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Summary

Steroid receptors (SR), which are ligand activated transcription factors, and their coactivators are
phosphoproteins whose activities are regulated by cell signaling pathways. Many of the identified
phosphorylation sites in these proteins contain Ser/Thr-Pro motifs suggesting that they are substrates
for cyclin dependent kinases and/or for mitogen activated protein kinases. An analysis of the roles
of cyclins and their kinases in regulating receptor action has revealed that there are both stimulatory
and inhibitory actions of cyclins, that some of the actions are independent of the partner kinases and
that these activities are receptor specific. Consistent with this finding, the limited analyses of receptor
activity as a function of cell cycle reveal distinct patterns of activation. SR often regulate cell
proliferation. Thus, the cross talk between cyclins and their kinases and the SR provides a means for
integrating the actions of the SR with the cell cycle status of cells.
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Introduction

SR belong to a family of ligand activated transcription factors (Evans, R.M., 1988) that contain
carboxyl terminal ligand binding domains, centrally located DNA binding domains, and poorly
conserved amino terminal domains that vary greatly in length and in their overall contribution
to the transcriptional activity of the SR. In the best characterized mode of SR action, upon
hormone binding the SR dissociates from a heat shock protein complex, forms a homodimer
and binds to a sequence specific DNA element recruiting a series of coactivator complexes
that remodel chromatin and facilitate transcription of target genes. In an alternative mode of
action, SR can induce or inhibit transcription through protein/protein interactions with other
transcription factors without binding directly to DNA. Finally, there is evidence that these same
SR residing at the cell membrane or in the cytoplasm activate a variety of cell signaling
pathways through interactions with Src, G proteins, and other signaling molecules. Activation
of these pathways can impact the genomic actions of the SR (Edwards, D.P., et al.,
2003;Watson, C.S. and Lange, C.A., 2005). The SR and their coactivators are phosphorylated
(Weigel, N.L., 1996) and these phosphorylations regulate activity. (Rowan, B.G., et al.,
2000;Wu, R.-C., etal., 2002). Studies of the p160 coactivator SRC-3 (AIB1) show that different
patterns of phosphorylation allow this coactivator to preferentially activate subsets of
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transcription factors (Wu, R.-C., et al., 2002;Wu, R.-C., et al., 2004). The finding that
coactivators and SR contain many phosphorylation sites with Ser/Thr-Pro motifs, a minimal
requirement for phosphorylation by cyclin dependent kinases (Cdk) and mitogen activated
kinases (MAPK) suggests that the phosphorylation status and activities of SR might be
regulated as a function of cell cycle and that cyclins and their partner kinases play a role in
regulating activity. Studies to date reveal a surprising diversity in the roles of cyclins in
regulating SR actions. In some cases the actions of the cyclins are independent of their partner
kinases and, in contrast to many of the well characterized coactivators and corepressors that
are shared by all of the SR, these actions are SR specific.

Regulation of SR by cyclins and cyclin dependent kinases

Cyclin D1

There is increasing evidence that cyclins and cyclin dependent kinases play important roles in
regulating SR function. In contrast to the well characterized SR coactivators, the actions of the
cyclins differ substantially depending on the target SR. Both kinase dependent and kinase
independent actions have been identified. Cyclins that stimulate SR activity often increase the
agonist activity of partial antagonists. Levels of cyclins are often elevated in cancers potentially
decreasing the utility of antagonists as therapeutic agents.

The first cyclin identified as having arole in regulating SR action was cyclin D1. D type cyclins
are expressed in G1 and act as partners for Cdk4 and Cdk6. Both hormone dependent and
hormone independent transcriptional activities of estrogen receptor (ER) are stimulated by
cyclin D1 independent of its partner kinase, whose co-expression reduces the potentiation of
ER activity by cyclin D1 (Zwijsen, R.M.L., etal., 1997). Tamoxifen, an ER antagonist in breast,
does not block cyclin D1 dependent induction of ER activity. Cyclin D1 binds p160 coactivator
complexes; it interacts with the ER LBD (ligand binding domain) (Zwijsen, R.M.L., et al.,
1997) and recruits coactivators to the ER complex in the absence of agonist. In cells that express
high levels of endogenous cyclin D1, co-transfection of a mutant cyclin D1 lacking the ability
to bind to coactivators but capable of binding ER reduces ER transcriptional activity (Zwijsen,
R.M., et al., 1998). Thus, endogenous ER activity is potentiated by cyclin D1 in cells that
overexpress cyclin D1.

In contrast, multiple investigators have shown that cyclin D1 inhibits androgen receptor (AR)
activity (Knudsen, K.E., etal., 1999). Mutant cyclin D1 unable to bind its partner kinase, Cdk4,
is equally effective in inhibiting AR action. Multiple AR interaction sites and mechanisms of
action have been suggested. Pestell’s group demonstrated that an isolated fragment containing
amino acids 633-668 in the hinge region interacts with cyclin D1 (Reutens, A.T., et al.,
2001). Cyclin D1 also competed with AR for interaction with P/CAF providing an additional
means for inhibition independent of cyclin D1 binding directly to AR. Knudsen’s group found
that cyclin D1 interacted with AR through the FXXLF motif blocking the amino terminal AR
interaction with the carboxyl terminal of AR that is important for full transcriptional activation
(Burd, C.J., et al., 2005). Cyclin D1 is expressed as splice variants. The cyclin D1a splice
variant of cyclin D1 inhibits AR activity and AR dependent cell growth (Burd, C.J., et al.,
2006). In contrast, a second variant, cyclin D1b, is less effective in inhibiting AR action
although the differences are target gene specific. Strikingly, the cyclin D1b splice variant does
not inhibit AR dependent cell growth (Burd, C.J., et al., 2006). Consistent with a role for cyclin
D1lain inhibiting AR action, the transcriptional activity of AR measured as a function of cell
cycle is lowest at G1/S when cyclin D1a is expressed (Martinez, E.D. and Danielsen, M.,
2002).
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Cyclin E is expressed in late G1 and is a partner for Cdk2. The activities of AR, PR, and GR
are all influenced by Cyclin E although the modes of action differ. Cyclin E stimulates AR
activity independent of its partner kinase, Cdk2 (Yamamoto, A., et al., 2000). Overexpression
of cyclin E also stimulates AR activity in the presence of the AR antagonist, hydroxyflutamide,
suggesting that aberrant overexpression of cyclin E has the potential to induce growth of
androgen dependent prostate cancer cells despite the presence of an anti-androgen.

The actions of cyclin E on other SR are less well characterized. Overexpression of cyclin E
alone had no effect on the activity of ER or PR (Yamamoto, A, et al., 2000). Interestingly,
overexpression of cyclin E reduced PR expression in HeLa cells stably expressing PR-B and
mutation of one of the PR phosphorylation sites, S400, blocked the reduction in expression
(Pierson-Mullany, L.K. and Lange, C.A., 2004). Moreover, a Cdk2 inhibitor enhanced PR
expression although inhibition of Cdk2 activity/expression inhibits PR activity. Ser400 has
been shown previously to be a candidate Cdk2 site in in vitro phosphorylation studies and a
Cdk2 inhibitor blocked EGF dependent phosphorylation of this site implicating Cdk2 in its
phosphorylation. The glucocorticoid receptor (GR) is a substrate for cyclin E/CdK2 in vitro;
Ser224 one of the authentic GR phosphorylation sites is phosphorylated by this kinase. When
GR is expressed in yeast, elimination of CDC28 (the cyclin dependent kinase that complexes
with both G1 and G2 cyclins), reduces the transcriptional activity of GR as does elimination
of subsets of G1 or G2 cyclins (Krstic, M.D., etal., 1997). Thus, cyclin E/Cdk2 may potentiate
GR action in vivo.

Cyclin A is an S phase kinase that can partner with either Cdk2 or Cdk1. Cyclin A potentiates
the activity of several SR although the mechanisms of potentiation differ. AR activity is
increased by the overexpression of cyclin A2 (Narayanan, R., et al., 2005a), the cyclin A form
expressed in adult tissues. Cyclin A1, which is more highly expressed during development, is
re-expressed in prostate cancer and in prostate cancer cell lines. The combination of cyclin A1,
AR, and Rb (retinoblastoma protein) enhances expression of VEGF (vascular endothelial cell
growth factor) (Wegiel, B., et al., 2005). Although AR is required for this induction, the
mechanism of potentiation by cyclin Al has not been addressed. In vitro, cyclin A,/Cdk2
phosphorylates GR on two amino-terminal sites, Ser?24 and Ser232 (Krstic, M.D., et al.,
1997), both of which are phosphorylated in vivo. The kinase and cyclin studies in yeast
described above are also consistent with a role for cyclin A/Cdk2 in positively modulating GR
activity.

The activity of ER is also stimulated by overexpression of cyclin A and Cdk2 is required
(Rogatsky, 1., etal., 1999). Cyclin A potentiates ligand independent activity of ER as well as
enhancing tamoxifen induced activity. In vitro phosphorylation studies revealed that serines
104 and 106, two previously identified ER phosphorylation sites, are phosphorylated by cyclin
AJ/Cdk2. The potentiation of ER activity by cyclin A is dependent upon these phosphorylation
sites (Rogatsky, I., et al., 1999).

The transcriptional activity of PR is also enhanced by cyclin A, but the mechanism of
potentiation differs from that of ER. The activity also is dependent upon the partner kinase,
Cdk2 (Narayanan, R., et al., 2005a). The most striking difference in mechanism is that
potentiation of PR activity is independent of Cdk2 dependent phosphorylation of PR. PR is
expressed as two isoforms, PR-B and the shorter PR-A form that lacks the first 164 amino
acids of PR-B; the activities of both are potentiated by cyclin A (Narayanan, R., et al.,
2005a). Although a number of the in vivo phosphorylation sites identified in PR can be
phosphorylated by cyclin A/Cdk2 in vitro (Knotts, T.A., et al., 2001), mutation of every
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candidate Ser/Thr-Pro site in PR-A has no effect on the ability of cyclin A to potentiate PR
activity (Narayanan, R., et al., 2005a). This finding led to the hypothesis that cyclin A/Cdk2
might be acting as a PR coactivator. Subsequent studies demonstrated that PR interacts with
cyclin A in vitro as well as in cells. Hormone dependent recruitment of cyclin A to a stably
integrated MMTYV promoter was detected (Narayanan, R., et al., 2005a).

Inhibition of Cdk activity with roscovitine blocks PR dependent induction of a PR responsive
luciferase reporter as did transfection with a Cdk2 siRNA (Narayanan, R., et al., 2005a).
Roscovitine also blocked hormone dependent induction of an endogenous PR responsive gene,
metallothionein I1A, in T47D cells but had no effect on cadmium induction of metallothionein
I1A. Thus, the inhibition was PR specific. Chromatin immunoprecipitation (ChIP) studies of
a stably transfected MMTYV promoter revealed that roscovitine treatment had no effect on PR
binding to the promoter or on recruitment of cyclin A. However, recruitment of the p160
coactivator, SRC-1, was greatly reduced (Narayanan, R., et al., 2005a). Subsequent in vitro
studies showed that phosphatase treatment of SRC-1 reduced its ability to bind to PR and that
rephosphorylation with cyclin A/Cdk2 restored binding. This suggests that the ability of PR
to bind cyclin A/Cdk2 creates a local high concentration of kinase facilitating phosphorylation
of SRC-1 on a site(s) that enhances affinity for PR (Narayanan, R., et al., 2005a). Previous
studies had shown that the LXXLL motifs in SRC-1 are required for the interaction with PR.
These studies show that there is an additional requirement for SRC-1 phosphorylation.

Cyclin Hand cyclin T

In addition to the cell cycle regulated cyclins, there are other cyclins that associate with kinases
whose best characterized function is the phosphorylation of the C-terminal tail of RNA
polymerase 1. Cyclin H/Cdk7, components of Cdk-activating kinase (CAK), enhances the
activity of SR and, in some cases, directly phosphorylates the SR. Overexpression of CAK
stimulates the transcriptional activity of AR (Lee, D.K., et al., 2000). CAK interacts with AR
through its amino-terminal region and in vitro binding studies show that both Cdk7 and cyclin
H interact well with the amino-terminus and that the third component of CAK, Matl, interacts
more weakly. ER activity is also increased by overexpression of Cdk7 (Chen, D., et al.,
2000). Mutation of one of the ER phosphorylation sites, Serl18, eliminated potentiation by
Cdk7. Subsequent in vivo and in vitro studies showed that the kinase does phosphorylate
Ser!18 (Chen, D., et al., 2000). Whether CAK phosphorylates AR as well as ER remains to be
determined.

P-TEFb (cyclin T/Cdk9) also phosphorylates the CTD of Pol Il. Dominant negative Cdk9
reduces AR activity and AR interacts with the kinase subunit both in vivo and in vitro through
the amino terminal domain of AR (Lee, D.K., etal., 2001). Cyclin T1 interacts with ER through
the ligand binding domain of ER and is recruited in a hormone dependent manner to the
promoter of the pS2 gene (Wittmann, B.M., et al., 2005). Overexpression of cyclin T1 enhances
ER activity measured with an ER responsive reporter. Thus, this kinase potentiates the activity
of both ER and AR, but similar to some of the other cyclin/kinases, the sites of interaction are
distinct.

Cell cycle dependence of SR function

The distinct responses of SR to overexpression of cyclins and/or enhanced kinase activity leads
to the prediction that SR activity should vary as a function of the cell cycle and that cell cycle
dependence of activity should be SR specific (Bodwell, J.E., et al., 1998). Early studies of GR
activity suggested that GR activity was inhibited in G2. In a hepatoma cell line expressing rat
GR, G2 synchronization in the presence of Hoechst 33342 reduced the ability of GR to induce
a stably transfected MMTYV reporter, but not to inhibit dexamethasone dependent repression

of the proliferin promoter (Hsu, S.-C. and DeFranco, D.B., 1995). However, subsequent studies
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in mouse neuronal HT-22 cellsand in CHO cells suggested that GR is capable of transactivation
in G2 and that the observed inhibition may be a direct effect of Hoechst 33342 on GR activity
(Abel, G.A,, et al., 2002).

Cell cycle analysis of AR action in murine L929 fibroblasts showed that AR activity was
highestin GO, strongly reduced at the G1/S interface and partially restored in S phase (Martinez,
E.D. and Danielsen, M., 2002). AR levels were also greatly reduced in G1/S, but activity was
reduced more than can be accounted for by the differences in protein expression. The inhibition
of activity was AR specific as GR activity in the same cells was only modestly reduced in G1/
S. Treatment with the histone deacetylase inhibitor, trichostatin A (TSA), strongly increased
the activity of AR in G1/S suggesting that the defect is due at least in part to inadequate histone
acetyl transferase (HAT) activity.

The activity of PR has also been measured as a function of cell cycle using a stably transfected
MMTVCAT reporter in T4A7D breast cancer cells. In contrast to GR and AR, PR activity was
highest in S phase where cyclin A is most highly expressed with reduced activity in G1 and in
G2/M (Narayanan, R., etal., 2005b). However, some of the reduction in G2/M can be attributed
to the reduction in PR expression. Consistent with the Cdk2 inhibitor studies, the ability of PR
to recruit the p160 coactivators, SRC-1 and SRC-3, was reduced in G1 relative to S phase.
Treatment with TSA restored transcriptional activity in G1 and in G2/M (Narayanan, R., et al.,
2005b).

The studies summarized above demonstrate that cyclins have unexpected functions
independent of their partner kinases. The studies of the regulation of SR activity show that the
influence of cyclins and their partner kinases are SR specific. In most cases, only the classical
transcriptional activation through a steroid response element has been studied. Whether cyclins
and their partner kinases differentially regulate SR dependent repression of transcription or
activation of transcription that is dependent upon protein/protein interactions remains to be
determined. The difference in response to cyclins and their partner kinases is supported by the
unique cell cycle dependent patterns of SR activity although this, too, is an area that requires
more investigation.
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Figure 1.

Model for steroid receptor (SR) action. Steroid hormones difuse across the cell membrane
where they bind to their cognate receptor in the cytoplasm of target cells. Ligand binding
induces conformational changes in the receptor, dissociation of heat shock proteins (HSPSs),
dimerization and nuclear translocation. In the classical mechanism for SR action, the SR dimer
binds to specific DNA response elements situated in the regulatory regions of target genes.
This is followed by recruitment of coactivators, such as p160s, cyclins, p300/CBP and pCAF,
and other components of the general transcription machinery enabling RNA synthesis. SRs
also influence transcription regulated by other transcription factors (TFs) through protein-
protein interactions and coactivator recruitment rather than DNA binding. These mechanisms
are in turn influenced by phosphorylation of the receptor by multiple kinase pathways such as
Src, MAPK, Ras, Raf and G-proteins. Both cytoplasmic and membrane bound receptors
(mSRs) influence kinase signaling cascades leading to the phosphorylation of transcription
factors. Other steroid responsive receptors with no homology to nuclear receptors are also
capable of altering cellular signaling.
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