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Abstract
Steroid receptors (SRs) are hormone-activated transcription factors important for a wide variety of
cellular functions. Posttranslational modifications of SRs, including phosphorylation,
ubiquitination, acetylation, and sumoylation regulate their expression and function. The
remarkable number of phosphorylation sites in these receptors and the wide variety of kinases
shown to modulate phosphorylation influence the integration between cell-signaling pathways and
SR action. These phosphorylation sites have been identified in all of the functional domains with
the majority being located within the amino-terminal portions of the receptors. The regulation of
function is receptor specific, site specific, and often dependent on the cellular context. Numerous
roles for site-specific phosphorylation have been elucidated including sensitivity of hormone
response, DNA binding, expression, stability, subcellular localization, dimerization, and protein-
protein interactions that can determine the regulation of specific target genes. This review
summarizes the current knowledge regarding receptor site-specific phosphorylation and regulation
of function. As functional assays become more sophisticated, it is likely that additional roles for
phosphorylation in receptor function will be identified.
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Introduction
Steroid receptors (SRs) are hormone-activated transcription factors whose expression and
function are highly regulated by posttranslational modifications including phosphorylation,
ubiquitination and sumoylation. Steroid receptors and their associated cofactors can be
phosphorylated on multiple sites by a wide range of kinases, which regulate various
functions such as protein stability, hormone sensitivity, DNA binding, subcellular
localization, and protein interactions. These functions can determine the timing, specificity,
and extent of steroid receptor target gene regulation. The specific response of steroid
receptors to their cognate ligands is largely influenced by the cellular context including the
levels of active kinases and phosphatases in addition to the expression levels of coregulators
and other receptor-interacting proteins. Thus, at least some aspects of tissue specific actions
of SRs are controlled by cell signaling pathways.

Steroid receptor function requires a series of complex molecular interactions in order to
facilitate target gene induction. In the absence of hormone, SRs exist as monomers that are
bound to chaperone complexes which include heat shock protein 90 (Hsp90), p23, and

Address correspondence to: Dr Nancy L. Weigel. Mailing address: Department of Molecular and Cellular Biology, Baylor College of
Medicine, One Baylor Plaza, BCM130, Houston, TX, 77030. Tel: 713 798 6234, Fax: 713 790 1275, nweigel@bcm.edu.

NIH Public Access
Author Manuscript
Biofactors. Author manuscript; available in PMC 2010 November 1.

Published in final edited form as:
Biofactors. 2009 ; 35(6): 528–536. doi:10.1002/biof.66.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tetratricopeptide repeat-containing cochaperones such as protein phosphatase 5 (PP5) (1)
(Figure 1). These receptor complexes are dynamic, and SRs can shuttle between the
cytoplasm and nucleus; the relative subcellular distribution in the absence of ligand is
receptor specific. Glucocorticoid receptor (GR) and androgen receptor (AR) are mainly
cytoplasmic while progesterone receptor (PR) and estrogen receptor (ER) are predominantly
nuclear. In response to hormone, SRs dissociate from the chaperone complexes and
translocate to the nucleus. SRs exhibit an increase in receptor phosphorylation and, in the
classical pathway, form homodimers that bind to response elements on DNA, and recruit a
series of coactivator complexes that modify chromatin to facilitate transcription of target
genes (Figure 1). SRs also interact with other transcription factors to bind DNA indirectly by
tethering to regulate target gene expression (2). More recent studies have revealed that SRs
also activate cell signaling pathways independent of their transcriptional function. Typically,
a small fraction of the cytoplasmic SR upon binding hormone will associate with Src
tyrosine kinase (Src) and other proteins causing activation of Src and downstream signaling
pathways (2). Whether receptor dimers or receptor monomers are required for this activity
has not been determined. Finally, SRs can be ubiquitinated, exported to the cytoplasm, and
undergo proteosome-mediated degradation which can limit SR action.

Steroid receptors share a common structure (Figure 2). The carboxyl-terminal ligand binding
domain (LBD) is linked by a hinge region (H) to a highly conserved DNA-binding domain
(DBD). The LBD contains a hormone-dependent coactivator interface called activation
function 2 (AF2). The amino-terminal domain (NTD) contains a hormone independent
coactivator interface, AF1. It is the least conserved domain and contains little intrinsic
structure. Binding to DNA or interacting with other proteins induces a more ordered
structure (3-5). The NTD contains the majority of phosphorylation sites, many of which
contain serine-proline motifs (Ser-Pro) which can be recognized by the peptidyl prolyl
isomerase, Pin1 (6). Thus, in addition to inherent change of charge, phosphorylation of these
sites can result in the isomerization and subsequent alteration of receptor structure.

The goal of this review is to summarize what is known about how the phosphorylation of
specific sites within SRs can influence function for PR, ER, AR, and GR. This aspect of
site-specific phosphorylation has been studied extensively in cell lines using a wide variety
of techniques. Many human and rodent cell lines have been used to study the effects of site-
specific phosphorylation on receptor protein stability, nuclear localization, hormone
sensitivity, DNA binding, and transcription activity. Initial studies depended upon reporter
plasmids to measure transcriptional activity and more recent studies have included analyses
of the regulation of endogenous target genes. Although the majority of identified
phosphorylation sites are serines (Ser), a few threonines (Thr) and tyrosines (Tyr) also have
been identified. SR mutants have been made to block or mimic phosphorylation by residue
substitution. Typically, Ala is substituted for Ser or Thr and phenylalanine (Phe) is
substituted for Tyr to prevent phosphorylation. Although some studies have utilized glycine
(Gly) for Ser or Thr, or Ala or other amino acids for Tyr, these substitutions may cause
larger structural changes leading to changes in activity that are not strictly dependent upon
phosphorylation. Aspartic acid (Asp) or glutamic acid (Glu) substitutions for Ser or Thr
mimic phosphorylation if the role of the phosphorylation is to increase the negative charge.
When phosphorylation plays a role in the secondary structure, an Asp or Glu substitution
often is insufficient to mimic phosphorylation. There are no suitable substitutions to mimic a
phosphorylated Tyr.

Estrogen Receptor
Site-specific SR phosphorylation has been studied extensively in estrogen receptor α (ERα),
and to a lesser extent in ERβ (Figure 2). The role of ERα Ser118 phosphorylation and the
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regulation of this phosphorylation site has been studied most extensively, in part because
phosphorylation of this site causes a reduction in mobility on SDS-PAGE gels (7), and thus
the level of phosphorylation at this site could be detected prior to the development of site
specific phosphoantibodies. This site contains a Ser-Pro motif, is phosphorylated in response
to hormone, and has been shown to be a substrate for many kinases including p42/p44
MAPK and CDK7 (8-11). Early studies in COS1 cells demonstrated that the ERα
Ser104/106/118Ala triple mutant had only 50-55% of wild type activity measured using an
estrogen response element (ERE) reporter (12). The ERα Ser118 phosphorylation is
involved in ligand-dependent interaction with transcription factor IIH (TFIIH)/CDK7 and
the Ser118Glu phospho-mimic had increased E2-mediated activity compared to wild type
(8). Furthermore, the Ser118 site has been shown to be important for the direct binding to
and activation/repression of a subset of endogenous ERα target genes (13). In addition to
target gene induction, Ser118 has been reported to be important for both ligand-dependent
dimerization of ERα and ERα-mediated RNA splicing (14,15). ERα also can be activated in
a hormone independent manner by activation of cell signaling pathways. Epidermal growth
factor (EGF) induces ligand independent activity of ERα measured using an ERE containing
reporter; the Ser118Ala mutant was not activated by EGF demonstrating that
phosphorylation of the site is required for this form of hormone independent activation in
some cell types (16). Alanine substitutions at Ser104/106 and Ser118 reduce the interaction
between ERα and several coactivators in the absence of ligand, but do not alter the E2-
mediated response in HeLa cells (17). This effect may be due to the specific cellular context
since studies in the breast cancer cell line, MDA-MB231, revealed a role for Ser104/106 and
Ser118 phosphorylation in ligand-dependent ERα activity (18). Most of the functional
studies of Ser104/106 have also included the Ser118 site (12). However, Rogatsky et al
demonstrated that potentiation of ERα activity by the CyclinA/CDK2 complex in human
osteosarcoma cells required Ser104/106, but not Ser118 (19).

Unlike the majority of phosphorylation of sites in ERα and other receptors, Ser167 does not
reside in a Ser-Pro motif. It has been reported to be a substrate for casein kinase II,
pp90Rsk1 kinase, and Akt (20-22) indicating that it can integrate signals from a number of
pathways. Castano et al have shown that the ERα Ser167Ala mutant exhibits a 70%
decrease in estradiol (E2) mediated activity in yeast. This mutant bound ligand at wild type
levels, but exhibited a 10 fold decrease in DNA binding to EREs. Furthermore, they
suggested that ligand-bound ERα undergoes a conformational change that exposes the
Ser167 thus making this residue available for phosphorylation by casein kinase II (23). Joel
et al demonstrated that the ERα Ser118/167Ala double mutant had reduced transcriptional
activity following E2 treatment that was more substantial than either single mutant alone
indicating the importance of both sites for maximal ER function (24). Further, activation of
cell-signaling cascades by sarcoma (Src) kinase has been shown to be required for optimal
estradiol dependent and tamoxifen dependent (partial ERα agonist) activation of an ERE
containing reporter and mutation of either Ser118 or Ser167 blocks this potentiation (25).
These studies also revealed that although overall binding of the Ser167Ala mutant was lower
on the ER target gene promoter, pS2, it was still enriched by E2 treatment, but was not
potentiated by active Src kinase when compared to wild type (25). Functional studies have
shown that Ser167 phosphorylation is essential for ligand-independent, rapid-signaling
induced ERα transcriptional activity in several cell lines (9,26). The Ser118 site also has
been shown to be required for ligand-independent activation induced by AKT and mitogen
activated protein kinase (MAPK), but not by Jun N-terminal kinase (9,10).

Functional studies have also been carried out on Ser236 in the DNA-binding domain. This
site is phosphorylated by Protein Kinase A (PKA). The Ser236Glu phospho-mimic
prevented DNA binding by inhibiting the dimerization of ER which resulted in reduced
activity following E2 or OHT (hydroxyl tamoxifen) treatment with or without PKA. On the
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other hand, blocking phosphorylation of this site by substituting an alanine has little effect
on either dimerization or DNA binding (27). The authors conclude that PKA-mediated
phosphorylation of ERα Ser236 inhibits dimerization in the absence of ligand and that this is
partially overcome by estrogens. Other actions of PKA must compensate in part, since
activation of PKA induces some ERα activity in the absence of hormone (28,29).

Phosphorylation of ERα Ser305, located within the LBD, is important for ERα interaction
with the coactivators, steroid receptor coactivator 1 (SRC-1) and neurotrophin receptor
interacting factor (NRIF) (30,31). Ser305 phosphorylation by protein kinase A (PKA)
induced the recruitment of RNA polymerase II to the prolactin transcription locus, an effect
that is enhanced following tamoxifen treatment (31). It also has been suggested that ERα
Ser305 phosphorylation is coupled to ERα acetylation. The ERα Ser305Asp phospho-mimic
blocked Lys303 acetylation and the mutant exhibited an enhanced transcriptional response
compared to wild type. This increase in activity was similar to that seen with the Lys303Arg
acetylation mutant, thus providing a role for Ser305 phosphorylation in negative regulation
of ERα acetylation (32). ERα Ser118 cooperates with Ser305 in p21 activated kinase (PAK)-
signaling. PAK1-signalling dependent activation of ER Ser305 phosphorylation leads to
enhanced Ser118 phosphorylation in tamoxifen resistance, perhaps due to conformation
changes (33-35).

Two additional sites have been identified in the LBD. ERα Thr311 is phosphorylated by E2
treatment and by a kinase associated with or activated by p38α-SAPK2α (36,37);
substituting Ala for Thr311 did not affect E2 binding of the receptor but compromised its
interaction with coactivators SRC-1 and SRC-2 in ERα negative Ishikawa cells (37).
Furthermore, suppression of p38 SAPK activity or substitution of Ala for Thr311 inhibited
E2-induced nuclear localization and subsequent transcriptional activation by ligand or
MEKK1 activation.

In addition to Ser-Pro site phosphorylation, tyrosine phosphorylation plays a role in ERα
action. The ERα Tyr537, located within the ligand-binding domain is basally
phosphorylated in MCF7 cells and is a substrate for src family kinases (38). A variety of
amino acid substitutions have been made at this site and the function of the mutants
examined. The Phe substitution should most closely mimic the nonphosphorylated form;
there is no adequate mimic for a phosphorylated Tyr. An ERα Tyr537Phe mutant exhibits a
25 – 30% decrease in activity in yeast despite having DNA and hormone binding affinities
that were similar to with type (39). The Try537Phe mutant had decreased receptor stability
and slightly different E2 binding kinetics, which suggests that Tyr537 phosphorylation is
important for optimal ligand binding conformation of ER. Substitutions of polar residues for
Tyr537 increase hormone independent activation of ERα. The ERα Tyr537Asn
phosphorylation mutant exhibits strong constitutive activity but no ligand-mediated
induction on ERE and pS2 promoters in both COS1 and MDA-MB-231 cells (40). The ERα
Tyr537Asn mutant also exhibited increased ligand-independent and -dependent interaction
with SRC-1 compared to wild type (40). Potentiation of the AF1 region of ERα by SRC1/
JNK is Ser118 independent and appears to require Tyr537 phosphorylation (10). This study
also demonstrates that amino acid substitutions can dramatically affect the experimental
outcome when assessing the importance of a particular phosphorylation site. Substitution of
Ser for Tyr resulted in increased SRC-1-mediated ligand-independent activity compared to
wild type whereas Phe substitution resulted in a dramatic decrease in ligand-independent
activity. In contrast, arginine substitution at this site had no effect (10). Clearly, some of
these changes in function are not simply a consequence of phosphorylation or lack of
phosphorylation.
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Finally, functional studies also have been done to assess site-specific phosphorylation in
ERβ. Activation of AKT targets Ser255, located in the hinge region of ERβ, and inhibits
ERβ activity (41). Analysis of the Ser255Ala mutant revealed an increased interaction
between ERβ and CREB-binding protein (CBP) rendering the mutant transcriptionally more
responsive to CBP coactivation, suggesting that phosphorylation of this site inhibits this
interaction. ERβ function has also been studied in the context of the mouse ERβ. The mouse
homologues of ERβ Ser106/Ser124, mERβ Ser104/Ser124, are important for the physical
interaction of mERβ with SRC1 and subsequent transcriptional activation (42). The mERβ
Ser106Ala mutant exhibited increased stability and decreased ubiquitination suggesting that
E6-AP ubiquitin ligase recruitment to ERβ is dependent on Ser106 phosphorylation thus
providing a link between ubiquitination and phosphorylation.

Progesterone receptor
In most species, PR is expressed as two isoforms, PR-A and PR-B, which are derived from a
single gene by alternative transcription from 2 different promoters. PR-A is identical to PR-
B except that it lacks some of the initial N-terminal amino acids (164 in the case of human
PR) (Figure 2). Early studies involving the chicken progesterone receptor (cPR) identified
four phosphorylation sites (43,44). All four of these sites are Ser-Pro motifs in the region
common to PR-A and PR-B. Ser211 and Ser260 are located in the amino terminus, are
basally phosphorylated, and exhibit an increased phosphorylation in response to
progesterone treatment (43,45). The remaining sites, Ser367 (amino terminus) and Ser530
(hinge region), are phosphorylated primarily in response to hormone treatment (43-46). The
cPR-A Ser530Ala mutant bound ligand with wild type affinity but exhibited a reduction in
transcriptional activity measured using reporter assays at low levels of hormone but not at
saturating levels of hormone suggesting that the site is important for response to suboptimal
levels of hormone (46). Phosphorylation of Ser211 is required for the hormone-dependent
reduction in mobility of cPR-A on SDS-PAGE gels. In addition, substitution of an Ala for
this Ser resulted in a 20% to 70% reduction in activity that was promoter and cell type
context specific (45). This phosphorylation appeared to be more important for induction of a
reporter containing tandem PR response elements with no additional transcription factor
binding sites than for one that also included a region of the TK gene suggesting that it may
play a role in interactions between PR dimers.

Ten phosphorylation sites have been described in human PR (Figure 2). Most of these are
located in the amino terminus and are Ser-Pro motifs. Of these, five are unique to the PR-B
specific region. Few studies have demonstrated functional roles for site-specific
phosphorylation of human PR. Early studies provide some evidence that both Ser190 and
Ser676 can mediate hormone dependent PR transcriptional activity (47). A transiently
expressed PR-A Ser190Ala mutant exhibits a 20 to 80% reduction in activity depending on
the cell type and promoter context with the greatest effect seen on tandem response elements
in promoters with no additional transcription factor binding sites. Likewise, PR Ser676Ala,
which is located in the hinge region, exhibited a reduction in transcriptional activity (47).
However, both mutants were expressed at somewhat lower levels than wild type PR, which
may have contributed to the observed reduction in activity. Nonetheless, these were the first
hints of a functional role for human PR site-specific phosphorylation.

Phosphorylation of PR Ser294 has been studied extensively. Both the PR-A and PR-B
isoforms contain Ser294, but there is a very strong preferential hormone-dependent
phosphorylation of Ser294 in PR-B compared to PR-A suggesting a distinct conformation of
the N-terminal domain of PRA may prevent this phosphorylation (48). Lange et al showed
that PR-B Ser294Ala stably expressed in T47D-Y cells was resistant to ligand-dependent
downregulation compared to wild type and that there was reduced ubiquitination of the
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mutant, consistent with reduced 26S proteasome mediated degradation (49). However, the
Ser294Ala mutant of PR-A also is more stable than wild type PR-A despite negligible
phosphorylation of wild type PR-A. This suggests that the Ala substitution may play an
additional role in determining stability. In addition, Ser294 phosphorylation has been shown
to be important for EGF induced nuclear translocation, proliferation, and EGF stimulated
ligand-dependent PR transactivation on both progesterone response element (PRE)-
containing reporters and endogenous genes (50). Interestingly, one study has suggested a
possible link between PR Ser294 phosphorylation and sumoylation. Phosphorylation of PR
at Ser294 was reported to prevent PR sumoylation which, in turn, de-represses PR
transcriptional activity. Ser294 phosphorylation mutants failed to undergo ligand-dependent
downregulation and were heavily sumoylated compared to wild type (51). However, a recent
study challenged this result and suggested that, in fact, PR Ser294 phosphorylation and
sumoylation were uncoupled (52) and that there are additional roles for sumoylation in
regulating overall PR activity. Phosphorylation of Ser294 also has been implicated in
aspects of rapid signaling leading to activation of kinases. Although the Ser294Ala mutant
was capable of activating p42/p44 MAPK in response to hormone, activation of Stat3 was
eliminated (53). Ser294 is the best characterized PR phosphorylation site and appears to
have an important role in many aspects of PR function.

Functional roles for Ser345 and Ser400 phosphorylation also have been described. Rapid
signaling mediates PR-B Ser345 phosphorylation requiring activated Src. Ser345
phosphorylation is, in turn required for induction of EGFR and p21, two genes whose
hormone dependent induction relies on PR tethering to SP1 at the SP1 sites within the
promoters (54). Finally, a functional role for PR S400 phosphorylation in ligand-
independent transcriptional activity has been elucidated. This study revealed that cyclin
dependent kinase 2 (CDK-2) in the absence of progestins can phosphorylate PR-B Ser400.
Although expression of a constitutively active CDK-2 induced nuclear translocation, PR-B
Ser400Ala mutants failed to translocate under these conditions. Interestingly, expression of
the constitutively active CDK-2 also induced hormone independent activation of WT PR
measured using a PR responsive luciferase reporter whereas the basal activity of the
Ser400Ala mutant was unaffected (55). Thus, although much more work is needed to assess
the importance of site-specific PR phosphorylation, it is apparent that this process has
important roles in many aspects of PR function.

Androgen Receptor
Like PR, the majority of identified phosphorylation sites for AR are located in the N-
terminal domain (Figure 2). Although many of the NTD sites have been verified in vivo,
assigning function to them has been difficult. Studies of transcriptional activation by AR of
several androgen response elements containing promoters carried out in various cell lines
has provided little information as to the function of NTD site-specific phosphorylation as
many phosphorylation mutants have exhibited no aberrant activation characteristics when
compared to wild type (56-60). However, greater differences in activity can be detected
when specific signaling pathways are activated or inhibited. For example, overexpression of
cyclin D3/CDK11p58 inhibits AR activity. The kinase phosphorylates Ser308; substitution
of an alanine elevates hormone dependent activity modestly and prevents cyclin D3/
CDK11p58 mediated repression of AR transcriptional activity (61).

Several studies have suggested that AKT mediated phosphorylation of Ser213 and Ser791
(numbered based on an AR length of 919 amino acids) reduces AR activity. Both sites are
phosphorylated by the P13K/Akt signaling pathways (62-64). Mutation of the AR Ser213 to
alanine caused AR to be resistant to AKT mediated suppression of activity in DU145 cells
(64,65). Palazzolo et al found that substituting alanines for both of the sites also prevented

Ward and Weigel Page 6

Biofactors. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



AKT mediated inhibition of AR transcriptional activity. Surprisingly, substitution of aspartic
acids at either site blocked hormone binding and, therefore, ligand dependent AR protein
stabilization, ligand-mediated translocation, and AR transcriptional activity (66).

The remaining sites in the AR NTD also have been shown to have important functional
roles. When a fragment of the androgen receptor (amino acids 507-660) is expressed, Ser515
and Ser578 are phosphorylated in response to EGF treatment (67). The AR Ser515Ala
mutation exhibited a more severe phenotype than the Ser578Ala and the double mutant
displayed little to no activity; furthermore, EGF treatment had no effect on the activity of
this mutant. A Ser578Ala substitution results in increased nuclear localization of AR in the
absence of ligand but eliminates AR transcriptional response to EGF. AR Ser578Ala also
exhibits increased binding to Ku-70/80 regulatory subunits of DNA-dependent protein
kinase in addition to nuclear retention of the AR in association with hyperphosphorylation at
Ser515 (67). Finally, the Ser515Ala mutant is not phosphorylated on Ser650, which is
located in the hinge region of AR (68). One possible explanation for this is that
phosphorylation at Ser515 mediates a conformational change of the AR thus making the
Ser650 phospho site either more available to phosphatases or less accessible to kinases.
Attempting to assign function to the AR Ser650 phosphorylation site itself has produced
conflicting reports. Early studies have suggested that blocking phosphorylation of this site
resulted in 30% reduced activity with an MMTV-Luc reporter in CV1 cells (56). This was in
direct contrast to later reports examining the function of Ser650 phosphorylation on AR
activity in various cell lines using various reporters in which no phenotype was detected
(59,68). However, careful examination of these studies revealed that the original observation
by Zhuo et al was evident at only high concentrations of receptor (56). Wong et al also
found that at high concentrations of receptor the Ser650Ala mutant is less active than wild
type (68). AR Ser650 phosphorylation also plays an important role in nuclear export of AR
in response to stress kinase signaling (69). A recent report has shown that protein
phosphatase 1 (PP1) inhibition increases phosphorylation at AR Ser650 which causes a
marked increase in nuclear export of AR which is not observed for the Ser650Ala mutant
(70). This study suggests that PP1 plays a critical role in regulating AR protein stability and
nuclear localization through dephosphorylation of AR at Ser650.

In addition to Ser-Pro motifs, several tyrosine phosphorylation sites are present in the NTD
of AR. A number of candidate sites have been identified in AR isolated from cells
overexpressing Src. Based on the overall level of tyrosine phosphorylation in AR,
substituting Phe for Tyr534 reduced the Tyr phosphorylation most substantially suggesting
that this is a major site under these conditions (71). The Tyr534Phe mutant also exhibited
reduced activity and DNA binding at low doses of ligand and defective nuclear translocation
in response to various stimuli (71). Finally, Tyr534Phe mutant expression caused growth
inhibition in both cell lines and tumor xenografts containing the Tyr534Phe mutant grew
more slowly than tumors expressing WT AR in castrated mice, thereby demonstrating a role
for Tyr534 phosphorylation in prostate cancer cell growth under androgen-depleted
conditions (71). Two additional tyrosine phosphorylation sites have been identified in cells
treated with heregulin or transfected with constitutively active Ack (Cdc42 associated
kinase) (72). Mutation of these sites, Tyr267 and Tyr363 to phenylalanine (Tyr267Phe and
Tyr363Phe, respectively), reduced Ack-induced reporter activation and recruitment to the
enhancer, thus demonstrating the importance of these sites in AR basal and ligand-
dependent activity as well as in potentiation of AR activity by kinase signaling (72). In
addition, substituting Phe at both of these sites also reduced tumor growth of Ack-driven
tumor xenografts in castrated nude mice (72).
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Glucocorticoid Receptor
The phosphorylation sites that have been identified in human GR are contained within the
N-terminus of GR (Figure 2). Ser203, Ser211, and Ser226 of hGR were identified first and
all show enhanced phosphorylation in response to Dexamethasone (Dex) (73). Comparison
of gene regulation in U2OS cells stably expressing WT, Ser226Ala, or Ser211Ala mutants
revealed that the effects of these phosphorylations are gene specific. Phosphorylation of
Ser211 enhances GR interaction with MED14 (vitamin D receptor interacting protein 150),
and genes that are dependent on MED14 are not induced as well by the Ser211Ala whereas
some MED14 independent genes showed reduced Dex dependent induction only at lower
hormone levels (74). Analysis of the major GR phosphorylation sites also has revealed a role
for site-specific phosphorylation in cell survival. Activated GR induces apoptosis in some
cell types. GR Ser211 phosphorylation has been implicated in the activation of GR target
gene transcription and apoptosis in glucocorticoid-resistant human lymphoblastic cells (75).
In addition, expression of a Ser211Ala mutant can prevent phosphorylation of this site by
p38 MAPK in response to glucocorticoid treatment preventing or mediating apoptosis (76).
In contrast, the Ser226Ala mutant is more active than the wild type on these genes.
Phosphorylation of Ser226 has been associated with nuclear export (77). Activation of the
JNK pathway results in phosphorylation of Ser226 and subsequent enhancement of GR
nuclear export after withdrawal of ligand. In addition, UV radiation can facilitate nuclear
export of GR and block GR activity in COS7 cells whereas the Ser226Ala mutant is retained
in the nucleus and maintains transcriptional activity (77).

Ser404 has been identified as a target for Glycogen Synthase Kinase 3 β, an enzyme that
inhibits GR activity. The phosphorylation has been shown to be important for ligand-
dependent nuclear export of GR. In addition, substituting Ala for Ser404 results in increased
stability and gene-specific changes in ligand-dependent GR target gene regulation. Finally,
phosphorylation of hGR Ser404 protects against dexamethasone stimulated apoptosis in
U2OS cells (78).

Conclusion
Initial studies of receptor phosphorylation focused on sites that were either basally
phosphorylated or phosphorylated in response to hormone. Assigning functions to specific
phosphorylation sites within steroid receptors has been a daunting task. The studies to date
suggest that the roles of individual sites are context specific and many factors including
receptor expression levels, dose of the ligand or other stimulus, duration of the stimulus,
target gene measured and cellular context can play a role in the overall SR activity.
Nonetheless, the studies outlined in this report support the idea that specific phosphorylation
events within steroid receptors can influence receptor localization, stability, dimerization,
and transcriptional activity. In addition, a growing body of evidence suggests that certain
phosphorylation events can regulate other post translational modifications including
ubiquitination and sumoylation. More recent studies have identified a number of sites that
are phosphorylated only when specific kinases are activated. Functional analyses of
phosphorylation site mutants under conditions where these signaling pathways are activated
or the kinases are overexpressed yield some of the most striking differences between the
activities of wild type and Ala or Phe substitutions for Ser/Thr or Tyr. This suggests that the
phosphorylations are particularly important in responding to a variety of cellular signals.
The relative importance of these sites and the contribution of these signaling pathways in
vivo remain to be determined. Using more physiologically relevant models including mice
expressing modified receptors may help to address these questions.
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Figure 1. Steroid receptor action
In the absence of hormone, steroid receptor (SR) monomers are associated with chaperone
complexes that include heat shock protein 90 (hsp90), p23, and cochaperones containing
tetratricopeptide repeats (TPR). Hormone binding activates SRs by inducing conformational
changes, dissociation of the chaperone complex, nuclear translocation, dimerization, binding
to hormone response elements (HRE), and recruitment of a series of coactivators (CoA) to
regulate target gene transcription. SRs can bind directly to HREs or indirectly by interacting
with other transcription factors (TF) by tethering. Site-specific phosphorylation (P) of
receptors increases subsequent to hormone binding, with some increases occurring rapidly,
and others with delayed kinetics. In some cases, upon hormone binding, receptors will
interact with Src tyrosine kinase (Src) outside the nucleus, thus activating Src and
downstream kinases including p42/p44 MAPK. Alternatively, rapid signaling through
growth factors (GF) and associated growth factor receptors (GFR) can activate kinase
pathways that can enhance phosphorylation of SRs and converge upon and activate target
genes.
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Figure 2. Domain structures and phosphorylation site locations of human steroid receptors
The numbers of the amino acids found at the boundaries in the individual receptors between
the NTD (amino-terminal domain), DBD (DNA binding domain), H (hinge region), and
LBD (ligand binding domain) are indicated. Phosphorylation sites are indicated by the
arrowheads. PR, progesterone receptor; ER, estrogen receptor; AR, androgen receptor; GR,
glucocorticoid receptor; S, serine; T, threonine; Y, tyrosine. A summary of the locations of
phosphorylation sites can be found at Phosphosite (http://www.phosphosite.org) (79).
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