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Cell cycle progression is tightly controlled by several kinase families including Cyclin-Dependent Kinases, Polo-Like
Kinases, and Aurora Kinases. A large amount of data show that steroid hormone receptors and various components
of the cell cycle, including cell cycle regulated kinases, interact, and this often results in altered transcriptional activity
of the receptor. Furthermore, steroid hormones, through their receptors, can also regulate the transcriptional
expression of genes that are required for cell cycle regulation. However, emerging data suggest that steroid hormone
receptors may have roles in cell cycle progression independent of their transcriptional activity. The following is a
review of how steroid receptors and their coregulators can regulate or be regulated by the cell cycle machinery, with a
particular focus on roles independent of transcription in G2/M.

Introduction

Cell cycle, its regulation by kinases and
association with transcription

The cell cycle consists of four main phases: DNA
synthesis (S phase), mitosis (M phase) and two gap
phases, G1 and G2. M phase itself is a complex
phase, however, and contains five steps (prophase,
prometaphase, metaphase, anaphase and
telophase), followed by cytokinesis, in order to
achieve an equal distribution of two sister chromatids
into daughter cells, which later enter early G1 phase.
Depending on the cell type and external
environment/stimuli, cells can also enter a GO phase,
or quiescent state. A typical mammalian cell usually

takes 24 hours to complete a cell cycle (~12 hours for
G1, 6 hours for S phase, 6 hours for G2 and 30
minutes for M phase). To ensure faithful DNA
synthesis and accurate cell division, cells have three
important cell cycle checkpoints: G1/S checkpoint and
G2/M checkpoint, and the spindle checkpointin M
phase. The whole cell cycle progression is timely and
tightly regulated by various kinases. The sequential
activation of complexes of cyclin-dependent kinases
(CDKs) and their regulatory cyclins drives cell cycle
progression. More specifically, cyclin D and cyclin E
are increased at G1, while cyclin A and cyclin E are
increased in S phase and cyclin B is an M phase
cyclin. Meanwhile, CDK inhibitors (CKIs) negatively
regulate CDK activities by binding and inactivating
CDK-cyclin complexes. Furthermore, various mitotic
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kinases control the cell cycle through regulating
centrosome function, spindle assembly, chromosome
segregation, and cytokinesis [Fu, 2010]. The
spatiotemporal phosphorylation/dephosphorylation of
these kinases plays a key role in switching on and off
signaling pathways to drive cell cycle progression and
protect cells from cell cycle aberrations. For example,
mitotic kinases such as Polo-like kinases (PLKS),
Aurora kinases and Nek kinases regulate the
centrosome cycle and mitotic spindle formation. Other
kinases such as budding uninhibited by benomyl 1
(Bub 1) kinase and BubR1 (Bubl-related kinase),
Aurora B and the kinetochore kinase Monopolar
spindle 1 (Mps1) are involved in the spindle assembly
checkpoint (SAC) pathway to ensure all
chromosomes are correctly aligned at the metaphase
plate before the onset of anaphase [Foley and
Kapoor, 2013]. Therefore, cycling of CDK-cyclin
complexes/CKIs and
phosphorylation/dephosphorylation by mitotic kinases
coordinately regulate progression of the cell cycle.

Steroid receptors and transcriptional activity
overview: structures and main functions

To date, at least 48 steroid hormone and nuclear
receptors (NRs) in humans have been found [Klinge,
2008]. Some well-known steroid hormone receptors
include estrogen receptor (ERa and ER),
glucocorticoid receptor (GR), mineralocorticoid
receptor, progesterone receptor (PR) and androgen
receptor (AR), and these are closely related to some
other NRs such as thyroid hormone receptors (TR)
and retinoic acid receptors, as well as vitamin D
receptors. All steroid hormones originate from the
same precursor - cholesterol, and many are initially
secreted by the adrenal cortex and/or gonads (ovaries
and testes) and diffuse into the bloodstream. Due to
their lipid solubility, steroid hormones can freely
diffuse through cellular membranes and bind to
steroid hormone receptors in their target tissues and
organs, where they exert a wide range of biological
functions including cell homeostasis, differentiation
and regulation of proliferation, survival and cell death.
Steroid receptors have distinct cellular distributions.
PR and ER are mainly located in the nucleus of target
cells, while the majority of GR and AR reside in the
cytoplasm of target cells [Ward and Weigel, 2009].

As part of the NR superfamily, steroid receptors share
similarity of structure and mode of action as
transcriptional factors. These steroid hormone
receptors generally contain four structural/functional
domains: a variable N-terminal domain, a DNA
binding domain, a hinge region and a hormone/ligand
binding domain. Nuclear localization signals (NLS)
within the hinge region mediate nuclear/cytoplasmic
shuttling of receptors. The classical ligand-receptor
pathway or so-called genomic pathway can be
summarized in four steps: 1) hormone diffuses

through cellular membranes and binds to receptor; 2)
receptor dimerization and activation; 3) ligand-
receptor complexes translocate into nucleus; 4)
liganded receptor directly binds to “hormone response
elements” on the DNA or indirectly through other
transcriptional factors to regulate gene expression. In
addition, steroid hormones can also bind membrane
associated receptors to activate a variety of rapid
intracellular signaling cascades, known as “non-
genomic” actions. In addition, steroid receptors can
be activated to promote transcription of target genes
through ligand-independent pathways, in which
activated protein kinases phosphorylate the receptors
and/or their coregulators. Unlike kinases, where
phosphorylation/dephosphorylation serves as on/off
switches within cell signaling pathways,
phosphorylation of hormone receptors regulates
expression and/or functions of receptors by affecting
protein stability, nuclear localization, hormone
sensitivity, DNA binding, protein-protein interactions
and transcriptional activity [Weigel and Moore,
2007b].

Phosphorylation of receptors can occur in all
structural/functional domains, although it has been
reported that the majority of phosphorylation sites are
within the N-terminal domain [Ward and Weigel,
2009]. Another level of transcriptional regulation of
steroid receptors comes from a large group of
proteins named steroid receptor coregulators. These
can be coactivators or corepressors of steroid
receptors, either enhancing or suppressing
transcription. Some of the well-known coregulators
include the steroid receptor coactivator (SRC) family,
steroid receptor RNA activator (SRA), androgen
receptor-associated proteins (ARAs) and the PIAS
(protein inhibitor of activated signal transducer and
activator of transcription) family. [Gao et al., 2002].
Emerging data suggest that steroid receptors can be
regulated in a cell-cycle dependent fashion, in a
manner suggesting roles in cell cycle phases where
transcriptional activity is generally repressed. Here,
we review data supporting a cell cycle-dependent
expression and/or activity of steroid receptors and
their coregulators, some potential mechanisms of cell
cycle-dependent functions and expression, and the
functional implications of expression in cell cycle
phases where transcriptional activity is significantly
repressed and the potential impact of such function in
disease development and treatment.

Cell cycle-dependent expression of
steroid/nuclear receptors and coregulators

ER expression during the cell cycle

ERa levels have been previously reported to fluctuate
throughout the cell cycle [Dong et al., 1991; Jakesz et
al., 1984; Rostagno et al., 1996b; Vantaggiato et al.,
2014]. Arise during G1 is seen and this is consistent
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with controlling DNA synthesis and proliferation, the
mechanisms of which include a significant regulation
of transcription, either directly as a transcription factor
or indirectly via non-genomic activities, which can in
turn lead to regulation of other transcriptional events
[Doisneau-Sixou et al., 2003]. Interestingly, another
rise in ERa levels occurs during the S/G2 transition, at
a time when little transcriptional activity would be
expected [Sonia, 2011; Vantaggiato et al., 2014]. It
has been suggested that ERa in G1 is ligand-
dependent and ERa in G2 is not [Jakesz et al., 1984;
Rostagno et al., 1996a]. However, not all studies have
found differences in ERa expression during the cell
cycle [He and Davie, 2006; Ilkegami et al., 1994].
Even during different stages of M phase, ERa levels
may fluctuate. ERa was detected at minimal level
during metaphase and anaphase, in contrast to
prophase and telophase in MCF7 cells by
immunofluorescence assay [He and Davie, 2006].
The discrepancies in results might arise from the use
of different cell cycle arrest agents, different assays
(immunoblotting or immunofluorescence or
immunohistochemistry) and different cell lines (breast
cancer cell line vs osteoblastic osteosarcoma cell line)
used in different reports [Doisneau-Sixou et al., 2003;
He and Davie, 2006; lkegami et al., 1994; Sonia,
2011; Vantaggiato et al., 2014].

Little understanding exists regarding the mechanisms
associated with this fluctuation or the functional
implications, especially of the G2/M-associated ER.
Interestingly, a recent publication [Vantaggiato et al.,
2014] has suggested that the cell cycle fluctuation of
ERa may, at least in part, be due to a transcriptional
elongational RNA Polymerase Il block in intron 1 of
the ERa gene, such that ERa mRNA is low in S
phase but elevated in G2/M and G1. The data show
that full-length ERa mRNA transcripts are only found
during a 3-6 h interval during late S/G2 phase and
are likely responsible, at least in part, for the ER
protein rise in G2/M and the following increases in
G1. In addition, phosphorylation of ERa may be
involved, at least in part, in the elevated expression of
ERa protein in the G2/M phases of the cell cycle
[Vazquez-Martin et al., 2013; Zheng et al., 2015].
Other studies have suggested that phosphorylation
may be linked to the mitotic stability of some
transcription factors [Chuang et al., 2008]. It is
possible that multiple mechanisms, including
transcriptional regulation and post-translational
modification (phosphorylation, ubiquitination, etc.),
may be associated with fluctuations of ERa during the
cell cycle. Irrespective of mechanisms by which ERa
fluctuates during the cell cycle, little if any
understanding of the functional role of ERa during
G2/M exists.

Expression of other steroid receptors during the
cell cycle

The expression and/or activity of other members of
the steroid hormone/NR superfamily have also been
reported to fluctuate during the cell cycle. The
glucocorticoid receptor (GR) undergoes both ligand-
dependent and -independent nuclear import in
interphase, and is rapidly excluded from the nucleus
at the onset of mitosis and into early G1[Matthews et
al., 2011]. The G2/M nuclear exclusion of GR was
accompanied by a prolonged glucocorticoid-induced
activation of extracellular signal-regulated kinases
(ERK), suggesting an increase in the non-genomic
actions of the receptor. In addition, a marked loss of
general transcriptional activity was detected, although
a relative increase in ligand-independent activity was
observed associated with its G2/M expression. The
latter was thought to be due to a marked increase in
phosphorylation in the activation-function (AF1) region
of the GR, a situation similar to that observed with
ERa [Vazquez-Martin et al., 2013; Zheng et al., 2015].
Interestingly, the phosphorylation of one of the GR
serine residues (S211) was found to be important in
mediating the cell cycle-dependent, ligand-
independent transcriptional activity, as measured by a
reporter plasmid. Although the latter suggests some
endogenous transcriptional activity may be involved,
the question that arises, due to generally decreased
endogenous transcription at G2/M, is whether the
reporter assay is merely a surrogate marker of
another function, unrelated to the transcription factor
activity of the GR during G2/M. Indeed, GR has
recently been shown to regulate chromosome
segregation, a role independent of transcriptional
activity [Matthews et al., 2015]. These results are
consistent with some other publications [Hu et al.,
1994], but not all studies agree [Abel et al., 2002].
However, all such studies have measured receptor
activity using transcriptional read-outs, and since
other transcription factors have been found potentially
associated with the mitotic machinery [Astrinidis et al.,
2010], it is tempting to suggest that transcription-
independent cell cycle regulatory functions might also
exist.

The PR has also been shown to exhibit both
expression and activity changes during the cell cycle
[Narayanan et al., 2005]. Both phosphorylation and
transcriptional activity have been documented to
change during the cell cycle. In contrast to GR, PR
activity was highest in S phase, followed by a marked
reduction in G2/M. A significant component of the
high S phase activity of PR seems to be dependent
on casein kinase 2 (CK2) phosphorylation of S81,
which is only found in PR-B [Hagan et al., 2011]. This
phosphorylation is ligand-independent, and
furthermore, CK2 nuclear localization is cell cycle-
dependent and is nuclear-localized in S phase [Hagan
et al., 2013; Hagan et al., 2011]. Interestingly,
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phosphorylation of PR at S162 and S294 is abolished
in G2/M and phosphorylation at S294 has been
associated with transcriptional activation previously
[Shen et al., 2001]. Therefore, low phosphorylation
levels and transcriptional activity of PR at G2/M
suggests that phosphorylation of PR regulates its
transcriptional activation in a cell cycle-dependent
manner, predominantly in G1/S. Indeed,
phosphorylation at multiple sites on hormone
receptors is generally thought to positively or
negatively modify transcriptional activities of
receptors.

Other NRs such as the pregnane X receptor (PXR)
have been suggested to actually associate with
condensed chromatin during mitosis [Saradhi et al.,
2005]. The AR has also been reported to be
associated with mitotic chromatin in some
circumstances [Singh and Kumar, 2005] and its
function there suggested to provide a form of
“transcription memory” or “book marking” [Sarge and
Park-Sarge, 2009; Zaidi et al., 2010]. Other data
suggest that AR levels decline at the G1/S transition
and increase as prostate cancer cells progress
through S phase, with markedly lower AR levels again
being detected as cells exit mitosis [Chen et al.,
2006]. Protein degradation has been implicated in this
decrease in AR levels, and an involvement of Cdk1 in
the process suggested. This mitotic kinase is
associated with and can phosphorylate and stabilize
AR. As cells exit mitosis, however, the activity of cdkl
is markedly decreased [Chen et al., 2006]. These
data, it can be argued, support a potentially non-
transcription factor role for at least some NRs,
especially in the M phase of the cell cycle.

Steroid receptor coactivator expression/activity
during the cell cycle

Interestingly, some NR coactivators have been
suggested to have distinct roles at different phases of
the cell cycle. Nuclear receptor coactivator 4
(NCOAA4), also known as ARA70, is a coactivator of
several nuclear factors [Kollara and Brown, 2012].
However, several lines of evidence now suggest a
potential role in mitosis, due to its frequent
association with the mitotic spindle and midbody at
cytokinesis [Kollara and Brown, 2012].

Another coactivator, steroid receptor coactivator-
3/amplified in breast cancer 1 (SRC3/AIB1), has also
been suggested to have roles in both S phase and
mitosis [Ferrero et al., 2011]. Expression levels of
AIB1 are highest during G1, and decrease in S and
G2/M phases. However, in mitosis, specifically in
prometaphase, a slower migrating form of AIB1 is
seen. The slower migrating form of AIB1 is due mostly
to phosphorylation. During mitosis, AIB1 interacts with
and is phosphorylated by cdk1, and it has been
speculated that this is a mechanism to negatively
regulate the transcriptional coactivator activity of AIB1

to prevent abnormal transcription during mitosis
[Ferrero et al., 2011].

Differential expression, regulation and potential
activity during the cell cycle of several NRs and/or
their coactivators support the need for a more detailed
investigation of differential functions.

Mechanisms of fluctuations in expression and activity
of steroid receptors throughout the cell cycle

Studies at genome-wide transcription levels have
found that about 10% of genes are related to cell-
cycle functions, while the majority of genes are not
[Cho et al., 1998; Spellman et al., 1998]. These
phase-specific genes are closely related to cell cycle
progression or cell cycle-dependent events. For
instance, genes transcribed during the M interval are
proteins that are required for late cell cycle events,
such as spindle formation, cytokinesis and separation
of two daughter cells [Mclnerny, 2004]; those
transcripts that are upregulated in late G1 are
involved in DNA replication; genes responsible for
DNA damage response peak in S phase [Cho et al.,
2001]. In the appropriate target cells, steroid hormone
receptors regulate the transcription of genes that
directly regulate the cell cycle. In addition, steroid
hormone receptors can directly affect cell cycle
regulatory protein complexes via protein-protein
interactions or by effecting protein translation and/or
degradation. In turn, several members of the cell
cycle machinery can regulate steroid hormone
receptor activity, often by phosphorylation/
dephosphorylation, and in some cases via a
transcriptional coregulatory function. Therefore,
multiple mechanisms are associated with steroid
hormone receptor regulation throughout the cell cycle.

Steroid receptors can regulate expression and/or
activity of cell cycle machinery

The association between steroid or steroid receptor
pathways and the G1/S cell cycle machinery,
including both cyclins and CDKs, is well known to
activate gene transcription, promote cell proliferation
and to drive the G1/S transition and enhance cell
cycle progression through S phase. Extensive study
has shown that steroids and steroid receptors
promote G1/S cell cycle progression by activation of
several cell cycle-dependent genes such as cyclin D1,
cyclin E and modulation of CDK inhibitors p21 and
p27 [Shupnik, 2004]. During G1/S, CDK4/6/2 and
their associated cyclins D/E/A are known to be
activated and play important roles in G1 entry and
G1/S transition [Vermeulen et al., 2003]. For example,
estrogen regulates the transcription and function of c-
Myc and cyclin D1, which further activates the cyclin
E-CDK2 complex. This latter protein complex
phosphorylates various substrates such as the
retinoblastoma susceptibility gene pRB, which allows
DNA synthesis initiation [Weinberg, 1995]. Similarly,
another recent study showed that estrogen (ERa)-
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induced activation of cyclin E-CDK2 results in the
complex binding to and phosphorylating ERa at S341,
which enhances ERa interaction with a coactivator S-
phase kinase-associated protein 2 (SKP2). This in
turn enhances E2F-1 gene transcription, which further
induces expression of SKP2, cyclin E, cyclin A and
other E2F-1 target genes that drive S and G2/M
progression[Zhou et al., 2014]. Cdc25, which was
also identified to be a coactivator of ER, was shown to
bind ER and increase its transcriptional activity [Ma et
al., 2001]. Interestingly, Cdc25A is a phosphatase that
activates cyclin E- and cyclin A-dependent kinases
and promotes G1/S transition [Blomberg and
Hoffmann, 1999; Hoffmann et al., 1994]. It is still
unclear whether the interaction between Cdc25 and
ER directly contributes to G1/S cell cycle progression.
Moreover, many different cell signaling pathways are
involved in the regulation of ERa transcription and
G1/S progression. For example, the
phosphatidylinositol 3-kinase (PI3K)-protein kinase C
¢ (PKCJQ)-ras signaling pathway acts on ERa,
increasing cyclin D expression, which helps to drive
G1/s transition in MCF7, a breast cancer cell line
[Castoria et al., 2004]. It is also important to note that
c-Myc and Cyclin D1 are both ERa and PR target
genes in breast cancer, and in many cases these two
genes are likely regulated by novel ERa/PR
complexes [Giulianelli et al., 2012].

AR can also regulate G1/S cell cycle progression
[Balk and Knudsen, 2008] through several
mechanisms that affect cyclin expression and CDK
activities in prostate cancer cells. Androgen and AR
can also drive cell cycle progression by increasing
cyclin D levels through a mammalian target of
rapamycin (MTOR) complex 1 (mMTORC1)-dependent
enhancement of translation [Xu et al., 2006], through
activation of mMTORC2/AKT pathways and decreased
activity of the cyclin-dependent kinase inhibitor p27
[Fang et al., 2012]. Such activity promotes assembly
of active CDK/cyclin complexes. Moreover, several
components of the G1/S cell cycle machinery have in
turn been shown to regulate AR transcriptional activity
[Balk and Knudsen, 2008]. It has been shown that
overexpression of cyclin E upregulated AR activity,
while cyclin D1 overexpression inhibited AR function
[Knudsen et al., 1999; Reutens et al., 2001;
Yamamoto et al., 2000]. Indeed, some of the cyclins
have effects on AR which are independent of their
ability to regulate CDK activity. In addition, while
some G1/S CDKs can phosphorylate the AR and
hence regulate its activity, some CDKs can also
coactivate the receptor independently of their kinase
activity [Koryakina et al., 2014; Lim et al., 2005].
There is also a significant amount of literature
showing the association of PR with cell cycle
mediators. The data show that progestins, through
PR, can increase the expression of cyclin D1 RNA
and protein levels [McGowan et al., 2007]. In addition,
progestins, through PR, can increase cyclin E activity

[Rivas et al., 2012]. The accumulated data not only
show that PR signaling can regulate cell cycle
progression [Groshong et al., 1997; McGowan et al.,
2007; Sutherland et al., 1998], but also suggest that
PR expression, phosphorylation and activity can be
regulated in a cell cycle-dependent fashion [Dressing
et al., 2014; Moore and Weigel, 2011; Weigel and
Moore, 2007a] .

Steroid hormone receptor activity in G2/M and
interactions with G2/M kinases

While most studies have focused on the function and
regulation of steroid hormone receptors in G1 and
G1/S progression, several receptors have been
shown to interact with and be regulated by G2/M
kinases that are known primarily for their G2/M
functions. For example, the G2 phase activated
kinase, CDK1, can phosphorylate AR and modulation
of CDK1 activity can alter AR expression and
transcriptional activity [Chen et al., 2012; Chen et al.,
2006].

During G2/M phase, while cells prepare for mitosis
and cell division and continue to divide into two cells,
ligand-independent phosphorylation of steroid
receptors and repressed gene transcription were
frequently observed within the target cells. For
instance, significant ligand-independent
phosphorylation of the PR can occur in G2/M
synchronized cells [Dressing et al., 2014] and there
seems to be a subset of PR target genes that can be
selectively transcribed/expressed during the G2/M
phase of the cell cycle. Others have shown that PR
transcriptional activity is highest in S phase, lowest in
GO0/G1 and impaired in G2/M [Narayanan et al.,
2005], using reporter gene assays in stably
transfected T47D breast cancer cells. Similarly, GR-
mediated transcription was also shown to be impaired
in G2/M phases [Burnstein, 2002]. These
transcriptional activities of receptors are closely
related to the phosphorylation status of receptors,
accessibility of the chromosomes and nuclear
localization of receptors. The impaired transactivation
of some receptors in mitosis has largely been thought
to be regulated by their subcellular localization. It was
shown using live cell imaging analysis that GR stays
in the nucleus throughout interphase, while it is
rapidly excluded from DNA in M phase and early
G1[Matthews et al., 2011]. In addition,
phosphorylation of receptors might also play a role in
the cell cycle phase-specific regulation of NRs.
Phosphorylation of GR increased three-fold in G2/M
compared to hormone-induced phosphorylation of GR
during S phase [Hu et al., 1994]. Furthermore, despite
the hyperphosphorylation in G2/M, the
phosphorylation of the N-terminal domain S203 and
S211 phosphosites was not required for GRs
chromosomal segregation regulatory function
[Matthews et al., 2015]. Presumably, the hormone-
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independent phosphorylation in G2/M functions
differently than the hormone-induced

hyperphosphorylation occurring in S phase in its
transactivation of target genes [Hu et al., 1994].

The observation of altered and often enhanced
phosphorylation of some steroid hormone receptors in
G2/M suggests the involvement of G2/M kinases. The
interaction of steroid receptors with G2/M phase-
specific kinases seems less well understood than that
with G1/S kinases. Similar to G1/S kinases, G2/M
kinases also can participate in the regulation of
transcriptional activities of steroid receptors. For
example, PLK1, a serine/threonine kinase, is well-
known to regulate mitotic entry, spindle formation and
cytokinesis during cell division [van Vugt and
Medema, 2005]. PLK1 interacts with ERa and is
recruited to ERa target genes, where it can modulate
estrogen-dependent gene transcription in breast
cancer cells [Wierer et al., 2013]. Some studies have
also found that in estrogen-treated MCF7 cells, the
upregulation of PLK1 and cyclin B correlated directly
with ERa protein levels [Karadedou, 2006]. However,
it was not determined if the elevation of G2/M kinases
by estrogen treatment was due to a general effect on
cell cycle, since expression and activity levels of both
PLK1 and cyclin B increase at G2/M and the
expression level of ERa itself oscillates during the cell
cycle, as discussed above.

Aurora A kinase is another serine/threonine kinase
and a proto-oncogenic mitotic kinase. It functions
mainly in centrosome separation and spindle
formation, but may also have roles in chromosome
alignment and chromosome segregation during
mitosis [Lens et al., 2010]. It can be activated by
mitogen- activated protein kinase (MAPK) signaling,
which can induce down-regulation of ERa expression
and endocrine resistance, as well as tumor
progression in breast cancer cells [Opyrchal et al.,
2014]. It has also been shown that Aurora A interacts
with and phosphorylates ERa at S167 and S305,
which increased DNA-binding and transcriptional
activity of ERa [Opyrchal et al., 2014]. Aurora A
kinase can be activated by aberrant MAPK signaling
that results in ERa down-regulation through
phosphorylation and activation of SMADS5 nuclear
signaling that can lead to endocrine resistance and
tumor progression. Another estrogen receptor, ERf,
which shares significant homology in DNA and
hormone binding domains with ERa, was found to
directly interact with the spindle assembly checkpoint
protein mitosis arrest-deficient 2 (MAD2) in a yeast
two-hybrid system and glutathione S-transferase
(GST) pulldown assay [Poelzl et al., 2000]. Although
the functions of ERB/MAD?2 interaction are still
unknown, it suggested a potential function in the
regulation of cell cycle apart from the previously
established role as a transcriptional factor. However,
these results have not been independently replicated

as yet. Interestingly, unlike other NRs which
predominantly drive G1/S and cell cycle progression,
ERP over-expression in ERa+ breast cancer cell-lines
induced ligand-independent G2 arrest by inhibiting
CDK1 activities, which determine G2 progression
[Paruthiyil et al., 2011] through increased levels of
GADD45A and BTG2 and decrease expression level
of cyclin B.

Another Aurora kinase family member, Aurora B
kinase, is a well-known G2/M kinase; it maintains
spindle integrity and regulates cytokinesis during
mitosis. Apart from its function in cell cycle regulation,
it was shown that Aurora B can directly interact with
TR and this activity is essential for TR-dependent
growth hormone gene transcription at GO/G1.
Meanwhile, liganded TR in turn increases kinase
activity of Aurora B [Tardaguila et al., 2011].

As discussed, the association between steroid
receptors and some G2/M kinases can result in
enhanced target gene transcription in interphase
cells. Despite the expression and activity of G2/M
proteins, such as PLK1, Aurora A, Aurora B and
cyclin B being lower in G1/S, they promote the
transcriptional activities of steroid receptors which
often peak at G1/S. It is postulated that G2/M kinases
could also interact with some steroid receptors during
G2/M and this would result in novel alternative
activities.

Post-translational modification of steroid
receptors in the regulation of transcription and
cell cycle

As discussed above, phosphorylation of receptors
may play a role in the cell cycle phase-specific
regulation of NRs. Further data supporting this idea
are as follows. GR phosphorylation at S203 and S211
in the AF1 domain are important for its transactivation
[Matthews et al., 2008], however, these two sites are
also hyperphosphorylated at G2/M in a ligand-
independent manner, but only phosphorylation at
S211 in mitotic cells is required for GR activity
[Matthews et al., 2011]. In contrast, phosphorylation
at both these sites in interphase cells is minimal and
in the presence of hormone, phosphorylation at both
sites is significantly increased.

Similarly, AR S81 phosphorylation peaks at mitosis,
which is mediated by CDK1 activation. It has been
suggested that AR S81 phosphorylation in mitosis
provides a pool which can be rapidly recruited to
chromatin to regulate target gene transcription during
GO0/G1 phase, since AR S81 phosphorylation
regulates cellular distribution of AR [Fang et al.,
2012]. Interestingly, in experiments in which MCF7
cells were programmed to have a more cancer stem
cell-like phenotype and higher mitotic rate by stable
over-expression of SOX2, increased ERa
phosphorylation on S118 was found during
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Figure 1: Steroid receptors and cell cycle regulatory kinases during the cell cycle. Protein expression (in light blue) and
transcriptional activity (in dark blue) of steroid receptors (SRs) and coactivators (ERa, AR, PR, GR and AIB1) during different
phases of the cell cycle are shown. During G1/S or S/G2 transition, SR and coactivators generally have high levels of protein
expression and transcriptional activities. Both are decreased as the cells progress through G2/M. SRs directly interact with cell cycle
kinases (Cyclin D/E/A) to drive G1-S progression. While maintaining the fidelity of cell division, G2/M kinases (PLK1, Aurora A,
cyclin B and CDK1, etc.) fine-tune transcriptional levels and protein stability of SRs (ER, AR).

metaphase [Vazquez-Martin et al., 2013]. These signaling pathways, are pivotal events in breast and
results suggest that phosphorylation of steroid prostate cancer, respectively. Often, one of the
receptors in particular may be intimately involved in primary events is increased expression of the steroid
regulating the putative novel function(s) of steroid hormone receptor at an early stage of tumorigenesis
receptors during mitosis. [Lanari and Molinolo, 2002; Singh and Kumar, 2005].
Following that, cancer progression and metastasis

Alterations of steroid receptors and cell occur by multiple mechanisms associated with short
cycle perturb hormonal control and lead to circui_ting the agonist requirement_ for activation of the
tumor formation and progression steroid hormone receptor, which in a few cases

includes gain-of-function mutations in ER and AR
[O'Mahony et al., 2008; Pasqualini, 2002], resulting in
ligand-independent constitutive activation. Loss of
steroid hormone receptors is not frequently seen, but
can occur [Sighoko et al., 2014]. Mutation and/or
overexpression of many genes encoding kinases and
associated regulatory proteins that regulate the cell
cycle are also common themes in cancer
development, e.g., Aurora A kinase over-expression
and constitutive activation leads to aneuploidy,

Long term exposure to hormones plays an integral
role in the development of hormone-dependent
tumors such as breast, prostate and endometrial
cancers. Although exact mechanisms are not well
established, it is generally believed that hormones
acting through hormone receptors stimulate gene
transcription and cell proliferation, and support the
growth of cells with genetic mutations. Dysregulation
of ER and AR expression, and the subsequent altered
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centrosome anomalies and chromosome instability in
prostate, ovarian and breast cancers, as well as in
animal models of these cancers [Buschhorn et al.,
2005; Das et al., 2010; Gritsko et al., 2003; Hontz et
al., 2007]. Patients having both increased steroid
receptors and cell cycle kinase activities may
therefore benefit at an early stage from combination
therapies consisting of anti-hormone therapy and
kinase inhibitors. Targeting cell cycle kinases, such as
CDK4/6, in combination with antihormonal therapies,
such as aromatase inhibitors, as therapy for
advanced breast cancer is already in progress, with
some success [Finn et al., 2014]. The emerging data
reviewed above suggest that there are many other
interactions and novel functions to be explored and
elucidated that involve steroid receptors and cell cycle
kinases.

There are multiple studies from several different
laboratories showing steroid hormone and other NRs
both regulating expression and/or activity of the cell
cycle/mitotic machinery, as well as showing that the
activity and/or expression of the receptors themselves
can be altered during the cell cycle (Figure 1). Most
often, determination of cell cycle effects on receptor
function has only focused on measuring
transcriptional activity. However, by analogy to the
demonstration of alternative functions, independent of
the cell cycle mediator roles, of several components
of the cell cycle machinery (e.g., kinase independent
actions of CDKs, cyclins and CKls [Yamamoto et al.,
2000]; cyclin D1 has roles in steroid hormone receptor
transcription that are independent of its cell cycle
mediator role [Zwijsen et al., 1997]), it is possible that
the steroid and other NRs may also have
transcription-independent functions depending on the
cell cycle phase. Such alternative activities are often
difficult to separate experimentally and the extensive
cross-talk, that in part has been reviewed above,
suggests a tight linkage of the cell cycle with
transcriptional events. For example, during G2/M
phase in synchronized cells, PR and cyclin D1
interact in a ligand-independent fashion and both can
be detected in the same transcriptional complexes at
endogenous target genes that are known to be cyclin
D1-dependent [Dressing et al., 2014], and this may be
part of the mechanism associated with target genes
that only become sensitive to PR regulation during
specific phases of the cell cycle [Dressing et al.,
2014]. Uncovering the mechanisms underlying
particularly the steroid receptor roles in G2/M of the
cell cycle may open up completely new approaches
for endocrine therapy.

Conclusion

Increasing evidence suggests that cell cycle kinases
may have differential roles independent of those
traditionally identified with their regulation of the cell
cycle (Figure 1). As described in this review, they can

assist in the transcriptional activities of steroid
hormone receptors. In particular, it is now well
established that mitotic kinases can regulate steroid
hormone receptor transcriptional activity in
interphase. In addition, emerging data hint that the
steroid hormone receptors may have functions in
mitosis that are likely independent of their
transcriptional activity. Therefore, the mitotic kinases
may well interact with some steroid hormone
receptors in G2/M, resulting in alternative novel
activities. ldentification of these interactions may well
provide novel targets for therapy in various diseases
where steroid hormone receptors are known to play
important roles.

Acknowledgements

This work was made possible through grant support
to LCM from the Canadian Institutes of Health
Research (CIHR), the Canadian Breast Cancer
Foundation (CBCF), the Canadian Cancer Society
Research Institute (CCSRI) and the CancerCare
Manitoba Foundation (CCMF). YZ is funded by a
CBCF-Prairies/INWT region Postdoctoral Fellowship.

References

Abel, G. A., Wochnik, G. M., Ruegg, J., Rouyer, A.,
Holsboer, F.and Rein, T. (2002). Activity of the GR in
G2 and mitosis. Mol Endocrinol 16, 1352-1366.
PubMed Full text

Astrinidis, A., Kim, J., Kelly, C. M., Olofsson, B. A.,
Torabi, B., Sorokina, E. M.and Azizkhan-Clifford, J.
(2010). The transcription factor SP1 regulates
centriole function and chromosomal stability through a
functional interaction with the mammalian target of
rapamycin/raptor complex. Genes Chromosomes
Cancer 49, 282-297. PubMed

Balk, S. P.and Knudsen, K. E. (2008). AR, the cell
cycle, and prostate cancer. Nucl Recept Signal 6,
e001._ PubMed

Blomberg, I.and Hoffmann, 1. (1999). Ectopic
expression of Cdc25A accelerates the G(1)/S
transition and leads to premature activation of cyclin
E- and cyclin A-dependent kinases. Mol Cell Biol 19,
6183-6194. PubMed Full text

Buschhorn, H. M., Klein, R. R., Chambers, S. M.,
Hardy, M. C., Green, S., Bearss, D.and Nagle, R. B.
(2005). Aurora-A over-expression in high-grade PIN
lesions and prostate cancer. Prostate 64, 341-346.
PubMed Full text

Castoria, G., Migliaccio, A., Di Domenico, M.,
Lombardi, M., de Falco, A., Varricchio, L., Bilancio, A.,
Barone, M. V.and Auricchio, F. (2004). Role of
atypical protein kinase C in estradiol-triggered G1/S

Nuclear Receptor Signaling | www.nrsignaling.org

NRS | 2016 | Vol. 14 | doi:10.1621/nrs.14001 | 8



Review

Regulation of steroid hormone receptors during the cell cycle

progression of MCF-7 cells. Mol Cell Biol 24, 7643-
7653._PubMed Full text

Chen, S., Gulla, S., Cai, C.and Balk, S. P. (2012).
Androgen receptor serine 81 phosphorylation
mediates chromatin binding and transcriptional
activation. J Biol Chem 287, 8571-8583._ PubMed Full
text

Chen, S., Xu, Y., Yuan, X., Bubley, G. J.and Balk, S.
P. (2006). Androgen receptor phosphorylation and
stabilization in prostate cancer by cyclin-dependent
kinase 1. Proc Natl Acad Sci U S A 103, 15969-
15974._ PubMed Full text

Cho, R. J., Campbell, M. J., Winzeler, E. A.,
Steinmetz, L., Conway, A., Wodicka, L., Wolfsberg, T.
G., Gabrielian, A. E., Landsman, D., Lockhart, D.
J.and Davis, R. W. (1998). A genome-wide
transcriptional analysis of the mitotic cell cycle. Mol
Cell 2, 65-73._ PubMed Full text

Cho, R. J., Huang, M., Campbell, M. J., Dong, H.,
Steinmetz, L., Sapinoso, L., Hampton, G., Elledge, S.
J., Davis, R. W.and Lockhart, D. J. (2001).
Transcriptional regulation and function during the
human cell cycle. Nat Genet 27, 48-54. PubMed Full
text

Chuang, J. Y., Wang, Y. T., Yeh, S. H,, Liu, Y. W.,
Chang, W. C.and Hung, J. J. (2008). Phosphorylation
by c-Jun NH2-terminal kinase 1 regulates the stability
of transcription factor Sp1 during mitosis. Mol Biol Cell
19, 1139-1151. PubMed Full text

Das, K., Lorena, P. D., Ng, L. K., Shen, L., Lim, D.,
Siow, W. Y., Narasimhan, K., Teh, M., Choolani, M.,
Putti, T. C.and Salto-Tellez, M. (2010). Aurora-A
expression, hormone receptor status and clinical
outcome in hormone related cancers. Pathology 42,
540-546. PubMed Full text

Doisneau-Sixou, S. F., Sergio, C. M., Carroll, J. S.,
Hui, R., Musgrove, E. A.and Sutherland, R. L. (2003).
Estrogen and antiestrogen regulation of cell cycle
progression in breast cancer cells. Endocr Relat
Cancer 10, 179-186. PubMed Full text

Dong, X. F., Berthois, Y., Colomb, E.and Martin, P. M.
(1991). Cell cycle phase dependence of estrogen and
epidermal growth factor (EGF) receptor expression in
MCEF-7 cells: implications in antiestrogen and EGF
cell responsiveness. Endocrinology 129, 2719-2728.
PubMed Full text

Dressing, G. E., Knutson, T. P., Schiewer, M. J.,
Daniel, A. R., Hagan, C. R., Diep, C. H., Knudsen, K.
E.and Lange, C. A. (2014). Progesterone receptor-
cyclin D1 complexes induce cell cycle-dependent

transcriptional programs in breast cancer cells. Mol
Endocrinol 28, 442-457. PubMed Full text

Fang, Z., Zhang, T., Dizeyi, N., Chen, S., Wang, H.,
Swanson, K. D., Cai, C., Balk, S. P.and Yuan, X.
(2012). Androgen Receptor Enhances p27
Degradation in Prostate Cancer Cells through Rapid
and Selective TORC2 Activation. J Biol Chem 287,
2090-2098. PubMed Full text

Ferrero, M., Ferragud, J., Orlando, L., Valero, L.,
Pino, M. S. d., Farras, R.and Mora, J. F. d. (2011).
Phosphorylation of AIB1 at mitosis is regulated by
CDK1/cyclin B. PLOS one 6, DOI: Full text

Finn, R. S., Crown, J. P., Lang, |., Boer, K.,
Bondarenko, I. M., Kulyk, S. O., Ettl, J., Patel, R.,
Pinter, T., Schmidt, M., et al. (2014). The cyclin-
dependent kinase 4/6 inhibitor palbociclib in
combination with letrozole versus letrozole alone as
first-line treatment of oestrogen receptor-positive,
HER2-negative, advanced breast cancer (PALOMA-
1/TRIO-18): a randomised phase 2 study. Lancet
Oncol 16, 25-35. PubMed Full text

Foley, E. A.and Kapoor, T. M. (2013). Microtubule
attachment and spindle assembly checkpoint
signalling at the kinetochore. Nat Rev Mol Cell Biol
14, 25-37._PubMed Full text

Fu, J., Jiang, Q. & Zhang, C (2010). Collaboration of
Mitotic Kinases in Cell Cycle Control. Nature
Education 3, 82.

Gao, X., Loggie, B. W.and Nawaz, Z. (2002). The
roles of sex steroid receptor coregulators in cancer.
Mol Cancer 1, 7. PubMed Full text

Giulianelli, S., Vaque, J. P., Soldati, R., Wargon, V.,
Vanzulli, S. 1., Martins, R., Zeitlin, E., Molinolo, A. A.,
Helguero, L. A., Lamb, C. A,, et al. (2012). Estrogen
receptor alpha mediates progestin-induced mammary
tumor growth by interacting with progesterone
receptors at the cyclin D1/MYC promoters. Cancer
Res 72, 2416-2427. PubMed Full text

Gritsko, T. M., Coppola, D., Paciga, J. E., Yang, L.,
Sun, M., Shelley, S. A, Fiorica, J. V., Nicosia, S.
V.and Cheng, J. Q. (2003). Activation and
overexpression of centrosome kinase BTAK/Aurora-A
in human ovarian cancer. Clin Cancer Res 9, 1420-
1426. PubMed

Groshong, S. D., Owen, G. |, Grimison, B., Schauer,
I. E., Todd, M. C,, Langan, T. A., Sclafani, R. A,,
Lange, C. A.and Horwitz, K. B. (1997). Biphasic
regulation of breast cancer cell growth by
progesterone: role of the cyclin-dependent kinase
inhibitors, p21 and p27(Kip1). Mol Endocrinol 11,
1593-1607._PubMed Full text

Nuclear Receptor Signaling | www.nrsignaling.org

NRS | 2016 | Vol. 14 | doi:10.1621/nrs.14001 | 9



Review

Regulation of steroid hormone receptors during the cell cycle

Hagan, C. R., Knutson, T. P.and Lange, C. A. (2013).
A Common Docking Domain in Progesterone
Receptor-B links DUSP6 and CK2 signaling to
proliferative transcriptional programs in breast cancer
cells. Nucleic Acids Res 41, 8926-8942. PubMed Full
text

Hagan, C. R., Regan, T. M., Dressing, G. E.and
Lange, C. A. (2011). ck2-dependent phosphorylation
of progesterone receptors (PR) on Ser81 regulates
PR-B isoform-specific target gene expression in
breast cancer cells. Mol Cell Biol 31, 2439-2452.
PubMed Full text

He, S.and Davie, J. R. (2006). Sp1 and Sp3 foci
distribution throughout mitosis. J Cell Sci 119, 1063-
1070. PubMed Full text

Hoffmann, |, Draetta, G.and Karsenti, E. (1994).
Activation of the phosphatase activity of human
cdc25A by a cdk2-cyclin E dependent
phosphorylation at the G1/S transition. Embo J 13,
4302-4310. PubMed

Hontz, A. E., Li, S. A, Lingle, W. L., Negron, V.,
Bruzek, A., Salisbury, J. L.and Li, J. J. (2007). Aurora
a and B overexpression and centrosome amplification
in early estrogen-induced tumor foci in the Syrian
hamster kidney: implications for chromosomal
instability, aneuploidy, and neoplasia. Cancer Res 67,
2957-2963._ PubMed Full text

Hu, J. M., Bodwell, J. E.and Munck, A. (1994). Cell
cycle-dependent glucocorticoid receptor
phosphorylation and activity. Mol Endocrinol 8, 1709-
1713. PubMed

lkegami, A., Inoue, S., Hosoi, T., Kaneki, M., Mizuno,
Y., Akedo, Y., Ouchi, Y.and Orimo, H. (1994). Cell
cycle-dependent expression of estrogen receptor and
effect of estrogen on proliferation of synchronized
human osteoblast-like osteosarcoma cells.
Endocrinology 135, 782-789. PubMed

Jakesz, R., Smith, C. A., Aitken, S., Huff, K.,
Schuette, W., Shackney, S.and Lippman, M. (1984).
Influence of cell proliferation and cell cycle phase on
expression of estrogen receptor in MCF-7 breast
cancer cells. Cancer Res 44, 619-625. PubMed

Karadedou, C. T. (2006). Regulation of the FOXM1
transcription factor by the estrogen receptor alpha at
the protein level, in breast cancer. Hippokratia 10,
128-132. PubMed

<other>Klinge, C., Rao, C, Glob libr. women's med.,
(ISSN: 1756-2228) (2008);</other> <unknown>DOlI
10.3843/GLOWM.10281. The Steroid Hormone
Receptors.</unknown>

Knudsen, K. E., Cavenee, W. K.and Arden, K. C.
(1999). D-type cyclins complex with the androgen
receptor and inhibit its transcriptional transactivation
ability. Cancer Res 59, 2297-2301._ PubMed

Kollara, A.and Brown, T. J. (2012). Expression and
function of nuclear receptor co-activator 4: evidence
of a potential role independent of co-activator activity.
Cell Mol Life Sci. 69, 3895-3909. PubMed Full text

Koryakina, Y., Ta, H. Q.and Gioeli, D. (2014).
Androgen receptor phosphorylation: biological context
and functional consequences. Endocr Relat Cancer
21, T131-145. PubMed Full text

Lanari, C.and Molinolo, A. A. (2002). Progesterone
receptors--animal models and cell signalling in breast
cancer. Diverse activation pathways for the
progesterone receptor: possible implications for
breast biology and cancer. Breast Cancer Res 4, 240-
243. PubMed Full text

Lens, S. M., Voest, E. E.and Medema, R. H. (2010).
Shared and separate functions of polo-like kinases
and aurora kinases in cancer. Nat Rev Cancer 10,
825-841. PubMed Full text

Lim, J. T., Mansukhani, M.and Weinstein, I. B. (2005).
Cyclin-dependent kinase 6 associates with the
androgen receptor and enhances its transcriptional
activity in prostate cancer cells. Proc Natl Acad Sci U
S A 102, 5156-5161. PubMed Full text

Ma, Z. Q., Liu, Z., Ngan, E. S.and Tsai, S. Y. (2001).
Cdc25B functions as a novel coactivator for the
steroid receptors. Mol Cell Biol 21, 8056-8067.
PubMed Full text

Matthews, L., Berry, A., Ohanian, V., Ohanian, J.,
Garside, H.and Ray, D. (2008). Caveolin mediates
rapid glucocorticoid effects and couples glucocorticoid
action to the antiproliferative program. Mol Endocrinol
22, 1320-1330._ PubMed Full text

Matthews, L., Johnson, J., Berry, A., Trebble, P.,
Cookson, A., Spiller, D., Rivers, C., Norman, M.,
White, M.and Ray, D. (2011). Cell cycle phase
regulates glucocorticoid receptor function. PLoS One
6, €22289. PubMed Full text

Matthews, L. C., Berry, A. A., Morgan, D. J., Poolman,
T. M., Bauer, K., Kramer, F., Spiller, D. G.,
Richardson, R. V., Chapman, K. E., Farrow, S. N., et
al. (2015). Glucocorticoid receptor regulates accurate
chromosome segregation and is associated with
malignancy. Proc Natl Acad Sci U S A 112, 5479-
5484. PubMed Full text

Nuclear Receptor Signaling | www.nrsignaling.org

NRS | 2016 | Vol. 14 | doi:10.1621/nrs.14001 | 10



Review

Regulation of steroid hormone receptors during the cell cycle

McGowan, E. M., Russell, A. J., Boonyaratanakornkit,
V., Saunders, D. N., Lehrbach, G. M., Sergio, C. M.,
Musgrove, E. A., Edwards, D. P.and Sutherland, R. L.
(2007). Progestins reinitiate cell cycle progression in
antiestrogen-arrested breast cancer cells through the
B-isoform of progesterone receptor. Cancer Res 67,
8942-8951._ PubMed Full text

Mclnerny, C. J. (2004). Cell cycle-regulated
transcription in fission yeast. Biochem Soc Trans 32,
967-972. PubMed Full text

Moore, N. L. and Weigel, N. L. (2011). Regulation of
progesterone receptor activity by cyclin dependent
kinases 1 and 2 occurs in part by phosphorylation of
the SRC-1 carboxyl-terminus. Int J Biochem Cell Biol
43,1157-1167. PubMed Full text

Narayanan, R., Edwards, D. P.and Weigel, N. L.
(2005). Human progesterone receptor displays cell
cycle-dependent changes in transcriptional activity.
Mol Cell Biol 25, 2885-2898._ PubMed Full text

O'Mahony, O. A., Steinkamp, M. P., Albertelli, M. A,,
Brogley, M., Rehman, H.and Robins, D. M. (2008).
Profiling human androgen receptor mutations reveals
treatment effects in a mouse model of prostate
cancer. Mol Cancer Res 6, 1691-1701._PubMed

Opyrchal, M., Salisbury, J. L., Zhang, S., McCubrey,
J., Hawse, J., Goetz, M. P., Lomberk, G. A., Haddad,
T., Degnim, A., Lange, C., et al. (2014). Aurora-A
mitotic kinase induces endocrine resistance through
down-regulation of ERalpha expression in initially
ERalpha+ breast cancer cells. PLoS One 9, e96995.
PubMed Full text

Paruthiyil, S., Cvoro, A., Tagliaferri, M., Cohen, .,
Shtivelman, E.and Leitman, D. C. (2011). Estrogen
receptor beta causes a G2 cell cycle arrest by
inhibiting CDK1 activity through the regulation of
cyclin B1, GADD45A, and BTG2. Breast Cancer Res
Treat 129, 777-784. PubMed Full text

<bok>Pasqualini, J. R. (2002). Breast Cancer:
Prognosis, Treatment, and Prevention.</bok>

Poelzl, G., Kasai, Y., Mochizuki, N., Shaul, P. W.,
Brown, M.and Mendelsohn, M. E. (2000). Specific
association of estrogen receptor beta with the cell
cycle spindle assembly checkpoint protein, MAD2.
Proc Natl Acad Sci U S A 97, 2836-2839. PubMed
Full text

Reutens, A. T., Fu, M., Wang, C., Albanese, C.,
McPhaul, M. J., Sun, Z., Balk, S. P., Janne, O. A,,
Palvimo, J. J.and Pestell, R. G. (2001). Cyclin D1
binds the androgen receptor and regulates hormone-
dependent signaling in a p300/CBP-associated factor

(P/CAF)-dependent manner. Mol Endocrinol 15, 797-
811._PubMed Full text

Rivas, M. A., Venturutti, L., Huang, Y. W., Schillaci,
R., Huang, T. H.and Elizalde, P. V. (2012).
Downregulation of the tumor-suppressor miR-16 via
progestin-mediated oncogenic signaling contributes to
breast cancer development. Breast Cancer Res 14,
R77. PubMed

Rostagno, P., Caldani, C.and Lahlou, B. (1996a). Cell
cycle expression of steroid receptors determined by
image analysis on human breast cancer cell line: a
hypothesis on the effects of antiestrogens. Breast
Cancer Res Treat 37, 77-87._PubMed Full text

Rostagno, P., Moll, J. L., Birtwisle-Peyrottes, I.,
Ettore, F.and Caldani, C. (1996b). Cell cycle
expression of estrogen receptors determined by
image analysis on human breast cancer cells in vitro
and in vivo. Breast Cancer Res Treat 39, 147-154.
PubMed Full text

Saradhi, M., Sengupta, A., Mukhopadhyay, G.and
Tyagi, R. K. (2005). Pregnane and Xenobiotic
Receptor (PXR/SXR) resides predominantly in the
nuclear compartment of the interphase cell and
associates with the condensed chromosomes during
mitosis. Biochim Biophys Acta 1746, 85-94. PubMed
Full text

Sarge, K. D.and Park-Sarge, O. K. (2009). Mitotic
bookmarking of formerly active genes: keeping
epigenetic memories from fading. Cell Cycle 8, 818-
823._PubMed Full text

Shen, T., Horwitz, K. B.and Lange, C. A. (2001).
Transcriptional hyperactivity of human progesterone
receptors is coupled to their ligand-dependent down-
regulation by mitogen-activated protein kinase-
dependent phosphorylation of serine 294. Mol Cell
Biol 21, 6122-6131. PubMed Full text

Shupnik, M. A. (2004). Crosstalk between steroid
receptors and the c-Src-receptor tyrosine kinase
pathways: implications for cell proliferation. Oncogene
23, 7979-7989._ PubMed Full text

Sighoko, D., Liu, J., Hou, N., Gustafson, P.and Huo,
D. (2014). Discordance in hormone receptor status
among primary, metastatic, and second primary
breast cancers: biological difference or
misclassification? Oncologist 19, 592-601. PubMed
Full text

Singh, R. R.and Kumar, R. (2005). Steroid hormone
receptor signaling in tumorigenesis. J Cell Biochem
96, 490-505. PubMed Full text

Nuclear Receptor Signaling | www.nrsignaling.org

NRS | 2016 | Vol. 14 | doi:10.1621/nrs.14001 | 11



Review

Regulation of steroid hormone receptors during the cell cycle

<edb>Sonia, J. (2011). Cell Cycle Regulatory Roles
of Estrogen Receptor alpha (ERa) in Breast Cancer
Cells. In University of Texas Graduate School of
Biomedical Sciences at Houston (University of
Texas).</edb>

Spellman, P. T., Sherlock, G., Zhang, M. Q., lyer, V.
R., Anders, K., Eisen, M. B., Brown, P. O., Botstein,
D.and Futcher, B. (1998). Comprehensive
identification of cell cycle-regulated genes of the yeast
Saccharomyces cerevisiae by microarray
hybridization. Mol Biol Cell 9, 3273-3297._PubMed
Full text

Sutherland, R. L., Prall, 0. W., Watts, C. K.and

Musgrove, E. A. (1998). Estrogen and progestin
regulation of cell cycle progression. J Mammary
Gland Biol Neoplasia 3, 63-72._ PubMed Full text

Tardaguila, M., Gonzalez-Gugel, E.and Sanchez-
Pacheco, A. (2011). Aurora kinase B activity is
modulated by thyroid hormone during transcriptional
activation of pituitary genes. Mol Endocrinol 25, 385-
393._PubMed Full text

van Vugt, M. A.and Medema, R. H. (2005). Getting in
and out of mitosis with Polo-like kinase-1. Oncogene
24, 2844-2859. PubMed Full text

Vantaggiato, C., Tocchetti, M., Cappelletti, V.,
Gurtner, A., Villa, A., Daidone, M. G., Piaggio, G.,
Maggi, A.and Ciana, P. (2014). Cell cycle dependent
oscillatory expression of estrogen receptor-alpha links
Pol Il elongation to neoplastic transformation. Proc
Natl Acad Sci U S A 111, 9561-9566. PubMed Full
text

Vazquez-Martin, A., Cufi, S., Lopez-Bonet, E.,
Corominas-Faja, B., Cuyas, E., Vellon, L., Iglesias, J.
M., Leis, O., Martin, A. G.and Menendez, J. A. (2013).
Reprogramming of hon-genomic estrogen signaling
by the stemness factor SOX2 enhances the tumor-
initiating capacity of breast cancer cells. Cell Cycle
12, 3471-3477. PubMed Full text

Vermeulen, K., Van Bockstaele, D. R.and Berneman,
Z. N. (2003). The cell cycle: a review of regulation,
deregulation and therapeutic targets in cancer. Cell
Prolif 36, 131-149. PubMed Full text

Ward, R. D.and Weigel, N. L. (2009). Steroid receptor
phosphorylation: Assigning function to site-specific
phosphorylation. Biofactors 35, 528-536._PubMed Full
text

Weigel, N. L.and Moore, N. L. (2007a). Cyclins, cyclin
dependent kinases, and regulation of steroid receptor
action. Mol Cell Endocrinol 265-266, 157-161.
PubMed Full text

Weigel, N. L.and Moore, N. L. (2007b). Steroid
receptor phosphorylation: a key modulator of multiple
receptor functions. Mol Endocrinol 21, 2311-2319.
PubMed Full text

Weinberg, R. A. (1995). The retinoblastoma protein
and cell cycle control. Cell 81, 323-330._PubMed Full
text

Wierer, M., Verde, G., Pisano, P., Molina, H., Font-
Mateu, J., Di Croce, L.and Beato, M. (2013). PLK1
signaling in breast cancer cells cooperates with
estrogen receptor-dependent gene transcription. Cell
Rep 3, 2021-2032._PubMed Full text

Xu, Y., Chen, S. Y., Ross, K. N.and Balk, S. P.
(2006). Androgens induce prostate cancer cell
proliferation through mammalian target of rapamycin
activation and post-transcriptional increases in cyclin
D proteins. Cancer Res 66, 7783-7792._ PubMed Full
text

Yamamoto, A., Hashimoto, Y., Kohri, K., Ogata, E.,
Kato, S., Ikeda, K. and Nakanishi, M. (2000). Cyclin E
as a coactivator of the androgen receptor. J Cell Biol
150, 873-880. PubMed Full text

Zaidi, S. K., Young, D. W., Montecino, M. A,, Lian, J.
B., van Wijnen, A. J., Stein, J. L.and Stein, G. S.
(2010). Mitotic bookmarking of genes: a novel
dimension to epigenetic control. Nat Rev Genet 11,
583-589. PubMed Full text

<conf>Zheng, Y., Bruce, C., He, S., McManus, K.,
Davie, J.and Murphy, L. (2015). Localization of
estrogen receptor a(ERa) at the centrosome and its
regulation by protein kinases in breast cancer cells In
In: Proceedings of the 106th Annual Meeting of the
American Association for Cancer Research
(Philadelphia, PA).</conf>

Zhou, W., Srinivasan, S., Nawaz, Z.and Slingerland,
J. M. (2014). ERalpha, SKP2 and E2F-1 form a feed
forward loop driving late ERalpha targets and G1 cell
cycle progression. Oncogene 33, 2341-2353._ PubMed
Full text

Zwijsen, R. M., Wientjens, E., Klompmaker, R., van
der Sman, J., Bernards, R.and Michalides, R. J.
(1997). CDK-independent activation of estrogen
receptor by cyclin D1. Cell 88, 405-415. PubMed Full
text

Nuclear Receptor Signaling | www.nrsignaling.org

NRS | 2016 | Vol. 14 | doi:10.1621/nrs.14001 | 12



