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Abstract

The receptor activator of nuclear factor-kB (RANK) and its ligand RANKL are members of the tumor necrosis
factor (TNF) super-family of cytokines with a role in progestogen-associated malignancies in breast. Basic and
clinical data support the participation of the cytokine pathway in metastatic disease and as poor prognosis
markers. The value of RANK/RANKL as prognostic indicators in endometrial and ovarian tumors, as well
as the data suggesting a potential role of RANK/RANKL in hormone dependent tumorigenesis in the endo-
metrium, have been described. The D-CARE study could not confirm benefit in the modulation of RANKL
in breast cancer.
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Background

Cancers of the reproductive tissues have a particularly predominant place
in the global burden of cancer in women. According to the American Cancer
Society, the 6 most frequently diagnosed tumors in women are breast cancer
(30%), lung and bronchus (13%), colon and rectum (8%), uterine corpus (7%), skin
melanoma (5%), and non-Hodgkin lymphoma (4%).! The picture changes for
mortality, in which lung and bronchus ranks 15 (22%), breast 2"¢ (15%), followed
by colon and rectum (8%), pancreas (8%), ovary (5%), and uterine corpus (4%).
Accordingly, 3 reproductive organ-related cancers, breast, uterus and ovary, are
among the 6 most prevalent and deadliest tumors in women.

There is a well-established role for ovarian steroids in the genesis of tumors
affecting the female reproductive organs. Associations have been shown not
only in epidemiological data, but also via clear biological mechanisms. For
example, the proliferative role of estrogens in the endometrial epithelium has
been confirmed under different experimental conditions, including cell lines
and animal models, and in humans.
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Molecular background
Estrogen and the endometrium

Estrogen receptors (ER) are highly expressed in both
epithelium and stroma in the human endometrium, and ER
activation leads to a proliferative effect, as shown through-
out the physiological menstrual cycle and in classic studies
in the human endometrium.?3

Considerable advances have also been made by study-
ing the molecular mechanisms underlying these observa-
tions.* Indeed, the ER transcription apparatus has been
linked to the activation of a long list of genes that control
multiple cellular pathways. These include mitogenic ac-
tions matching those of human cancer, including rapidly
increased c-Myc and cyclin DI expression. Angiogenesis,
a crucial mechanism linked to tumor progression, is also
promoted by estrogen; although its action, if any, is limited
to inducing metastasis.* Consistent with these actions,
estrogen-only use has been associated with an increased
risk of endometrial cancer in clinical studies of meno-
pausal women.® The association is less clear in the breast;®
although, limiting estrogen exposure with aromatase in-
hibitors” or ER blockade with selective estrogen receptor
modulators (SERMs)® have been shown to reduce breast
cancer risk.

Early work confirmed that progesterone receptors (PR)
are a product of ER gene activation,’ which was followed
by finding that PR activation in the endometrium limited
the mitogenic effect of estrogens.® This anti-proliferative
action of progestogens is the reason behind recommending
progestogen use in combination with estrogen in women
who have not undergone hysterectomy.!® There is consis-
tent clinical evidence showing that adding progestogens
to estrogens in hormonal therapy reduces endometrial
cancer risk to similar rates as in untreated women.®

Progestogens and the breast

A series of findings prompted the hypothesis that
the anti-proliferative action of progestogens observed
in the endometrium might not be replicated in the breast.
Proliferation was increased in breast epithelium during
the luteal phase, a finding that contrasted with its quies-
cent status in the endometrium.'! Observational studies
and clinical trials subsequently confirmed that progesto-
gens and estrogens combined result in a higher risk than
is associated with estrogen-only treatment.® These findings
have also been observed for progestogen-only treatments
in hormonal contraceptive users.'? The molecular mecha-
nism underlying the proliferative effect of progestogens
seen in breast but not endometrium has remained elusive
for several years.
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RANK/RANKL and hormone-linked
tumorigenesis

Studies in recent years have contributed pivotal data
on the oncogenic role of progestogens and the involve-
ment of the receptor activator of nuclear factor-kB (RANK)
and its ligand, RANKL. RANK and RANKL are members
of the tumor necrosis factor (TNF) super-family of cyto-
kines. RANK was identified in 1997 in the T cell mem-
brane, where it showed a modulating role in the interac-
tion of T cells and dendritic cells.’* RANK/RANKL have
emerged as key elements in various immune response pro-
cesses, as well as in mechanisms linked to inflammation,
organogenesis and apoptosis.'*!> A fundamental role has
also been found in bone metabolism regulation, in which
they act mainly by promoting the differentiation and ac-
tivation of osteoclast progenitors.’

The RANKL ligand participates in the growth and dif-
ferentiation of the epithelial component in mammary ducts
and lobes during puberty and the phases of the menstrual
cycle, as shown in both animal and human research. Like-
wise, RANK/RANKL have been proposed as key mediators
in the proliferative action of progestogens in the breast.!81°

RANK/RANKL and breast tumorigenesis
as a model

The current understanding concerning the role
of RANK/RANKL in tumorigenesis stems largely from
studies in the breast. Mapping studies showed that RANKL
expression increases during gestation, expressed mainly
in the ductal luminal area and in developing alveoli, while
RANK s expressed in the basal layers of the ductal epithe-
lium.'” Experiments in transgenic animals clearly showed
the role of RANK/RANKL in proliferative and anti-apop-
totic mechanisms.?°

RANK/RANKL involvement in hormonal tumorigen-
esis is suggested by various findings: i) ER and PR are co-
expressed with RANKL in luminal epithelium; ii) there
is a confirmed correlation between RANKL expression
and circulating levels of progesterone in humans, in both
normal and malignant cells?*?% iii) the induction of mam-
mary tumors by progestogens is accompanied by a striking
overexpression of RANKL in PR-positive luminal cells*%3;
and iv) RANK blockade is associated with tumor differen-
tiation and reduced propensity for recurrence.?*

Molecular mechanisms of RANKL/
RANK in breast tumorigenesis

Animal models have revealed a perfectly coordinated ap-
paratus involving progesterone-induced proliferation and
synthesis of RANKL in luminal cells expressing PR, and
paracrine-induced proliferation by RANKL in neighboring
cells lacking PR (Fig. 1). In the presence of susceptibility
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Fig. 1. The image shows RANK expressed in luminal, myoepithelial, and
mammary stem cells (MaSC). Luminal cells also express progesterone
receptors (PR), which upon stimulation induce RANKL synthesis.

In an autocrine or paracrine form, RANKL activates RANK to promote
proliferation, migration, MaSC expansion and cell survival'®

agents like carcinogens or genetic lesions, persistent pro-
liferative stimuli may lead to hyperplasia and neoplastic
transformation.

Data from human studies have reinforced findings from
preclinical studies. For example, malignant mammary cells
express RANK and RANKL,? and more intriguingly, RANK
expression has been correlated with tumor aggressiveness
in women.?> A crucial notion in this regard is whether
RANK/RANKL overexpression following malignancy on-
set feeds cellular machinery involved in dedifferentiation
and aggressive tumor behavior, or rather represents a mere
epiphenomena associated with the malignant phenotype.

RANK/RANKL and tumor

aggressiveness

Beyond data confirming a role for RANK/RANKL
in channeling the oncogenic role of progestogens, other
findings suggest that these cytokines could constitute
preferential pathways to cancer, independently of their
relationship with these steroids.

Along these lines, interesting results were derived from
studies in carriers of the susceptibility genes BRCA1 and
BRCA2, which confer increased risk for more aggressive
mammary tumor patterns, often ER- and PR-negative tu-
mors. A multicenter study compared circulating levels
of osteoprotegerin (OPG), which exhibits affinity and acts
as a blocking agent of RANKL, between BRCA1/2 carriers
(n = 391) and non-carriers (n = 782). BRCA 1/2 carriers had
lower serum free levels of OPG, implying that RANKL ac-
tivity was probably higher.26 Of particular interest, the lev-
els of OPG were inversely correlated with the detection
of germ mutations known to confer a higher risk for breast
cancer in BRCA carriers.2¢

Other research has found that the RANK/RANKL sys-
tem plays a role in malignant drift in cancers in BRCA
1/2 carriers, in both experimental models*” and clinical

881

studies.?® These findings have fueled interest in a proposal
of RANKL blockade with anti-RANKL antibodies, such
as denosumab, as a possible way to reduce cancer risk
in BRCAI carriers.”

Another key feature ascribed to RANK/RANKL is their
value as indicators of poor tumor prognosis. In this regard,
increased RANK expression has been found in hormone
receptor-negative mammary tumors.>® There are also some
indications of metastatic potential, another feature related
to tumor aggressiveness. Treatment with OPG reduced
bone metastases in a mouse model of melanoma metas-
tasis; although, the effect seemed limited to bone, without
extending to other organs.3!

Endometrium as a new scenario

The human menstrual cycle clearly reflects the opposing
actions of estrogen and progesterone on the proliferative
response of endometrial epithelium. A rapid proliferative
response during the follicular phase is soon downregulated
by progesterone, which is synthesized by the corpus luteum
after ovulation. Progesterone therefore has an anti-prolif-
erative effect in endometrium, in contrast to reported find-
ings in the breast. While the molecular details underlying
these opposing actions are not well understood, the ques-
tion has arisen as to whether RANKL/RANK participate
in endometrial proliferative events.

A first step has been taken to investigate whether RANK/
RANKL are expressed in human endometrium. Recent
work identified RANK in human endometrial sections
by immunohistochemistry (Fig. 2).32 Moreover, estrogens
are associated with an increased risk of type I endome-
trial tumors, and also type II tumors, albeit to a lesser
extent.?® However, and against what has been observed
in the breast, it is unclear in the endometrium whether
RANKL/RANK is involved in the process of estrogen-
mediated tumorigenesis.

More data have been published concerning the roles
of RANK/RANKL as prognostic indicators in endome-
trial cancer. Analysis of data obtained by immunohis-
tochemistry in a series of tumors has shown that, as for
the breast, RANK expression is associated with indicators
of poor prognosis, such as grade of differentiation or tu-
mor stage,? and also with myometrial invasion, lymph
node metastasis, and lymphovascular space involvement.3*
Remarkably, RANK activation with RANKL reproduced
findings similar to the aforementioned cell proliferation;
although, in this case, in an endometrial tumor cell line.
This effect was downregulated by medroxyprogesterone
acetate (MPA), a progestogen repeatedly shown to limit
the progression of PR-positive endometrial cancers.

The conclusion drawn from these experiments is that,
in endometrial cancer cell lines, RANKL reproduced
the proliferative and anti-apoptotic effect observed
in the breast. However, and against the observations
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in the breast, the progestogen (MPA) limited the expan-
sive effects mediated by RANKL in the endometrial tumor.
The molecular basis for the opposite action of progesto-
gens in breast and endometrium is unknown.

Ovarian cancer

Studies have been published linking hormonal therapy
use with risk of ovarian cancer,” yet the potential involve-
ment of RANKL/RANK in ovarian tumorigenesis is still un-
clear, and data are still very sparse. Interestingly, as shown
in endometrium and breast, increased RANKL expression
has been found in ovarian cancer, where higher expression
was associated with poor prognosis indicators, specifically
with reduced progression-free and overall survival.3¢

Conclusions

A wealth of data has accumulated over recent years im-
plicating RANKL/RANK in both tumorigenesis and prog-
nosis in several reproductive system cancers, including
breast and endometrium. The only confirmed role in both
endometrial and ovarian cancer is that of prognostic indi-
cator, which may involve either RANK or RANKL depend-
ing on the study. Experiments with endometrial cancer cell
lines have shown that, in parallel with findings in breast
cancer, RANK/RANKL are involved in proliferation and
migration mechanisms.

These data have aroused interest in the potentially ben-
eficial effect of blocking RANKL to improve prognosis

Fig. 2. The receptor activator
of nuclear factor-kB (RANK)
immunohistochemical
staining (brown) in normal
endometrium. Faint positive
staining was found across
luminal and glandular
epithelium and stroma.

The density of RANK staining
increases in malignant
endometrial tumors

(not shown) and the signal
increases with tumor
de-differentiation;

%100 magnification®

in women with any of the cancer types studied. Unfor-
tunately, available studies are inconclusive. The D-CARE
study randomized 4509 women with stage II or III breast
cancer to denosumab or placebo. The primary endpoint
was bone metastasis-free survival, for which no between-
group differences were found.>” However, time to first skel-
etal-related effect and time to bone metastasis progression
were significantly lower in women with metastatic breast
cancer, receiving denosumab when they expressed RANK
on circulating tumor cells.?® Consequently, further re-
search is needed to better define the role of RANK/RANKL
in tumors of the reproductive organs. Only through en-
hanced understanding will appropriate strategies utilizing
modulators such as denosumab be designed.
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