PKCa also reduced the duration but not the
initial magnitude of EGF signaling (Fig. 4B).

The above results demonstrate that RA, acting via PKCa, affects mitogen signaling by
selectively targeting cytoplasmic signaling pathways, and at least in the case of EGF signaling,
sharply limits the duration of the signal. One way to reduce the magnitude and duration of
kinase signaling is to induce or activate protein phosphatases. To assess the involvement of
PTPs in mediating the effects of retinoids, we determined whether orthovanadate, a
nonselective inhibitor of protein tyrosine phosphatases, could reverse the RA effects on EGF
signaling (Fig. 5A and B). Serum-starved T-47D cells were pretreated with RA (10~/ M for
36 h) before stimulation with (40 ng/ml) EGF. A subset of cultures was pretreated with sodium
orthovanadate (100 uM) for 30 min before EGF stimulation. Treated cells were lysed after O,
3or 25 min, and we assayed tyrosine phosphorylation of Shc or activation of Erk 1/2. As shown
above (Fig. 3), the most dramatic effect of RA was to reduce the duration of the EGF signal.
After a 3-min EGF stimulation, Shc and Erk 1/2 phosphorylation were equivalent in control
and RA-treated cells, but by 25 min after EGF stimulation phosphorylation in RA-treated cells
had returned to resting levels. Treating cells with NaVO, did not increase Shc phosphorylation
or Erk 1/2 activity (0-min time points). Orthovanadate treatment did reverse the effect of RA
pretreatment leading to sustained EGF signaling at late time points.

While this experiment supported the prediction that elevated tyrosine phosphatase activity
could account for the RA/PKCa effects on EGF signaling, the broad action of orthovanadate
prevents us from drawing conclusions about the role of specific PTPs in mediating the RA
response, and the toxic nature of prolonged NaV Oy, treatment prevented an assessment of
phosphatase activity in the antiproliferative response to RA. To more specifically address these
questions, we performed a preliminary screen looking at the effect of RA treatment on the
expression of four phosphatases, the tyrosine phosphatases PTP-1C and PTP-1D, and the
MAPK phosphatases, MKP1 and MKP2. Of these we observed that steady-state levels of the
protein tyrosine phosphatase PTP-1C were elevated in RA-treated T-47D cells compared to
untreated T-47D cells (Figs. 5A and 6A). The levels of the other three phosphatases examined
were unchanged in RA-treated cells T-47D cells (data not shown). To determine if PTP-1C
was responsible for the accelerated termination of EGFR signaling in RA-treated cells, we
performed proliferation assays of T-47D cells treated with RA and with anti-sense
oligonucleotides specific for PTP-1C. In addition, we used anti-sense oligonucleotides
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targeting PKCa expression. Treatment with anti-sense oligonucleotides blocked the RA-
induced increase of PKCa or PTP-1C expression (Fig. 6A). Anti-sense oligonucleotides
targeting PKCa completely reversed the antiproliferative effect of RA (Fig. 6B). Anti-sense
oligonucleotides targeting PTP-1C partially reversed the RA effect, although this reversal was
not statistically significant. These results confirm the critical role of PKCa as a mediator of
the RA response. They also support a contributory, but not essential role for PTP-1C in
mediating the antiproliferative effects of RA in these cells.

Discussion

Treatment of the hormone-dependent, human breast cancer cell line, T-47D, with retinoids
resulted in reversible growth arrest. The arrested cells showed reduced responses to several
known mammary epithelial mitogens, notably estrogen, EGF and Nrg-1. In addition, retinoid-
arrested cells expressed PKCa and PKCa activity mediated the anti-proliferative and anti-EGF
signaling actions of retinoids in T-47D cells. Based on these data, we propose the following
scheme. Retinoid induction of PKCa expression leads to accelerated inactivation of EGFR
following ligand binding, preventing the sustained activation of downstream kinases that is
necessary for expression of nuclear transcription factors that regulate progression through
G1. The net result is that retinoid-treated cells do not progress through G and into S, even in
the presence of serum growth factors. We also show that retinoid action is broadly inhibitory
on one level, yet selective on another level. Thus, RA prevents sustained Erk 1/2 activation
and limits c-fos expression in response to multiple stimuli, but does not prevent sustained
activation of other signaling targets, notably Akt/PKB. This selectivity might allow retinoids
to regulate proliferation without inducing apoptosis.

Other investigators have argued that retinoic acid blocks cell cycle progression of human breast
cancer cells (both MCF-7 and T-47D cell lines) in mid-G4 [4,47-51]. Wilcken et al. [49] showed
that RA treatment of T-47D cells decreased Rb phosphorylation within 16 h and that treated
cells arrested in Gg—G4 between 16 and 24 h. In MCF-7 cells, retinoic acid-induced cell cycle
arrest was attributed to decreased Cdk2 activity [48] and decreased cyclin D3/Cdk4 [51].
Although our data do not rule out G, targets for retinoids in T-47D cells, we believe the critical
block occurs in early G;. Cyclin D1, AP1 and MEKU1 are all involved in regulating the Gg/
G4 transition and G progression [52-54]. Retinoid attenuation of MAP kinase activation,
immediate early gene expression, AP1 transcriptional activity and cyclin D1 expression [55]
supports our hypothesis that retinoids block cell cycle progression by disrupting the mitogenic
signaling that is required for early G4 progression (of cycling cells) or the transition from Gg
into G, (of quiescent cells). The retinoid block to T-47D cell cycle progression in a Gg-like
state is reminiscent of cell cycle changes induced in normal mammary epithelial cells by
blocking EGF receptor function [28]. The extent to which the quiescent state induced by
retinoids is biologically similar to quiescent, nontransformed cells is not clear. Also consistent
with a Gg-like arrest of RA-treated cells are recent reports that the cyclin-dependent kinase
inhibitor, p27, is elevated in RA-treated cells [4,56-59]. Levels of p27 are typically high in
quiescent cells and decrease following mitogen-stimulated reentry into G4 [53,60].

Retinoid treatment of T-47D cells disrupted signaling via the EGF receptor. This was not the
result of decreased receptor expression, but rather a decrease in the duration of activation of
the EGFR tyrosine kinase activity, and of downstream targets of EGF signaling. Similar effects
were seen in cells that constitutively expressed PKCa (Fig. 4 and Ref. [1]). Support for the
critical role of PKCa in mediating the negative effects on EGFR signaling came from the
demonstration that the PKC inhibitor, G66976, largely reversed retinoid inhibition of EGF
signaling (Fig. 4) and proliferation [1]. Indeed, constitutive expression of PKCa in the normally
RA-resistant MDA-MB-231 cell line results in increased RA sensitivity and decreased growth
factor signaling and proliferation [3]. Based on these data, we conclude that a key primary
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target for RA is the PKCa promoter (in which a functional retinoid response element has been
identified [61]), and that the molecular basis of growth arrest is the failure of mitogens such
as EGF to sustain signaling by their receptors.

Signaling from the EGFR, related family members, erbB2, erbB3 and erbB4, and other receptor
tyrosine kinases is inhibited by phorbol esters [62-71]. Several effects on EGFR/erbB signaling
have been associated with phorbol ester treatment of cells including PKC-dependent
phosphorylation of EGFR, erbB2, and selective proteolytic cleavage of erbB4. In vitro and in
vivo PKC phosphorylates serine and threonine residues in the juxtamembrane region of the
EGFR, a region involved in ligand-dependent internalization and receptor down-regulation.
One clear PKC site is threonine 654 [72], although the role of PKC phosphorylation of
threonine 654 per se in affecting the numbers of high-affinity surface receptors and EGF
signaling is unclear [69,73-77]. One possible explanation for retinoid inhibition of EGFR
signaling is a PKCa-dependent phosphorylation of the EGFR in the juxtamembrane region.
We have expressed both wild type and T654A mutant forms of the EGFR in T-47D cells.
Although overexpression of either receptor increased EGF signaling, in neither case, was
overexpression sufficient to overcome the antiproliferative effects of retinoids (Tighe and
Talmage, unpublished observations).

An alternative target of PKCa is a phosphotyrosine protein phosphatase (PTP). PTPs mediate
signaling by different PKC isoforms in various cell types [65,71,78-86]. A role for PTPs as
mediators of PKCa effects on EGFR function is supported by several lines of evidence. First,
several non-receptor tyrosine phosphatases that contain SH2 domains bind to activated EGFRs
[80-83]. Binding of PTPs to the activated EGFR attenuates the EGFR signal, presumably
following dephosphorylation of key tyrosines on the activated receptor [80-83]. Second,
PTP-1C levels are elevated in RA-treated cells (and in PKCa expressing cells). Third, the RA
effects on EGF signaling are reversed by the PTP inhibitor orthovanadate. Finally, we found
that PTP-1C anti-sense oligonucleotides partially reversed the antiproliferative effect of RA
on T-47D cells. However, the relatively weak effect of anti-sense PTP-1C oligonucleotides
compared to orthovanadate treatment, G66976 treatment or anti-sense PKCa. oligonucleotide
treatment leaves open the question of what role this particular PTP plays in mediating the RA
or PKCa effects. Therefore, additional experimental evidence is required before we can
conclude that retinoid increased PTP-1C, or other PTP, activity is involved in the decreased
EGF signaling.

It is now an accepted principle that retinoids inhibit cell proliferation, particularly of tumor
cells, by interfering with the action of the AP1 transcription factor. Synthetic retinoids do this
in the absence of measurable changes in RAR-dependent transcriptional transactivation [16,
36,87,88]. It is less clear whether naturally occurring retinoids also inhibit AP1 activity by
similar mechanisms. The results of this study, and of other studies point to a different
mechanism that involves more traditional forms of retinoid signaling. In these examples, the
effects of retinoids on AP1 are secondary to RAR activation of target genes. The products of
these RAR target genes functionally interfere with AP1, both by preventing the expression of
AP1's constituent subunits such as c-fos and c-jun [15,37,38] and by preventing
posttranslational modification of preformed AP1 [20,21,23]. The retinoid effects on T-47D
cells that are documented in this study included a decrease in AP1 activity in some, but not all
circumstances. Specifically, retinoids failed to block phorbol ester activation of AP1. At the
same time, retinoids were effective at inhibiting EGF-, serum-, insulin- and estrogen-induced
expression of c-fos and c-jun, and activation of signaling kinases that are known to activate
factors that regulate c-fos and c-jun expression, as well as activate preformed AP1. Taken
together, these results indicate that retinoids disrupt a subset of the signals that utilize AP1.
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toto, these data support the conclusion that PKCa expression is a primary response to RAR
tivation. Equally critical to our conclusions are the data demonstrating that PKCa activity

mediates both the antiproliferative effects of retinoids and the anti-EGF signaling effects of
retinoids. Whether the critical substrate for PKCa is the EGFR, one of the other erbB receptors,
PTP-1C or a transcription factor that subsequently up-regulates expression of PTP-1C and
other targets, remains to be determined.
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Fig. 1.

Retinoids reversibly inhibit T-47D cell proliferation. (A) T-47D cells (initial plating density =
1.5 x 10° cells per 60-mm dish) were cultured in the presence of the indicated concentration
of RA or the RARa-selective retinoid, Am580. Day 0 represents the time of retinoid addition.
Cells were trypsinized and cell numbers determined 3 and 5 days later (data plotted + SEM).
Viability, as determined by trypan blue exclusion, was >90% at all times. (B) The effect of RA
and serum deprivation on T-47D cell cycle distribution was determined at 4-h intervals by
FACS analysis of propidium iodide-stained cells. The data show the change in the percentage
of cells in either S (top) or Go/G1 (bottom). Serum deprivation (after 12 h) and RA treatment
(after 16 h, 1077 M) prevented entry into S. (C) T-47D cells were initially plated at 5 x 103
cells/well in 96-well dishes (six wells per condition). Relative cell numbers were determined
using MTS reduction as measured by absorbance at 490 nm (data plotted + SEM). RA (107
M) was added at day 0 and again at day 3 (squares and triangles). On day 5, RA was removed
from half of the treated wells (triangles). (D) T-47D cells were plated at 5 x 103 cells/well in
96-well dishes in RPMI 1640 + 10% FBS. After 24 h, media were replaced with RPMI 1640
supplemented with 10% FBS, 20 ng/ml EGF or 10 ng/ml Nrg 1 in the absence or presence of
1077 M RA. After 48 h, relative cell numbers were determined using MTS reduction (SEM).
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Fig. 2.

Retinoic acid inhibits growth factor signaling. (A) T-47D cells were transfected with a reporter
plasmid (AP15-tk-CAT) in which the bacterial chloramphenicol acetyl transferase (CAT) gene
was under the transcriptional regulation of five copies of a synthetic AP-1 element and the
minimal thymidine kinase promoter. Transfected cells were cultured in the presence or absence
of 1 uM RA for 48 h after which total CAT activity was measured in whole cell extracts. TPA
(100 ng/ml) was added for the last 24 h before measuring CAT levels. Data are shown as the
percentage of the substrate, chloramphenicol, converted to acetylated forms (SE). Similar
results were obtained using a reporter plasmid in which CAT expression was regulated by the
endogenous c-jun AP1 elements (pJTx-CAT). (B) Serum-starved (0.25% FBS) T-47D cells
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were treated with 10~/ M RA for 36 h and then stimulated with EGF (40 ng/ml), fetal bovine
serum (FBS, 10%) or insulin (Ins, 10 pg/ml) for 30 min. Activation of the Erk 1 and 2 MAPKs
was measured by probing immunoblots with antibodies specific for the doubly phosphorylated,
active forms of Erk 1 and 2 (top, p-Erk) or for total Erk 2 (bottom). (C) Total RNA was isolated
from serum-starved T-47D cells 30 min after stimulation with insulin (10 ug/ml), 17-f estradiol
(1076 M E,), EGF (20 ng/ml) or 10% FBS or with no stimulation (—). One half of the cultures
were pretreated with 1078 M RA for 15 h. Filters were probed with the indicated 32P-labeled
cRNAs. Filters were exposed overnight at —80°C with an intensifying screen (c-fos in EGF
sample was exposed for 4 h). Based on scanning densitometry of films from multiple
experiments, RA inhibited c-fos expression and Erk activation in response to: EGF by 73%
and 68%; to FBS by 84% and 78%; and to insulin by 63% and 35%, respectively.
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Fig. 3.

RA reduces the duration of EGF signaling. (A) T-47D cells were serum starved in the absence
or presence of 10~ M RA for 36 h and then stimulated with 40 ng/ml EGF. At the times
indicated: (A) Cells were harvested and EGF receptor (EGFR) was recovered by
immunoprecipitation (IP) and resolved by SDS-PAGE. After transfer to nitrocellulose, blots
were sequentially probed with an anti-phosphotyrosine antibody (4G10, IB: pTyr) and then,
after stripping, with an anti-EGFR antibody (IB: EGFR). Only the region from the gel
corresponding to the approximately 175-kDa standard is shown. (B) Cells were
immunoprecipitated with a polyclonal antibody directed against the adapter protein Shc.
Immunoprecipitated proteins were resolved by SDS-PAGE, transferred to nitrocellulose and
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the filters were probed sequentially with the monoclonal 4G10 antibody (IP: Shc, IB: p-Try)
and a monoclonal anti-Shc antibody (I1B: Shc). The positions of Shc isoforms and the co-
immunoprecipitated EGFR (confirmed by additional immunoblotting, not shown) are
indicated. (C) Or, Erk 1/2 activation was assessed by sequential immunoblotting of whole cell
extracts (30 Ag/lane) with anti-phospho-Erk antibodies (I1B: p-Erk) and anti-Erk antibodies
(IB: Erk). (D) EGFR tyrosine phosphorylation was assessed as described above and signal
strength was quantified by densitometry. The data plotted in panel D show the degree of EGFR
staining with anti-phosphotyrosine antibodies after various times of EGF stimulation (averaged
from five independent experiments £ SEM). The inset shows that the average fold activation
at 0 and 5 min did not differ between control (=1) and RA-pretreated cells.
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Conventional PKC isoforms meditate retinoid effects on EGF signaling. (A) EGF activation
of EGFR autophosphorylation and of Erk 1/2 was analyzed as described above. Serum-
deprived T-47D cells were pretreated with 10~ M RA for 36 h and then stimulated with EGF
for 10 min. Where indicated the inhibitor of the conventional PKCs, G66976 (500 nM), was
added 30 min before stimulation with EGF for 10 min. In each assay, G66976 restored EGF
signaling in RA-treated cells, implicating cPKC isoforms as mediators of the RA effect. (B)
EGF activation of Erk 1/2 was compared in parental T-47D cells and in T-47D cells
constitutively expressing PKCa (T47D-PKCa). EGF treatment stimulated Erk phosphor-
ylation in both cell lines, but in the PKCa-expressing cells p-Erk levels returned to baseline
by 30 min, whereas activation in the parental cells was sustained for at least 30 min.
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Phosphotyrosine phosphatase 1C is implicated in mediating retinoid effects on EGF signaling.
(A) RA treatment elevates PTP-1C levels in T-47D cells. T-47D cells were cultured in the
presence of 107" M RA for 48 and PTP-1C levels were measured by immunoblotting. (B)
Serum-deprived T-47D cells (36 h in the presence of 10" M RA) were stimulated for 0-25
min with 40 ng/ml EGF. Where indicated, 100 uM sodium orthovanadate (VO,) was added to
the culture medium 15 min before EGF. Shc immunoprecipitates were blotted sequentially
with an antiphosphotyrosine antibody and a Shc antibody. (C) Serum-deprived T-47D cells
were treated as described in B. Erk activation was measured by immunoblot, and the results
were quantified by scanning appropriately exposed films [expressed as the ratio of the p-Erk
to total Erk signals normalized to the 0-min time points (=1)]. The means of two experiments
are shown.
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Phosphotyrosine phosphatase 1C is implicated in mediating retinoid effects on EGF signaling.
(A) T-47D cells were grown in the presence of 1077 M RA, or 10~/ M RA and 10 uM anti-
sense oligonucleotides directed at PKCo or PTP-1C. After 3 days, whole cell lysates were
resolved by SDS-PAGE and PKCa (top left), PTP-1c (top right) and Erk 1/2 levels were
measured by immunoblotting (following stripping and reprobing of the same filters shown in
the top panels). Exposure to anti-sense oligonucleotides prevented the RA-induced increase in
PKCa (left) and PTP-1c expression without affecting Erk 1/2 levels. (B) T-47D cells were
grown in the presence of 108 M RA, or 107 M RA and 10 uM anti-sense oligonucleotides
directed at PKCa or PTP-1C. After 3 and 5 days (day 5 data shown) relative cell numbers were
determined using MTS (ODg4gg = SEM). Anti-sense oligonucleotides targeting PKCa
prevented retinoid-induced growth arrest. Anti-sense oligonucleotides targeting PTP-1C
resulted in a partial block to retinoid-induced growth arrest. Sequence mismatch
oligonucleotides did not affect retinoid action and neither mismatch nor anti-sense
oligonucleotides affected T-47D proliferation in the absence of retinoids (not shown).
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