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ABSTRACT

The use of the antiestrogen tamoxifen for breast cancer manage-
ment, although generally well tolerated, is linked to an increase in
uterine pathologies in a high number of postmenopausal women re-
ceiving the drug. This effect is thought to be due to estrogenic stim-
ulation of the uterine endometrium by the antiestrogen; however, the
molecular mechanism underlying the uterotrophic activity of tamox-
ifen and the uterine cellular compartments that respond to the drug
have not been clearly established. In this study, we determined which
of the several uterine tissues (myometrium, stroma, and luminal and
glandular epithelium) demonstrated chronic overexpression of c-fos
and the jun proto-oncogenes in response to tamoxifen. Uteri from
tamoxifen-treated, castrated rats were examined histologically, and
cell type-specific expression of c-fos, c-jun, jun-B, and jun-D was as-
sessed using in situ hybridization. Treatment with tamoxifen resulted
in uterine luminal and glandular epithelial hypertrophy and basally

located nuclei by 36 h. Extreme uterine glandular and luminal epi-
thelial cell hypertrophy persisted 7 days after administration of the
drug. Expression of c-fos and jun-B messenger RNA was first detected
in the luminal and glandular epithelial at 12-36 h post tamoxifen
injection. Seven days after tamoxifen treatment, c-fos and jun-B mes-
senger RNA levels were lower but still evident in the uterine endo-
metrial epithelium. Tamoxifen completely repressed constitutive ex-
pression of c-jun in the uterine luminal epithelial cells by 12 h but,
unlike estrogen, did not induce c-jun expression in the uterine myo-
metrium. Expression of jun-D in the uterine glandular and luminal
epithelia was observed at 12 h but not at 24 h post tamoxifen. These
results support our working hypothesis that persistent overexpres-
sion of cellular oncogenes c-fos and jun-B in the uterine endometrial
epithelium may contribute to the molecular mechanism underlying
the uterine toxicity associated with chronic tamoxifen treatment.
(Endocrinology 137: 219-224, 1996)

AMOXIFEN, a nonsteroidal, triphenylethylene deriva-
tive, is the most commonly prescribed treatment for
breast cancer. Several international Phase III trials are in
progress to test the efficacy of tamoxifen as a prophylactic for
breast cancer in healthy pre- and postmenopausal women at
increased risk for the disease (1). However, the drug does
cause side effects, many of which are due presumably to its
estrogenic activity (2-5). A central issue regarding the risks
and benefits of tamoxifen treatment of healthy women is the
increased incidence of endometrial carcinoma in some breast
cancer patients receiving tamoxifen therapy. This association
has been reported in several clinical trials (reviewed in Refs.
6-8), including the National Surgical Adjuvant Breast and
Bowel Project-B14 (9) and Netherlands Cancer Institute (10)
trials, which were recently completed. The National Surgical
Adjuvant Breast and Bowel Project-B14 trial reported more
deaths from endometrial cancer than expected (9). There is
the indication that some of the endometrial carcinomas re-
lated to tamoxifen treatment might represent the unusually
aggressive variant type (11-13). Because most endometrial
carcinomas are epithelial in origin (14, 15), an understanding
of the effects of tamoxifen on uterine epithelia is of interest
and of the utmost relevance to the evaluation of tamoxifen
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as a chemopreventive regimen for breast cancer. Recently,
Friedl and Jordan (8) indicated that the effects of tamoxifen
on the human endometrium at the molecular level have not
been clearly established. Thus, there is an urgent need to
understand the mechanism by which tamoxifen induces
changes in uterine compartments.

Tamoxifen stimulates uterine growth and causes histologic
changes of the uterus in many species, including humans (7, 8).
In fact, a remarkably high number (1/3) of postmenopausal
women receiving tamoxifen show estrogenic-like changes in
the genital tract (16—-18). The uterus is a complex tissue com-
prised of circular and longitudinal muscle, endometrial stroma,
and luminal and glandular epithelium. Of these, the epithelium
displays the greatest sensitivity to estrogenic stimulation and
potential for transformation to uterine carcinoma by tamoxifen
(14, 15). Recently, we (19) and others (20) reported that tamox-
ifen can augment c-fos and jun proto-oncogene expression in
normal rat uterus. The products of these cellular oncogenes are
thought to play important roles in regulating cellular function
of many tissues, including uterus (reviewed in Refs. 21 and 22).
Members of the Fos and Jun families can dimerize and control
transcription of many target genes through the activator protein
(AP)-1 elements (23-25).

In this study, we used in situ hybridization procedures to
establish that tamoxifen induces persistent overexpression of
c-fos and jun-B proto-oncogenes specifically in epithelial cells
of the uterine endometrium. Our working hypothesis is that
chronic overexpression of these cellular oncogenes could
play a role in tamoxifen-induced endometrial carcinoma.
These results may have implications about the knowledge of
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risk associated with therapeutic and prophylactic use of ta-
moxifen in the prevention of breast cancer.

Materials and Methods
Animals

Mature (150-200 g) Sprague-Dawley rats (Zivic-Miller, Allison Park,
PA) were ovariectomized at least 8 days before use in this study. The rats
were given animal chow and water ad libitum in animal facilities illu-
minated between 0500-1900 h. The Department of Laboratory Animal
Medicine at the University of Cincinnati maintains American Associa-
tion for the Accreditation of Laboratory Animal Care accreditation of its
animal facilities. All experiments were conducted in accord with NIH
standards established by the Guidelines for the Care and Use of Exper-
imental Animals and by the American Veterinary Medical Association.
Rats received a sc injection of tamoxifen 1 mg/kg BW (citrate salt; Sigma
Chemical Co., 5t. Louis, MO} in sesame oil or an injection of sesame oil
only (control) as we previously described (19). This dose of tamoxifen
stimulates rat uterine growth, RNA synthesis, and proto-oncogene ex-
pression (19, 20, 26-28). At 0, 3, 6, 12, 24, 36 h, and 7 days after admin-
istration of tamoxifen, animals were killed by cervical dislocation.

Synthesis of sense and antisense RNAs

The full-length rat c-fos complementary DNA (cDNA) [2.2 kilobases
(kb); kindly provided by Dr. T. Curran, Roche Institute of Molecular
Biology, Hoffmann-LaRoche, Nutley, NJI, mouse c-jun ¢cDNA (1.9 kb;
generously provided by Dr. I. Verma, The Salk Institute, La Jolla, CA),
mouse jun-B cDNA (1.9 kb; American Type Culture Collection, Rock-
ville, MD; clone 465.2), and mouse jun-D cDNA (1.7 kb; American Type
Culture Collection, no. 63025) were cloned into pBluescript Il SK* (Strat-
agene, La Jolla, CA) or pGEM (Promega Corp., Madison, WI) transcrip-
tion vectors. After linearization with the appropriate restriction en-
zymes, **S-labeled antisense or control sense RNAs were synthesized
using the Promega Riboprobe Gemini Core System II transcription kit,
according to the manufacturer's protocol and processed as we previ-
ously described (29, 30).

Histology, tissue fixation, and in situ
hybridization protocols

Uteri were excised quickly, trimmed of extraneous connective tissue,
cryopreserved, and subjected to the in situ hybridization procedures we
previously described (29, 30). Slides were examined microscopically
either under darkfield or brightfield illumination after staining with
hematoxylin and eosin. All experiments were repeated three to four
times in duplicate. Autoradiography exposure times for sense and an-
tisense sections were identical within a treatment and ranged between
3-5 days for the representative sections illustrated. The 1A RNA probe
(sense and antisense) was included in these experiments as a positive
control for in situ procedures. The 1A messenger RNA (mRNA) is con-
stitutively expressed in rat uterus (31), and our in situ localization of 1A
demonstrated that it is expressed only in the luminal and glandular
epithelial cells of the rat uterus (29). The uterine morphology was further
assessed by embedding the tissues in paraffin wax, cutting serial 4-um
transverse sections, mounting on light microscope slides, and staining
with hematoxylin and eosin.

Results

Histologic sections from ratuteriat0, 3,12, 36 h,and 7 days
after tamoxifen administration are shown in Fig. 1. Gradual
hypertrophy in uterine luminal and glandular epithelial cells
was stimulated by tamoxifen treatment (Fig. 1, D, F, H, and
). By 36 h after tamoxifen administration, marked hyper-
trophy of glandular and luminal epithelial cells with basally
located nuclei was apparent (Fig. 1H). Uterine epithelial cell
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Fic 1. Photomicrographs of transverse sections through the uterus
from a mature, ovariectomized rat after treatment in vive with either
1 mg/’kg BW tamoxifen for 3 h (D), 12 h (F), 36 h (H), and 7 days (J)
or 1 ug of 17B-estradiol for 3 h (C), 12 h (E), 36 h (G), and 6 days ().
Dose of 17B-estradiol used (1 pg/rat) was based on previous studies
(19, 22, 30, 41). Beginning 36 h after tamoxifen administration, in-
crease in cell hypertrophy becomes particularly noticeable. Note the
difference in appearance of uterine luminal epithelium 6 days after
estradiol administration compared with 7 days after tamoxifen treat-
ment (I vs. J). Uterine tissues were sectioned at 4 um, then stained
with hematoxylin and eosin. M, Myometrium; S, stroma. Solid arrows
point to uterine glandular epithelial cells. Arrowheads depict uterine
luminal epithelial cells. Open arrow in J points to uterine cells that
appear to be apoptotic. Magnification: A and C-J, ~ x200; B, ~ x600;
1, X100 (left) and X200 (right)

hypertrophy at 7 days after administration of the drug was
extreme (Fig. 1]). Comparisons of the uterine histology after
tamoxifen vs. 17 B-estradiol treatment (3-36 h and 6 days) can
be seenin Fig. 1, C, E, G, and I. The marked uterine epithelial
cell hypertrophy seen at 7 days after tamoxifen treatment
was not apparent at 6 days after estradiol administration
(Fig. 1I). These findings are consistent with those of others
demonstrating that tamoxifen maintains long-term uterine
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growth and epithelial cell hypertrophy in rodents (2-4, 26—
28, 32-40).

In situ hybridization was used to investigate the effect of
tamoxifen on uterine cell type-specific pattern of c-fos, c-jun,
jun-B, and jun-D proto-oncogene expression. Only back-
ground levels of sense RNA binding was detected in corre-
sponding uterine sections from control rats or animals
treated with tamoxifen (Figs. 2, A and B; Fig. 3A). Uterine
sections from adult rats treated with tamoxifen for 0, 3, or 6
h and probed with antisense c-fos showed little or no specific
binding (Fig. 2). The expression pattern of jun-B at 0, 3, and
6 h after tamoxifen was similar to that of c-fos (data not
shown). However, at 12-36 h after tamoxifen administration,
expression of c-fos and jun-B mRNAs was clearly evident in
the epithelial cells of the uterine lumen and glands (Figs. 2,
Dand E; Fig. 3, Band C). At7 days post tamoxifen treatment,
expression of these proto-oncogenes persisted in uterine lu-
minal and glandular epithelia, but levels appeared to have
declined (Fig. 2F and Fig. 3D).

The effect of tamoxifen on the cell type-specific pattern of
c-jun and jun-D mRNA expression is illustrated in Fig. 4.
When the c-jun antisense probe was used on uterine sections
from control rats, silver grains were observed in the luminal
epithelial cells and, to a lesser extent, in the uterine stroma

Fic. 2 Expression of c-fos mRNA in adult rat uterus. Cryostat sec-
tions from untreated control rats (B) or 3-36 h (C-E) and 7 days (F)
after tamoxifen administration were hybridized with antisense c-fos
riboprobe. A, Corresponding adjacent section 12 h post tamoxifen that
was hybridized with sense c-fos riboprobe. Arrowheads depict uterine
luminal epithelial cells, and arrows point to uterine glands. Magni-
fication: X 100. A, A uterine section 12 h post tamoxifen probed with
sense c-fos. B, An untreated control uterine section probed with an-
tisense c-fos. C, No expression of c-fos mRNA is detected at 3 h after
tamoxifen administration. D, Expression of c-fos in uterine luminal
and glandular epithelia is seen 12 h after tamoxifen treatment. E, At
36 h after tamoxifen administration, e-fos mRNA is seen in uterine
epithelial cells of glands and lumen. F, At 7 days, ¢-fos expression is
seen but has declined.

Fic. 3 Expression of jun-B mRNA in adult rat uterus. Cryostat
sections from rats 12 h (B), 36 h (C), and 7 days (D) after tamoxifen
administration were hybridized with antisense jun-B riboprobe. A,
Corresponding adjacent section 12 h post tamoxifen that was hybrid-
ized with sense jun-B riboprobe. Arrowheads depict uterine luminal
epithelial cells and arrows point to uterine glands. Magnification:
%x100. A, A uterine section 12 h post tamoxifen probed with sense
Jjun-B. B, Expression of jun-B in uterine luminal and glandular epi-
thelia is seen 12 h after tamoxifen treatment. C, At 36 h after ta-
moxifen administration, jun-B mRNA is seen in uterine epithelial
cells of glands and lumen. D, At 7 days, jun-B expression is seen but
has declined.

and myometrium (Fig. 4A). By 6 h post tamoxifen treatment,
silver grains from the uterine luminal epithelium dramati-
cally decreased, and there appeared to be a slight increase in
expression of c-jun in the uterine stroma and myometrium
(Fig. 4B). At 12 h, however, no signal for c-jun was apparent
in the uterine luminal epithelium, but c-jun expression in the
uterine stroma and myometrium remained similar to that
observed at 6 h post tamoxifen treatment (Fig. 4C). By 7 days
after tamoxifen treatment, the c-jun signal in the uterine
stroma and myometrium remained detectable, and positive
silver grains representing c-jun reappeared in the uterine
luminal epithelial cells (Fig. 4D). The reappearance of c-jun
in the uterine luminal epithelium is probably due either to
metabolism of the drug over time or activity of the tamoxifen
metabolites.

No specific signal for jun-D transcripts was detected in
uterine sections from control rats (Fig. 4E). Silver grains
representing jun-D were detected in the uterine glandular
and luminal epithelial cells at 12 h (Fig. 4F), but by 24 h post
treatment and thereafter, no signal for jun-D was detected
(Fig. 4, G and H). These results are consistent with our North-
ern blot analysis showing only slight changes in the levels of
jun-D and c-jun mRNA after administration of tamoxifen
(19).

Discussion

In the uterus of many species, including the human, ta-
moxifen displays partial estrogen agonist activity. We now
report that tamoxifen-induced overexpression of c-fos and
jun-B cellular oncogenes occurs specifically in the uterine
glandular and luminal epithelial cells in vivo, and c-fos and
jun-B mRNAs persist for at least 7 days after a single injection
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Fic. 4 Expression of c-jun and jun-D mRNA in adult rat uterus.
Cryostat sections from rats at 0 h (A), 6 h (B), 12 h (C), and 7 days (D)
after tamoxifen administration were hybridized with antisense c-jun
riboprobe. E, F, G, and H, Uterine sectionsat 0 h, 12 h, 24 h, or 7 days
after tamoxifen treatment, respectively, that were hybridized with
antisense jun-D riboprobe. Magnification: A, B, D, E, F, G, and H,
x100; C, X125. A, A control section probed with antisense c-jun. Note
constitutive expression of c-jun mRNA in uterine luminal epithelium.
B, At 6 h after tamoxifen treatment, constitutive expression of c-jun
in uterine luminal epithelia has declined, and some c-jun expression
in uterine stroma and myometrium is detected. C, At 12 h after
tamoxifen administration, no c-jun mRNA is seen in uterine luminal
epithelial cells, and c-jun expression in uterine stroma and myome-
trium remains detectable. D, At 7 days, c-jun expression in uterine
luminal epithelia is again seen but is low. E, A control uterine section
probe with antisense jun-D. F, Expression of jun-D in uterine luminal
and glandular epithelia is seen 12 h after tamoxifen treatment. G, By
24 h after tamoxifen, no expression of jun-D mRNA is detected. H,
Expression of jun-D mRNA remains undetectable at 7 days after
tamoxifen treatment.

of the drug. Although the cell type-specific pattern of c-fos
and jun-B mRNA expression induced by tamoxifen is similar
to that stimulated by estrogen (29, 30), the kinetics of induc-
tion contrast markedly to the rapid (within 30 min), and
transient (declines after 3 h), and coordinate uterine induc-
tion of c-fos and all three jun genes stimulated by 178-estra-
diol (21,22, 41). Furthermore, we show that, like estradiol (29,
42), the antiestrogen represses the constitutive expression of
c-jun mRNA in luminal epithelium; however, unlike estra-
diol (29), tamoxifen does not shift c-jun expression to the
uterine myometrium. The lack of c-jun induction in the myo-
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metrium might be because tamoxifen has a preferential effect
on the uterine endometrium (35). The observation that both
estradiol and tamoxifen suppress the expression of c-jun in
the epithelial cells, which normally undergo estrogen-initi-
ated mitosis, is intriguing. Does c-jun act as a negative reg-
ulator of cell division in these cells? It is also intriguing that
the kinetic pattern of jun-D expression induced by tamoxifen
is not similar to that of c-fos or jun-B, particularly because c-fos
and the jun genes all display similar kinetics in response to
estradiol (21, 22, 41). One interpretation of our data could be
that expression of jun-D and c-jun in uterine epithelia is
down-regulated by jun-B, c-fos, or possibly a combination of
both. Other possibilities, however, may exist. Ramkumar and
Adler (43) used an in vitro expression system and reporter
gene constructs to document that tamoxifen exerts differen-
tial transcriptional regulation, suggesting gene-specific ef-
fects in response to the antiestrogen. Recent studies demon-
strated that tamoxifen specifically targets AP-1 sites for
transcriptional activation of promoters in vitro, and that AP-1
proteins, such as Fos and Jun, are needed for tamoxifen
stimulation in uterine cell lines (44). Those studies support
our in vivo observations and the suggestion that Fos and Jun
play a significant role in tamoxifen-stimulated uterine
growth. Furthermore, Webb et al. (44) provided evidence for
the existence of a novel pathway for the action of tamoxifen,
ie. the tamoxifen-liganded estrogen receptor (ER) specifi-
cally targets the AP-1 site and not the estrogen response
element. Regulation of fos and jun genes in the uterus by
estrogen appears to be through the interaction of functional
estrogen response elements with ER (45-48). However, there
may be other mechanisms for tamoxifen regulation of these
genes. Interestingly, the number of potential AP-1 elements
in the 5’-untranslated regions of c¢-fos and jun gene promoters
varies; thus, the possible existence of an AP-1 pathway for the
tamoxifen-activated ER (44) may offer insight into differen-
tial activation of these genes by the antiestrogen.

QOur observations are in agreement with previous reports
in the rat uterus that show that tamoxifen causes a marked
increase in the height of the luminal and glandular epithelial
cells (32, 35, 37-40), and we further show that tamoxifen-
induced histologic changes persist even at 7 days after ad-
ministration of one injection of the antiestrogen. It is inter-
esting that the extreme hypertrophy of the uterine epithelia
is not associated with similar increases in hyperplasia (32, 34,
35, 40), suggesting that tamoxifen activates some but not all
of the genes required to achieve the proliferative response in
the majority of uterine cells. Our observation of persistent
expression of proto-oncogenes, which are typically ex-
pressed during the G;-G, transition, may suggest that ta-
moxifen causes uterine endometrial epithelial cells to in-
crease the duration of the G, phase of the cell cycle, or
perhaps undergo a temporary G, block, resulting in massive
hypertrophy. Unfortunately, the effect of tamoxifen on uter-
ine expression of other cell cycle factors and growth regu-
lators is not well established. The antiestrogen modulates
uterine expression of at least two peptide growth factors,
insulin-like growth factor I (IGF-I) (49) and transforming
growth factor-B-1 and B-2 (50). Interestingly, IGF-I gene ex-
pression in the rat uterus was observed at 7 days after ad-
ministration of the drug (49), the kinetic pattern of which is
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markedly different than that stimulated by estradiol (51), but
similar to that reported here for c-fos and jun-B, i.e. delayed
but persistent. Some of the genes controlled by AP-1 tran-
scription factors have been identified (52), but it is not known
if the expression of these growth factors are also under the
control of AP-1.

The fact that tamoxifen causes a long-lasting pattern of
cellular oncogene expression invites discussion about the
potential ramifications of this persistent overexpression. The
fos and jun proto-oncogenes encode the AP-1 transcription
factor, a key component of the signal transduction networks
that regulate cell growth and differentiation (23-25). In uter-
ine cells stimulated by tamoxifen, the balance of dimers could
be shifted toward formation of c-Fos:Jun-B heterodimers or
Jun-B:Jun-B homodimers. Differential activity of AP-1
dimers exists (53-55), suggesting that Fos:Jun and Jun:Jun
dimers have different target genes or differentially control
the same target gene. The net result of altered AP-1 levels or
activity could be altered normal transcriptional controls and
multiple changes in downstream gene expression programs,
such as increased expression in growth-promoting genes,
decreased expression of growth-attenuating genes, or pos-
sibly a combination of both. Although it has not been estab-
lished if perpetual overexpression of cellular oncogenes in
uterine cells stimulated by tamoxifen can develop into an
oncogenic event, inappropriate expression or mutation of
c-fos (56) and the jun genes (57) has been shown to result in
abnormal signal transduction leading to oncogenesis in ex-
perimental systems. Overexpression of jui-B elicited phe-
notypic changes associated with tumor progression in fibro-
sarcoma cell lines (58). Progressive elevation in levels of
cellular oncogenes, particularly c-fos, was observed in estro-
gen-induced rodent kidney tumors (59). Expression of c-fos
in human endometrial carcinoma transplanted into mice was
increased by tamoxifen (60), suggesting a role for this proto-
oncogene in growth promotion of endometrial carcinoma.
Miao and Curran (61) recently demonstrated that when a
critical threshold level of Fos and Fos target gene products
was reached in rat fibroblasts, the cells became fully trans-
formed. Interestingly, morphologic transformation by c-fos
overexpression was not linked to cell proliferation in that
study (61).

The results reported here are clinically relevant. The uter-
ine epithelium is a primary target for tamoxifen, and women
treated with tamoxifen frequently exhibit uterine changes
that include increased uterine volume, thickening of the en-
dometrium, endometrial polyps, and endometrial hyperpla-
sia (6—8). Our observations suggest that aberrant proto-
oncogene expression could provide a molecular mechanism
underlying the phenomenon of uterine pathologies reported
in women undergoing tamoxifen therapy. A better under-
standing of the molecular action of tamoxifen may directly
impact on its efficacy as a chemopreventive agent and use in
the therapy of women with breast cancer. It would be worth-
while to consider evaluating proto-oncogene expression in
endometrial biopsies from women taking the agent, and to
determine if tamoxifen-induced overexpression of c-fos and
Jjun-B renders uterine epithelial cells more prone to becoming
tumorigenic. We are currently pursuing such possibilities.
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