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Abstract

Materials and Methods

We show that 9-c/s-retinoic acid (9cRA) is a potent inhibitor of mam
Mammary Carcinogenesis Studies. A standard protocol for induction of
mary carcinogenesis induced by /V-nitroso-A'-methylurea in Spraguebreast cancer in Sprague-Dawley rats was used (14, 15), with a single i.V. dose
Dawley rats. Rats were first treated with a single dose of Â¿V-nitroso-JV- of NMU, 50 mg/kg body weight. All palpated tumors were confirmed at
methylurea (50 mg/kg body weight) and then fed non-toxic levels of 9cRA
autopsy. Retinoids and TAM were incorporated into powdered lab chow as
(120 or 60 mg/kg of diet). 9cRA was highly effective in reducing tumor
described previously (15) and fed ad libitum, beginning 1 week after injection
with NMU. 9cRA (Kuraray Company, Osaka, Japan) or cilRA (Hoffmann-La
incidence, average number of tumors per rat, and average tumor burden,
as well as extending tumor latency. The combination of 9cRA with low
levels of tamoxifen (TAM; fed at either 1.0 or O.S mg/kg of diet) was
particularly effective; addition of 9cRA to a TAM regimen doubled the
number of animals that were tumor-free at autopsy and significantly
diminished tumor number and tumor burden. For suppression of carci
nogenesis in vivo, 9cRA was much more potent than all-ira/iv-retinoic acid,
both as a single agent or in combination with TAM, although both
retinoids had equivalent inhibitory effects on DNA synthesis in cultured
human breast cancer cell lines. Both 9cRA and all-fnins-retinoic acid
induce the expression of the adhesion molecule, E-cadherin, in the SKBR-3 cell line. We suggest that clinical evaluation of the combination of
9cRA and TAM, either for Chemoprevention
should be considered.

or for adjuvant therapy,

Roche, Nutley, NJ) were fed at either of 2 doses, 120 mg (high dose) or 60 mg
(low dose)/kg of diet; TAM (Sigma Chemical, St. Louis, MO) was fed at cither
1.0 mg (high dose) or 0.5 mg (low dose)/kg of diet. Methods for statistical
analysis have been reported previously (15).
Cell Culture Studies and Immunohistochemistry
of E-cad. Human
breast cancer cells were cultured as described (15). To measure induction of
E-cad, SK-BR-3 cells were treated with either 9<-RA or atRA (HP7 M) for 48
h prior to fixation in cold methanol. Immunocytocheniical staining of E-cad
has been described previously (12) using an antibody (anti-GP-84) directed
against the extracellular domain of E-cad.

Results

Introduction
The current controversy over the safety and efficacy of the use of
tamoxifen to prevent breast cancer in women at high risk emphasizes
the need to develop new agents for suppression of carcinogenesis.
Since retinoids are useful agents for Chemoprevention of cancer (1-3),
one candidate for this purpose is 9c'RA2 or one of its analogues. The
recent findings that 9cRA is a high-affinity ligand for both the RAR
and RXR families of retinoid receptors (4, 5) and that RXRs form
heterodimers with other members of the steroid receptor superfamily
(6), focus attention on the critical role of 9c'RA in retinoid physiology.
To date, there have been no reports on the use of 9cRA to prevent
breast cancer, either in experimental animals or women. We now
show that 9cRA is highly effective for preventing mammary cancer in
the standard rat model which uses a single dose of NMU as carcin
ogen. Furthermore, we show that 9cRA is superior to atRA for this
purpose and that 9cRA enhances the chemopreventive activity of low
doses of tamoxifen. Finally, we show that both 9cRA and atRA can
increase expression of the adhesion molecule, E-cad, at cell-cell
contact sites in breast cancer cells. Since loss of functional E-cad has
been implicated in breast cancer progression (7-13), these results
suggest that retinoids may be useful, not only in the prevention of
breast cancer, but also in its treatment.

Inhibition of Mammary Carcinogenesis. In our laboratory,
greater than 90% of Sprague-Dawley rats treated with NMU alone (50
mg/kg body weight) develop invasive mammary adenocarcinomas
within 3 to 4 months of a single i.v. injection. We report here results
obtained on a total of 252 rats treated with NMU, using either 9cRA
or atRA alone or in combination with TAM, to inhibit the develop
ment of mammary carcinoma. We chose TAM because of the current
ongoing clinical trials being conducted in thousands of women world
wide, evaluating the efficacy of this agent for prevention of breast
cancer. At optimal doses, TAM is highly effective in the NMU rat
model (16). To evaluate additive or synergistic effects of the combi
nation of either 9cRA or alRA with TAM, we deliberately used
suboptimal doses of TAM.
Two separate experiments were performed, and the results are
shown in Table 1 and Fig. 1. In all cases, treatment with chemopre
ventive agents began 1 week after a single i.v. injection of NMU. The
data indicate that 9cRA is highly effective in this animal model, and
in particular, that it is markedly superior to ittRA, both as a single
agent and in combination with TAM. Chronic feeding of 9cRA caused
significant suppression of carcinogenesis, as measured by four end
points, i.e., tumor incidence, average number of tumors per rat,
average tumor burden (the total weight of all of an animal's tumors),
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acid;

and tumor latency. The effect of 9cRA on the number of rats that were
tumor free at autopsy is particularly striking; in the two experiments
(Table 1), only 1 of 48 (2%) of the control rats treated with NMU
alone was tumor free, while 24 of 48 (50%; P < 0.001) of the rats
treated with NMU plus 9t-RA had no grossly detectable tumors. In
addition, statistical analysis indicates that the effects of 9cRA on
inhibition of tumor number and tumor burden are also highly signif
icant (P < 0.001 at the higher dose of 9cRA and 0.002 or less at the
lower dose of 9cRA). Fig. IA also shows that 9cRA greatly increases
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Table 1 Prevention of mammary cancer by VcRA, alKA, TAM, and combinations thereof
TreatmentControl9cRA,

PJ0/249/12(<0.001)5/12
(/>,;

P2)Experiment

no. tumors (PÂ¡;

P2)10.90.8(/>,;

13.60.3
Hi9rRA,
LoÃ¶/RA,

(<0.001)1.6(0.002)2.83.31.8

(<0.001)4.1
(0.002)11.212.113.4

(0.002)0.3

(0.004)0.5
(<0.001;0.01)2.1

(0.002)2/121/123/12

Hi<Â»RA,
LoTAM,
Lo9cRA,
Lo9cRA,Hi + TAM.
LoaÃ-RA,
Lo + TAM,

0.05)5/12
(<0.001;

LoÃ-i/RA,
Hi + TAM,
LoControl9cRA,
Lo + TAM.

0.33)6/12
(0.002;
0.20)1/247/12
(<0.001;

(0.03)8/12
0.05)8/12
(<0.001;

0.003)0.8
(<0.001;
<0.04)0.9
(<0.001;
0.05)1.2
(<0.001;
0.17)Experiment

(<0.001;

<0.05)2.0(<0.001:
(<0.001;
0.20)1.3
0.06)8.53.2(<0.001)4.80.5
(<0.001;

22.60.6(<0.001)2.20.4(<0.001)0.8(0.001)0.1
Hi9cRA,

(<0.001)3/127/12

LoTAM,
HiTAM,

(<0.001)6/12

(<0.001)3.7

Lo9rRA,
Hi9cRA,Hi + TAM,
Lo9cRA,Hi + TAM,

(0.003)11/12
0.08)10/12
(<0.001;

(0.01)0.07(<0.001;

0.10)10/12
(<0.001;

(<0.001;0.03)0.2
0.02)0.3
(<0.001;

0.03)0.04

0.03)0.2
(<0.(K)1;
0.18)9/12(<0.001;
(<0.001;
0.24)0.3
(<0.001;
0.20)4.9
(<0.001;
Lo + TAM, LoTumor-free
0.20)Avg.
(<0.001; 0.04)ATB"
(0.001; 0.1 4)
" ATB. average tumor burden; the average weight of a rat's tumors at autopsy. In both experiments, rank sum tests were used to compare tumor burdens. />,, value for the comparison
Hi9cRA,Lo + TAM,

of any chemoprevcntive treatment versus controls treated with NMU alone. P2, value for the comparison of any combined retinoid + TAM treatment versus TAM alone. Doses were
as follows: 9cRA or ufRA, Hi, 120 mg/kg diet; 9<RA or uiRA, Lo, 60 mg/kg diet; TAM, Hi/Lo, 1.0/0.5 mg/kg diet. In Experiment 1, agents were fed for 3 months, and in Experiment
2, agents were fed for 4.5 months. All rats were injected with NMU 1 week before starting diets.

tumor latency. In contrast, only 3 of 24 (13%) of the rats treated with
atRA (Experiment 1, Table 1) were tumor free at autopsy, and atRA
had no significant effect on tumor number and tumor burden or on
tumor latency (Fig. 1C).
In addition to studying its efficacy as a single agent, we also
determined whether 9c-RA would provide additional benefit when
combined with TAM. Tables 1 and 2, as well as Fig. IB, show that
9c-RA adds a statistically significant benefit to a TAM regimen, using
the same four end points that were evaluated for single agents. Pooling
the results of Experiments 1 and 2 (as shown in Table 2) indicates that
the higher dose of 9cRA, when added to TAM, doubles the number of
rats that are tumor free at autopsy (P = 0.009 for the comparison of
the combination of 9c-RA plus TAM against TAM alone), decreases
the average number of tumors/rat from 1.3 to 0.2 (P < 0.001), and
decreases the average tumor burden from 3.5 to 0.3 g (P = 0.001), or
the 75th percentile of the tumor burden distribution from 5.0 to 0.1 g
(P = 0.001). Smaller but highly significant effects are also seen for
the addition of the lower dose of 9c-RA to the low dose of TAM.
Finally, when all 72 animals treated with the combination of 9cRA (at
either dose) plus TAM (at either dose) are compared with all 36
animals treated only with TAM alone (at either dose), the P values for
the efficacy of adding 9cRA to TAM are all 0.001 or less, whether one
measures effects on inhibition of tumor incidence, inhibition of aver
age number of tumors/rat, or on average tumor burden. None of the
chemopreventive agents caused any grossly evident toxicity. Al
though there was some slightly diminished weight gain in animals fed
9cRA, atRA, or TAM, the average weights of rats on chemopreven
tive regimens were always 85% or greater of those fed chow diets
alone. Furthermore, since rats fed atRA had equivalent growth curves,
the beneficial effects of 9cRA cannot be ascribed to effects on total
caloric intake.
Cell Culture Studies. We analyzed several human breast cancer
cell lines to study their response to 9cRA compared to orRA. As
reported by others (17, 18, reviewed in 19), we found that a?RA
inhibited [3H]thymidine incorporation in several differentiated (E-

was essentially inactive in undifferentiated (E-cad-negative) lines
such as MDA-231, MDA-453, MDA-436, and BT-549. In the present
study, we measured effects of 9i-RA on the above cell lines and found
that 9cRA had activity essentially equivalent to that of Ã-/Ã-RA,
again
depending on the state of differentiation of the particular cell line
(data not shown, details to be published elsewhere). However, the
growth of one relatively undifferentiated cell line, SK-BR-3, which
expressed very low levels of E-cad, was inhibited equivalently by both
9c-RA and atRA. Within 12 h of treatment with either 9cRA or atRA
(10~7 M), SK-BR-3 cells exhibited a marked change in morphology
(Fig. 2). This morphological change was accompanied by increased
expression of E-cad at cell-cell contact sites.
Discussion
We report here, for the first time, the use of 9rRA for the preven
tion of breast cancer in a widely used animal model. In this model, the
9-a's-isomer of retinoic acid is clearly superior to the all-mw.s-isomer.
The mechanism(s) for this difference need to be determined. Inas
much as 9cRA has high affinity for RXRs as well as RARs (4, 5),
broader receptor activation may contribute to the greater activity of
9cRA; studies of the extent of conversion of aÃ-RA to 9cRA in
mammary epithelium in vivo thus need to be performed. However, we
could find no significant difference between 9cRA and Â«?RAin our
cell culture studies. Another possibility is that there are significant
pharmacokinetic differences between the two isomers, and in partic
ular, that 9c-RA does not induce its own oxidative inactivation to the

same extent as atRA. The ability of aÃ-RAto induce enzymes which
lower its own concentration is well known (20, 21) and is presumed
to be an important factor in the relapse which occurs during treatment
of acute promyelocytic leukemia with aÃ-RA(21). Thus, further studies
on the comparative pharmacokinetics of 9cRA and atRA are critically
needed.
In addition to showing its efficacy as a single agent, we have also
found that 9cRA markedly enhances the chemopreventive activity of
cad-positive) cell lines including MCF-7, T47D, and ZR-75B, while it TAM, particularly when TAM is used at very low doses. The highest
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dose of TAM given to a rat in the present study is less than 20% of that
given to a 60-kg woman receiving the standard 20 mg daily dose (for
this calculation, we have assumed that the rat weighs 250 g and eats
10 g of food daily). There is concern at present regarding the safety of
chronic administration of the standard 20 mg daily dose of TAM,
which is widely used in the adjuvant setting and is currently under
study in long-term human chemoprevention trials. The present data
suggest that it may be possible to lower the dose of TAM and still
retain efficacy if TAM were used in combination with a second agent,
such as 9cRA. Synergistic interaction of TAM and another retinoid,
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Fig. 2 Immunofluorescent staining of E-cad in SK-BR-3 cells following 48 h of
treatment with vehicle alone (A) or 10~7 M 9cRA (B).
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Fig. 1 A, NMU was injected into 48 rats, which were randomized into three groups,
fed chow diet control â€¢24 rats); 9cRA, 120 mg/kg diet (â€¢,12 rats); or 9cRA, 60 mg/kg
diet (A, 12 rats), beginning 1 week after NMU. Feeding of 9cRA was continued for the
remainder of the experiment in the latter two groups. Tumors were palpated twice weekly
and confirmed at autopsy, ÃŸ,as in (A), (â€¢),24 rats, control. (O), 12 rats fed TAM, 0.5
mg/kg diet. (A), 12 rats fed 9cRA, 60 mg/kg diet plus TAM, 0.5 mg/kg diet. Latency curve
for 9fRA alone is shown in A. C, as in (A), (â€¢),24 rats, control. (â€¢),12 rats fed a/RA,
120 mg/kg diet; (A), 12 rats fed afRA, 60 mg/kg diet.

Table 2 Benefit of addition of 9cRA to TAM in prevention of mammary cancer
Treatment

Tumor-free (/>)"

Avg. no. (/>)

Top quartile TB*, g (P)

TAM, Lo
9/24
1.3
5.0
TAM, Lo + 9cRA, Hi
18/24 (0.009)
0.1
0.2 (0.001)
TAM, Lo + 9cRA, Lo
17/24 (0.021)
0.5 (0.01)
0.2
" P. comparison of the effects of adding 9cRA to TAM, when compared
h Top quartile tumor burden is the 75th percentile of the tumor burden

(0.001)
(0.023)
to TAM alone.
distribution for

4-hydroxyphenyl retinamide, in another model of prevention of breast
cancer has been shown previously (22), although the dose of the
retinoid was very high and the benefit obtained was not as great as in
this study. Furthermore, although we have reported previously that
synthetic analogues of vitamin D (deltanoids) can synergize with
TAM in the NMU breast cancer model (15), the suppressive effects of
this combination were not as great as we have obtained here with
9cRA plus TAM.
The present data emphasize the importance of obtaining new in
formation about the safety of chronic administration of low doses of
9cRA to human populations at high risk for development of cancer so
that it may be clinically evaluated for suppression of carcinogenesis.
9cRA is currently in Phase I human trials as a therapeutic agent.3 Most
notably, the striking effects of the combination of two agents, both
given at relatively low doses, on inhibition of carcinogenesis indicate
that it will be increasingly important to consider the use of combina
tion chemoprevention (23) in the clinical setting of cancer prevention.
Although we have emphasized the use of 9cRA for chemoprevention
in the present study, retinoids also inhibit the growth of many overtly
malignant breast cancer cells (17-19). Taken together with the ability
of 9cRA to increase expression of E-cad, an adhesion molecule often
lost in undifferentiated breast carcinomas, the present study suggests
testing the addition of 9cRA to the standard TAM regimen that is
currently in widespread use for adjuvant chemotherapy for postsurgical treatment of breast cancer in women, especially in a subset that is

animals in each particular cohort. The value for the top quartile TB in the control group
which received no chemopreventive agent was 17.1 g. Rank sum tests were used to
compare tumor burdens. Doses of agents as in Table 1.

3 W. K. Hong, personal communication.
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human carcinoma cells. J. Cell Biol.. 113: 173-185. 1991.
11. Vleminckx, K., Vakaet, L., Marcel, M. M., Fiers, W., and van Roy, F. M. Geneticmanipulation of E-cadherin expression by epithelial tumor cells reveals an invasion
suppressor role. Cell, 66: 107-119, 1991.
12. Sommers, C. L., Thompson, E. W., Torri, J. A., Kemler, R., Gelmann. E. P., and
Byers. S. W. Cell adhesion molecule uvomorulin expression in human breast cancer
cell lines: relationship to morphology and invasive capacities. Cell Growth & Differ.,
2: 365-372, 1991.
13. D'souza, B., and Taylor-Papadimitriou, J. Overexpression of c-erbB-2 in human

known to be at particularly high risk for relapse. The next problem in
the laboratory will be to find a third, or possibly even a fourth, agent
to add to this already promising combination regimen to approach the
ultimate asymptote of total suppression of mammary carcinogenesis.
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