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All-trans retinoic acid (ATRA) is the most important active metabolite of vitamin A controlling segmen-
tation in the developing organism and the homeostasis of various tissues in the adult. ATRA as well as
natural and synthetic derivatives, collectively known as retinoids, are also promising agents in the treat-
ment and chemoprevention of different types of neoplasia including breast cancer. The major aim of the
present article is to review the basic knowledge acquired on the anti-tumor activity of classic retinoids,
like ATRA, in mammary tumors, focusing on the underlying cellular and molecular mechanisms and the
determinants of retinoid sensitivity/resistance. In the first part, an analysis of the large number of pre-
clinical studies available is provided, stressing the point that this has resulted in a limited number of clin-
ical trials. This is followed by an overview of the knowledge acquired on the role played by the retinoid
nuclear receptors in the anti-tumor responses triggered by retinoids. The body of the article emphasizes
the potential of ATRA and derivatives in modulating and in being influenced by some of the most relevant
cellular pathways involved in the growth and progression of breast cancer. We review the studies cen-
tering on the cross-talk between retinoids and some of the growth-factor pathways which control the
homeostasis of the mammary tumor cell. In addition, we consider the cross-talk with relevant intra-
cellular second messenger pathways. The information provided lays the foundation for the development
of rational and retinoid-based therapeutic strategies to be used for the management of breast cancer.
© 2014 Elsevier Ltd. All rights reserved.
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Introduction

ATRA (All-trans-retinoic-acid) and 13-cisRA (13-cis-retinoic-acid)
are the active metabolites of vitamin A, while the physiological
significance of the other retinoic acid isomer, 9-cisRA (9-cis-
retinoic-acid), is debated [1]. ATRA is the first clinically useful cyto-
differentiating agent, being employed in the treatment of acute
promyelocytic leukemia (APL) [2]. There is interest in expanding
the therapeutic use of ATRA and derivatives to breast cancer. The
biological activity of classic retinoids (ATRA, 13-cisRA) is primarily
mediated by nuclear retinoid-receptors, which are ligand-activated
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transcription factors. Retinoid receptors are divided into RARs (RARa,
RARB and RARY) and RXRs (RXRa, RXRB and RXRY) [3], which are
encoded by distinct loci producing alternative-splicing variants
(Fig. 1). Active retinoid-receptors consist of RAR/RXR heterodimers,
which bind to Retinoic-Acid-Responsive-Elements (RAREs) in reti-
noid-responsive genes [3]. ATRA and 13-cisRA are pan-RAR agonists
activating all RAR-isoforms with similar efficiency. 9-cisRA binds both
RARs and RXRs, although the mechanisms underlying the pharmaco-
logical/anti-tumor activity of the retinoid may stem from the activa-
tion of RAR/RXR, VDR/RXR and the elusive RXR/RXR homodimers
[4-6].

RARs and RXRs are not the only nuclear receptors binding ATRA,
as PPARB/S (Fig. 1) is also bound and activated by the retinoid [7,8].
Partitioning of ATRA between RARs and PPARB/3 is controlled by
the cytosolic retinoid-binding proteins, CRABP2 and FABP5, deliv-
ering ATRA to RARs and PPARB/3, respectively [8]. We intend to
provide an overview of the anti-tumor activity of retinoids in
breast cancer, concentrating on the cellular/molecular determi-
nants and the underlying mechanisms of action. The main focus
of our analysis is ATRA, the prototype of classic retinoids.
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Fig. 1. Structure of the genes, mRNAs and proteins of the various retinoid-binding nuclear receptors. The figure illustrates the exonic structure of the human genes encoding
RARo (RARA), RARB (RARB), RARY (RARG), RXRat (RXRA), RXRB (RXRB), RXRY (RXRG) and PPARB/ (PPPARD) along with the chromosomal location of each gene. Underneath each
gene the structures of the known RAR, RXR and PPARB/3 mRNAs resulting from differential splicing events are shown on the left side. The NCBI accession number of each
splicing variant is indicated in parenthesis. It must be noticed that the transcript variant indicated as RARB1 is often referred to as RARB2 in the old literature. In addition, the
accession No. of RARB5 is provisional, as the evidence for its existence is still incomplete. The vertical red lines indicate the position of the first ATG and the STOP codons. On
the right, the structure of the encoded proteins is shown. The various domains constituting each protein are indicated with different colors. The NCBI accession number of
each protein is indicated in parenthesis. A/B = N-terminal ligand-independent transactivating domains; C=DNA binding domain; D = hinge domain; E = ligand-binding
domain; F = C-terminal domain of unknown function.
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