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Abstract
Progesterone plays a key role in the development, differentiation and maintenance of female
reproductive tissues and has multiple non-reproductive neural functions. Depending on the cell
and tissue, the hormonal environment, growth conditions and the developmental stage,
progesterone can either stimulate cell growth or inhibit it while promoting differentiation.
Progesterone receptors (PRs) belong to the steroid hormone receptor superfamily of ligand-
dependent transcription factors. PR proteins are subject to extensive post-translational
modifications that include phosphorylation, acetylation, ubiquitination and SUMOylation. The
interplay among these modifications is complex with alteration of the receptors by one factor
influencing the impact of another. Control over these modifications is species-, tissue- and cell-
specific. They in turn regulate multiple functions including PR stability, their subcellular
localization, protein-protein interactions and transcriptional activity. These complexities may
explain how tissue- and gene-specific differences in regulation are achieved in the same organism,
by the same receptor protein and hormone. Here we review current knowledge of PR post-
translational modifications and discuss how these may influence receptor function focusing on
human breast cancer cells. There is much left to be learned. However, our understanding of this
may help to identify therapeutic agents that target PR activity in tissue-specific, even gene-specific
ways.
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1. Introduction
Progesterone has a remarkable repertoire of functions from normalizing blood sugar levels
and facilitating thyroid hormone action to regulating menstrual cycles. The survival of the
embryo in the uterus is absolutely dependent on this hormone. Progesterone plays a key role
in normal development of the female reproductive tract including establishment of puberty,
mammary gland development, and sexual behavior regulated by the brain. Progesterone and
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synthetic progestins are used clinically for contraception and menopausal hormone
replacement therapy, and to treat a variety of medical conditions including abnormal uterine
bleeding, amenorrhea, endometriosis, anorexia, traumatic brain injury and cancers.
Depending on the cell, the hormonal microenvironment and the developmental state of
tissues, progestins can stimulate growth or inhibit growth and promote differentiation. In the
uterus for example its actions are proliferative in stroma but anti-proliferative in endometria;
in the breast it is mainly differentiative [1]. In the uterus progesterone protects against the
endometrial tumor-promoting effects of estrogens. In the breast, progestins are not
protective; rather they raise the risk of breast cancers [2]. Such tissue-specific effects make it
difficult to generalize about the actions of this complex hormone. Adding complexity is the
fact that progesterone and synthetic progestins target at least 3 different progesterone
receptors (PR). In human breast cancer cells these PR isoforms are ~94 kDa PR-A, ~110
kDa PR-B and ~60 kDa PR-C [3]. Each isoform subserves different functions. For example,
in knockout-mice PR-B are necessary for regulating normal mammary gland alveologenesis
while PR-A are required for uterine development [4–7]. Breast cancer patients with PR-A
rich tumors have poorer disease-free survival rates than patients whose tumors overexpress
PR-B [8]. In human breast cancer cell lines regulation of most genes is isoform specific,
isoform ratios vary among models, and gene sets vary among tissues in vivo; all of which
may also explain the tissue specificity of this hormone [9].

PRs are members of the steroid hormone receptor superfamily of ligand-dependent
transcription factors. They are found in all vertebrates and are ancient molecules, anteceded
only by estrogen receptors (ERs) [10]. Like other nuclear recept ors, PRs are multidomain
proteins consisting of a central DNA-binding domain (DBD); large N-termini with a
proximal activation function (AF-1) common to PR-A and PR-B; a distal AF-3 in the B-
upstream segment (BUS) restricted to PR-B; and at their C-termini, a nuclear localization
signal in the hinge region upstream of a ligand binding domain (LBD) (figure 1). The latter
contains an AF-2 [3, 11–14]. The ligand-independent AF-1 mediates protein-protein
interactions with general transcription factors and with coactivators or corepressors thereby
up- or down-regulating the direction of transcription [15]. The DBD is highly homologous
among the steroid receptors (except for ER) and is involved in DNA-binding, additional
protein-protein interactions [16] and possibly receptor dimerization through contact with the
LBD [17]. The LBD contacts chaperone proteins and binds transcription factors via a
classical LxxLL motif [18]. Unlike AF-1, the AF-2 of PRs is ligand dependent [17]. PR-C
lack the entire N-terminus and first zinc finger of the DBD. Thus they cannot bind DNA and
may be transcriptionally inactive [3]. Nevertheless, PR-C are up-regulated in the
endometrium at parturition, where these odd receptors suppress the actions of PR-A and PR-
B by sequestering progesterone and signal the onset of labor [19].

PRs can be found in both the cytoplasm and nucleus of target cells. Classically, unliganded
PRs are thought to reside mainly in cytoplasmic compartments as inactive proteins
complexed to suppressor heat shock protein (hsp) 90 and hsp70, to immunophilins and to
other factors. Upon ligand binding PRs are phosphorylated, the suppressor proteins
dissociate, the receptors dimerize, translocate to the nucleus, and bind to target genes at
specific palindromic progesterone-response elements (PREs) located in active chromatin
poised for transcription. There they recruit coactivators or corepressors that further modify
chromatin and facilitate receptor interactions with the general transcription apparatus [20].
Besides binding directly at PREs PR-A and PR-B also regulate transcription indirectly by
being tethered to other DNA-bound transcription factors including SP-1, AP-1 or STAT5
[21–25].

Details of this “classical” model have recently come into question. For instance, it cannot
explain data showing that PRs are localized to the nucleus in the absence of hormone; that
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dimerization may not be required for PR-mediated transcription [9]; and that PRs also act
through cell membrane and cytoplasmic signaling pathways [9, 26]. Specifically with regard
to dimerization, analytical ultracentrifugation sedimentation velocity and equilibrium
analyses show that highly purified and functionally homogeneous PR-B undergo self-
association with an interaction constant in the micromolar range [27]. Since endogenous
cellular PR levels are in the nanomolar range this suggests that in the cell, receptors exist
largely in monomeric states. The energetics of PR isoform binding to DNA have also been
studied by quantitative DNaseI footprinting using a single palindromic PRE or two tandem
PREs [28]. These data indicate that successive monomer binding to a palindromic PRE is
thermodynamically favored over the binding of preformed PR dimers. Bain et al [25]
conclude that PR monomer binding to arrays of tandem PRE half-sites in natural promoters
is favorable, cooperative and robust, and leads to synergistic recruitment of coregulators
such as steroid receptor coactivators (SRCs) [28]. This model is supported by studies
showing that the majority of PREs on endogenous promoters tend to be half-sites rather than
palindromes [9].

PR-dependent transcriptional activation or repression depends on the nature of the promoter
being regulated and the cofactors recruited to the complex. Generally, coactivators such as
SRCs are, as their name implies, transactivators because their histone acetylase activity
opens chromatin and fosters basal transcription factor recruitment [29]. Corepressors on the
other hand are histone deacetylases able to recruit other histone deacetylases to the DNA-
bound receptors [30, 31]. PRs can also negatively regulate transcription either directly or
indirectly by transrepression; interfering with or being interfered by, other DNA-bound
factors. Thus PRs can transrepress ERs on a synthetic ER-dependent promoter [14] and on a
natural promoter such as that of lipocalin2 [32]. On the other hand, the RelA (p65) subunit
of NF-κB specifically inhibits transcription by liganded PR [33] resulting in gene repression.

Like the activity of many transcription factors, that of PR proteins is controlled further by
post-translational modifications that include phosphorylation, ubiquitination, SUMOylation
and acetylation (Figure 1). Among other things, these modifications driven by cell surface
signaling pathways modify the stability, hormone sensitivity and nuclear localization [34–
38] of both liganded and unliganded receptors. For example p38 and p42/44 mitogen
activated protein kinase (MAPK) alter PR-A/PR-B ratios [39] thereby influencing breast
cancer progression. In turn PRs modify cell signaling including those of MAPK and PI3K/
AKT [40]. These effects are mediated through non-genomic mechanisms by a small fraction
of classic liganded PRs that reside in the cytoplasm and associate with tyrosine kinases and
other signaling factors [20, 41–44]. Progestins are thought to activate cytoplasmic signaling
cascades especially of c-SRC, either by promoting interactions between PR and ER to
activate c-Src and PI3K, or by direct interactions between PR and the SH3 domain of c-Src
[45]. However, besides the classic PRs [46] alternative cell surface membrane PRs (mPR)
may also play a role in non-genomic, especially rapid effects of progestins. Such a
mechanism has been invoked for rapid progestin signaling associated with oocyte
maturation and rapid signaling in the brain and breast cancers [44]. Because of the
complexity by which progestins and PRs mediate their actions, the studies reviewed below
focus mainly on the role of post-translational modifications as they impact classic PRs and
their regulation of transcription.

2. Phosphorylation
Phosphorylation controlled by cell surface growth factors and cytoplasmic kinases regulates
steroid receptor nuclear translocation, dimerization, DNA binding, coregulator interactions
and ultimately, transcriptional activity [47, 48]. Phosphorylation is generally considered to
be a positive regulator by integrating growth-factor initiated signaling with steroid hormone
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signaling. For instance, with regard to PRs, compared to their under-phosphorylated
counterparts, phosphorylated PRs are ultrasensitive to sub-physiological levels (0.1 nM
range) of progestins [49]. This may explain how growth factors like epidermal growth factor
(EGF) potentiate proliferative effects of progesterone. In the case of co-stimulation by EGF
plus progesterone, this synergism promotes ductal branching and lobuloalveolar
development and diffrentiation of the mammary gland [50]. Similarly, progestins and EGFs
act synergistically to upregulate mRNA or protein levels for a number of growth-regulatory
genes [51] including cyclin D1 and MAPK-dependent cyclin E [52]. Cyclins, in turn,
regulate progression of cells through the cell cycle by interacting with CDKs. Progestins
activate cyclin dependent kinase 2 (CDK2) [53] and PRs are predominantly phosphorylated
by CDK2 at proline-directed (S/TP) sites [54, 55] perhaps allowing for the coordinate
regulation of PR action during cell cycle progression. In support of this idea, Narayanan and
co-workers [56] report that PR activity is highest in S-phase, lower in G0/G1, and impaired
during G2/M concomitant with PR dephosphorylation. Overexpression of either cyclin A or
CDK2 enhances both PR and androgen receptor (AR) transcriptional activity. Cyclin A
interacts with the N-terminus of PR, and CDK2 seems to alter PR function indirectly by
increasing the recruitment of SRC-1 to liganded PRs. Clearly, there is an intimate
relationship that integrates PR signaling and growth factor/cytoplasmic signaling that is to
some extent controlled by the ability of cytoplasmic kinases to phosphorylate PRs.

2.1. Protein kinases and PR phosphorylation sites
PR phosphorylation has been studied for more than 30 years and is the best characterized of
the post-translational modifications. As first reported in 1981 [57], liganded chicken PR-B
and PR-A are phosphorylated in vitro by cAMP-dependent protein kinase A (PKA); a step
that can be visualized by a decrease in PR protein mobility on SDS-PAGE gels. What has
evolved since then is a picture of mind-blowing complexity involving numerous sites,
multiple kinases, ligand-independent vs. -dependent stages, differences between in vitro vs.
in vivo sites, species and isoform-specificity differences; all influenced by other post-
translational states. We review this focusing on human PRs.

PR-B, the longest of the human PR isoforms, are 933 amino acids in length and contain at
least 14 phosphorylation sites; mostly at serine (Ser, S) residues located in the N-terminus
(Figure 1) [16]. Ser81, 162, 190 and 400 are considered to be basal sites phosphorylated in
the absence of hormone. Ser102, 294 and 345 are ligand-dependent sites phosphorylated 1–2
hrs after binding of hormone at the LBD [34, 55, 58–63]. In turn, ligand-dependent
phosphorylation is subdivided into DNA binding-independent and DNA binding-dependent
stages [64]. Specific kinases responsible for phosphorylation of select sites have been
identified but others remain unknown. Ligand-dependent kinases include CDK2, MAPK,
PKA and tetradecanoyl 12-phorbol 12-acetate (PKC activator) [49, 56, 60, 65–68]. Kinases
that phosphorylate PR in vitro include PKA, MAPK, casein kinase II and CDK2. For
example, in vitro, Ser81 is phosphorylated by casein kinase II [69]; Ser162 and Ser294 are
phosphorylated by MAPK [20]; 8 of the 14 sites (Ser25, 162, 190, 213, 400, 554, 676 and
threonine (Thr) 430 are phosphorylated by cyclin A/CDK2 complexes [54, 55]. Five of the
latter (Ser162, 190, 213, 400 and 676) have been confirmed as authentic in vivo sites [54, 55,
69–71].

The role of individual sites is under intensive study yet the functions of many remain
unknown. For example, mutation of all 6 Ser clusters unique to PR-B that completely
dephosphorylate BUS nevertheless produces receptors retaining the strong transactivating
capacity of their wild type counterparts when measured by transient transfection of a
synthetic promoter-reporter [58]. Thus either phosphorylation of those sites is immaterial, or
the incorrect outcome is being measured, or transient transfection and synthetic promoters
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are inadequate tools to measure outcome. Mutation of Ser190 in the N-terminus inhibits PR
transcriptional activity by 20–50% depending on cell or promoter context. Mutation of
Ser676 in the hinge region also reduces transcriptional activity [58]. Functional roles for
phospho-Ser345 and Ser400 have also been described. Ser345 for example, is
phosphoryated by progestin-dependent “rapid” membrane signaling cascades that activate
EGFR-, c-Src and MAPK pathways and allow PR to target growth promoting genes that
lack canonical PREs [72].

Ser400 phosphorylation by CDK2 is linked to enhanced ligand-independent transcriptional
activity (reviewed in [7]). All in all, interpretation of such results is extremely difficult. Most
assays assume that transcription is the end point. This may or may not be the case. And, with
regard to transcription assays, they are subject to spurious interpretations if experimental
conditions yield anomalous receptor protein levels; faulty cellular compartmentalization; use
irrelevant artificial response elements; or test promoters lacking chromatin structure, among
other things. For instance transfected Ser190 and Ser676 mutants are expressed at lower
levels than transfected wild-type PR, which alone could explain the observed reduction in
their activity [58]. Since the phosphorylation state of individual sites may control
transcription of only a subset of endogenous genes, under restricted physiological conditions
and in tissue specific ways, discovering the true in vivo function of any post-translational
modification on a site-by-site basis is a prodigious task. Of course there is always the
possibility that nature is playing an enormous joke and that in some cases the
phosphorylation-state is truly irrelevant. Given these constraints, below we review some
information on these site-specific effects, with respect to the kinase responsible for
phosphorylation of that site.

2.2. Mitogen Activated protein kinase (MAPK)
MAPK modulates PR activity by phosphorylating PR-B on Ser294 and Ser345 [38, 72]; N-
terminal amino acids also found on PR-A. MAPK-dependent Ser294 phosphorylation is
required for rapid nuclear translocation of unliganded PR. The conclusion is that MAPK
signaling regulates PR action by altering nucleo-cytoplasmic shuttling and primes the
receptors for robust transcriptional activation in response to ligand [49, 73]. Several other
functions of Ser294 phosphorylation are proposed: PR activation by MAPK signaling is
required for progestin-induced breast cancer cell entry into S-phase [72]. Ser294-
phosphorylated PRs are transcriptionally hypersensitive to low concentrations of ligand on
select promoters [49]. Ser294 may also play a role in the interplay between phosphorylation
and other post-translational modifications as for example, PR ubiquitination. It is thought
(but see below) that this augments receptor downregulation while antagonizing PR
SUMOylation at Lys388 [37, 38].

2.3. Cyclin dependent kinase 2 (CDK2)
In vitro, CDK2 phosphorylates PRs at Ser25, 162, 190, 213, 400, Thr430 and Ser554, 676
[54, 55, 65]. Additionally, while Ser294 is phosphorylated by MAPK it can also be
phosphorylated by CDK2 [74]. Site-directed mutagenesis has been used to study effects of
these phosphorylations on PR function. Mutation of Ser190, Ser676 and a cluster of serines
just upstream of the DBD (Ser549, 552, 554, 558 and 561) have modest inhibitory effects on
transcription by PR-A or PR-B in transient transfection assays [58]. In these studies,
transcription was the end-point. Rather than mutating the PR sites, other studies focus on
expression of a constitutively active CDK2. This cellular modification induces nuclear
translocation of wild-type PR-B and upregulates hormone independent transcription; i.e. it
increases “basal” transcriptional activity. Under the same conditions a PR-B S400A mutant
fails to translocate and has no effect on basal activity [61]. These studies would suggest that
CDK2 and S400 regulate ligand-independent PR-B activity. A different study indicates that
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overexpression of wild type CDK2 enhanced the hormone-dependent activity of exogenous
PR-B or PR-A. Although CDK2 can phosphrylate PR, elimination of these phosphorylation
sites has little effect on the ability of CDK2 to stimulate PR activity [56].

2.4. CK2
Phosphorylation of PR-B at Ser81 is CK2 dependent and progestin-regulated in intact cells.
It can also occur in the absence of progestins upon entrance of cells into G1/S. Unlike other
PR-B phosphorylation sites, Ser81 phosphorylation is unresponsive to growth factor or
serum treatment of cells [75]. Mutation of Ser81 inhibits ligand-independent cell survival, as
measured by soft-agar colony formation, and impairs recruitment of PR-B to target genes
important for proliferation [7]. Regulation of select genes by PR-B but not by PR-A may
also require Ser79/81 phosphorylation [75]. In this case, PR-B interacts with dual-specificity
phosphatase 6 via a “common docking domain” located in BUS [76]. Mutation of this
domain attenuates cell cycle progression and expression of some PR-B target genes [76].
Note that this domain is lacking in PR-A. For more detailed discussions of PR
phosphorylation the reader is referred to recent reviews [65, 77, 78].

3. Ubiquitination
Ubiquitin is a 76 amino acid peptide that binds covalently to lysine (Lys; K) residues on
substrate proteins via a sequential enzymatic cascade involving a ubiquitin activating
enzyme (E1), a conjugating enzyme (E2) and a ligase (E3) [79, 80]. The process can be
reversed by multiple ubiquitin-specific proteases (USP/UBP) [81]. Ubiquitination targets
proteins to varied fates. Mono-ubiquitination of a membrane protein for example, can lead to
its internalization and activation [82]. Ligation of a single ubiquitin moiety to the activation
domain of VP16 is required to activate transcription [83]. In this regard, it is of considerable
interest that the general transcription factors p300/CBP, originally identified as histone
acetylases, also possess ubiquitin-ligase activity [84, 85]. In contrast, poly-ubiquitination
usually targets proteins for proteasomal degradation. With regard to transcription factors,
there is a surprising inverse and closely linked relationship between protein degradation and
transcriptional activity [83, 86, 87]. For example, increasing the number of activation
domains on VP16 increases its transcriptional activity while at the same time signaling
ubiquitination that decreases its half-life. Several other unstable transcription factors
including E2F-1, fos, jun and p53 have overlapping activation and protein destruction motifs
[87]; clear evidence of the close link between transcriptional activity and protein
degradation.

Nuclear receptors are common targets of ubiquitination. The E2 enzymes UBCH5 and
UBCH7 are critical for ER, Retinoic Acid (RAR) and Thyroid (TR) Receptor-dependent
transcriptional activities [88]. PRs are well-known ubiquitin substrates [38]. PR activity is
stimulated by the yeast E3 ubiquitin ligase RSP5, and its human homologs hRPF1 [89] and
E6-AP [90]; coexpression of UBCH7 and E6-AP enhance transcription by PR
synergistically; and SRC-1 coactivation of PR requires UBCH7 [91]. Also of interest is the
fact that the breast cancer susceptibility gene BRCA1 expresses E3 ligase activity. Through
this activity, BRCA1 promotes both ligand-dependent and –independent PR degradation.
Additionally, at PR target genes, recruitment of a BRCA1/BARD1 complex to DNA-bound
PR modifies local levels of monoubiquitinated histone H2A and contributes to epigenetic
promoter silencing [92].

But the most common effect of PR polyubiquitination is “ligand-dependent downregulation”
or “receptor processing” (a term we initially coined to describe ER and PR protein
degradation [93]. In breast cancer cells for example, the half-life of unliganded PRs is ~21
hrs, which falls to ~6 hrs for liganded PRs [94] due to their accelerated degradation by
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proteasomes [95–98]. Paradoxically, receptor downregulation is a stimulatory switch that
accelerates “on” and “off” cycling of receptors from pre-initiation complexes required for
active transcription. Indeed, inhibition of proteasome activity prevents receptor degradation
and suppresses PR-dependent transcription [36]. Thus, like other transcription factors, PR
degradation is closely linked to high activity. Besides targeting the receptors, proteasomal
degradation influences multiple other factors critical to transcriptional activity including
recruitment of RNA polymerase II to receptor-bound promoters.

4. SUMOylation
Post-translational modification by Small Ubiquitin-related Modifiers (SUMO) is a major
regulator of transcription [99], modulating target gene promoter selectivity and causing
increased expression from some promoters while silencing others [100]. We and others [14,
37, 101] have shown that PRs have one SUMO binding consensus sequence at lysine (K)
388 in the N-terminal domain and that SUMOylation of this site is hormone dependent. PR
SUMOylation has a suppressive effect on transcription [14, 101]. SUMOylated wild-type
PRs have relatively low transcriptional activity compared to non-SUMOylated K388
mutants that have 6–10 fold higher activity. PR SUMOylation is especially important in
regulating activity of promoters with multiple PREs rather than promoters with a single PRE
[102]. However these studies use artificial promoters that may not reflect the structure of
endogenous PREs [9].

4.1. Small ubiquitin-related modifier (SUMO)
SUMO-1,-2 and -3 are ~100 amino acid, 10–11 kDa peptides [103, 104] that reversibly
modify hundreds of substrate proteins containing a specific K residue embedded in the
consensus sequence ψKxD/E [103, 105]. SUMO-1 is ubiquitin-like with ~18% identity to
ubiquitin and a remarkably similar secondary structure. It differs from ubiquitin in its
surface-charge distribution in part explaining its specificity [104]. K48 in ubiquitin allows
for the formation of polyubiquitin chains on proteins. Absence of a similar K in SUMO-1
explains why polySUMOylation does not occur [104]. Conjugation of SUMO to its client
proteins involves an enzymatic cascade analogous to that required for ubiquitination
including: SUMO activating enzymes E1 (Sua1/Uba2/SAE1/SAE2); a conjugation enzyme
E2 (Ubc9); and E3 (PIAS) ligases [106–108]. SUMO-specific proteases, also called Sentrin-
specific proteases (SENP 1–3 and SENP 5–7), deconjugate SUMO-modified proteins and
are critical for maintaining physiological ratios of SUMOylated to deSUMOylated
substrates.

Unlike ubiquitin, SUMOylation does not target proteins for degradation. Rather,
SUMOylation play multiple roles in protein stabilization, subcellular localization, nuclear
translocation, nuclear body formation and modulation (usually inhibition) of transcriptional
activity [100, 103, 104]. Although the molecular mechanism(s) by which SUMO regulates
transcription factor activity are not fully understood, one consequence of SUMOylation is to
promote transcription factor, including nuclear receptor, interaction with corepressors. For
example, ligand-dependent SUMOylation of the LBD of PPARγ, targets the receptors for
binding of the corepressor (NCoR)-histone deacetylase-3 (HDAC3) complex. This in turn
prevents recruitment of the ubiquitination/proteasome machinery that normally controls
removal of corepressor complexes required for activation. As a result, NCoR complexes are
not cleared from the promoter and target genes are maintained in a repressed state [109].

4.2. Ubc9 SUMO-conjugation enzyme
The enzymatic components of the SUMO-pathway apparently possess alternate properties
separable from their SUMOylation functions. For example Ubc9, the only known SUMO E2
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conjugating enzyme, interacts with all five steroid receptors and increases their
transcriptional activity. However, a mutated Ubc9 that has lost its SUMO-1 conjugating
activity nevertheless retains its ability to heighten transcription by AR and mineralocorticoid
(MR) receptors [110–112]. These findings suggest that Ubc9 also acts as a coregulator,
perhaps through recruitment of coactivators; properties that are independent of its enzymatic
activity. Depending on receptor levels, Ubc9 exhibits unequal effects on glucocorticoid
receptors (GR) and PRs [113].

4.3. E3 Ligase: PIAS
The human PIAS (Protein inhibitor of activated STAT) family of E3 ligases [114–117]
consists of five homologous proteins – PIAS1, PIAS3, PIASxα, PIASxβ and PIASy –
containing a RING-finger domain necessary for enzymatic activity. All PIAS family
members including PIAS1, PIAS3, PIASxα, and PIASxβ modulate PR transcriptional
activity with the degree of activation dependent on the receptors, the promoter and the cell
type [118]. PIAS1 acts as a SUMO E3 ligase for PRs. This inhibits their transcriptional
activity. Silencing of endogenous PIAS1 with an siRNA enhances the activity of wild-type
PRs but has little effect on the activity of SUMOylation-deficient K388R PR mutants [119].

We find no evidence that PIAS3, PIASxα, PIASxβ or PIASy are involved in PR
SUMOylation [119]. In contrast, Man et al. [120] report that PIAS3 induces PR-B
SUMOylation at K7, K388 and K531 but that SUMOylation at K7 and K531 is dependent
on SUMOylation at K388. They also report that PIAS3 significantly inhibits gene
transcription by liganded PR-B, and that reduction of endogenous PIAS3 by siRNAs
enhances transcription. However, this effect of PIAS3 appears to be independent of PR-B
SUMOylation because PR-B mutants lacking SUMOylation ability are still repressed by
PIAS3. We speculate that the inhibitory effect of PIAS3 may involve anomalous nuclear
translocation or DNA binding of PR-B. There is no question that PIAS3 can interact with
PRs, and that this is enhanced by ligand. This has been demonstrated both in vitro and in
vivo [120]. However, depending on the promoter or cells being tested, PIAS3 can either
activate (ie. PRE2-Luc) ([118], Abdel-Hafiz unpublished) or repress (ie. MMTV-Luc)
transcription ([120], Abdel-Hafiz unpublished). Clearly, these results must be classified as
preliminary and need to be analyzed in vivo on natural promoters. In the end, it is likely that
no solid rules will apply to SUMOylation and its effects on PR. Rather effects will be
dependent on cell and tissue types, and genes being regulated under physiological
conditions.

4.4. SENP and deSUMOylation
Studies in knockout mice demonstrate that normal embryonic development requires a fine
balance between SUMOylation and deSUMOylation [121]. This balance may be altered in
malignancies. Persistent elevation of SENP1 facilitates transformation of the normal prostate
to a dysplastic state in transgenic mice. Increased SENP expression is observed in other
malignancies including thyroid adenomas, colon and prostate cancers [122–126].

Removal of SUMO from transcription factors by mutation of the SUMO-conjugation site or
by overexpression of a deSUMOylating enzyme like SENP1 generally increases their
activity. This has been shown for AR, as well as for C/EBP, Elk-1, Sp3 and Smad4 [127–
133]. With regard to AR, SENP1 is stimulatory, but two different mechanisms have been
proposed: Cheng et al. [134] suggest that the transactivating effects of SENP1 do not
involve SUMO deconjugation of the receptors but rather cleavage of SUMO from HDAC1
thereby alleviated its repressive effects on AR activity. In contrast, Kaikkonen et al. [135]
demonstrate that effects of SENP1 and SENP2 require intact SUMO acceptor sites in AR,
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indicating that the coactivating effects of the enzymes are directly on the receptors. Clearly,
more studies are required to clarify this keeping in mind that both mechanisms are possible.

We have shown that deSUMOylation of PR-A and PR-B by mutating the K388
SUMOylation motif increases their ligand-dependent transcriptional activity ~10-fold. In a
similar manner, deSUMOylation of wild-type PRs by SENP1 or SENP2 heightens the
transcriptional activity [37, 136] of exogenous PR in human cervical carcinoma (HeLa)
cells, and endogenous PR in human breast cancer (T47Dco) cells. The stimulatory effects of
SENP1 are dependent on its enzymatic activity; requires an intact PR SUMO conjugation
site; and functions only at promoters containing multiple PREs. Trichostatin A (TSA) is a
potent and specific inhibitor of histone deacetylase (HDAC) and recruitment of HDAC
appears to be involved in the inhibitory effects of SUMOylation [134]. However inhibition
of HDAC by TSA does not prevent SENP1 stimulation of wild-type PR since
SUMOylation-deficient PR are similarly affected by TSA. This indicates that other
mechanisms are responsible for the suppressive effects of SUMOylation on PR activity and
is in agreement with a recent report that wild type and SUMOylation deficient AR are
similarly influenced by TSA [135].

5. Acetylation
Like other post-translational modifications, acetylation regulates many transcription factors
including the tumor suppressor p53 [137–139], GATA-1 and -2 [140] [141], NFkB, p65,
SRC3 and poly(ADP-ribose)polymerase 1 [138, 142, 143]. Acetylation can enhance or
inhibit transcription depending on the target protein. It activates by enhancing DNA binding
activity; by stimulating interactions with positive regulators such as chromatin remodeling
factors or coactivators; by inhibiting interaction with negative regulators; by increasing the
stability of regulatory factors; or by altering their subcellular localization [143]. It inhibits
by similar mechanisms that in general reduce protein/DNA or protein/protein interactions
[143].

Steroid receptors, including AR, GR and ER are also modified by acetylation on Lys
residues [144]. PR acetylation was first inferred using the HDAC inhibitor TSA, which
showed that in the presence of progesterone, chromatin remodeling and PR levels were
enhanced [145]. Direct PR acetylation has been studied by Daniel et al. [146]. They showed
that PRs are acetylated at a conserved KxKK motif located at amino acids 638-641 in the
NLS/hinge region. In line with this, TAF-I beta and pp32, two proteins involved in
deacetylation, bind PRs in pull-down assays [144, 147, 148]. Disruption of the acetylation
motif results in receptors that are clearly cytoplasmic in the absence of ligand and require at
least 4 hrs of progesterone treatment to accumulate in the nucleus. This is in contrast to 15
min required for liganded wild-type PR to translocate to nuclei [146]. Daniel et al. [146]
showed that PR acetylation negatively regulates transcription of PR Acetylation mutant K-A
PR-B displayed a marked increase in progestin-induced transcriptional activity relative to wt
PR-B using PRE2-Luc reporter.

6. Interplay between PR post-translational modifications
6.1. Phosphorylation and ubiquitination

As briefly reviewed above, post-translational modifications regulate protein activity by
multiple mechanisms. However additional complexity is generated by linkage between these
modifications [149]. For instance, PR ubiquitination and phosphorylation may be linked but
data on this remain unclear. As discussed above PR transcriptional activity is dependent on
ligand-dependent receptor “downregulation” [38] involving degradation of ubiquitinated
receptors by proteasomes. Lange et al. [49] believe that this is linked to PR phosphorylation.
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They find that compared to wild-type PR-B stably transfected into human breast cancer
cells, PR-B S294A phosphorylation-deficient mutants, despite retaining DNA binding
ability, fail to be ubiquitinated. This renders them highly stable but transcriptionally
deficient. They conclude that phosphorylation of S294 is required for efficient PR
ubiquitination, downregulation and transcription. However, other investigators using similar
cells show that like wild-type PR-B, PR-B S294A mutants do undergo ligand-dependent
downregulation, albeit the mutants do so with reduced efficiency [39, 150, 151]. Other
studies based on transient transfection methods that allow testing of multiple protein
concentrations of wild-type PR-B and PR-B S294A, and that probe a variety of cells,
conclude that there are no significant differences between the wild-type and mutant PR.
Such studies show that at similar protein concentrations their ligand-dependent
downregulation and transcriptional activities are similar [49, 102]. This attests to the
importance of experimental conditions and intimates that the extent of ligand-dependent
downregulation is controlled by receptor concentrations; perhaps more so than by
phosphorylation [102]. In our opinion, S294 phosphorylation does not follow an “all or
none” rule with regard to PR degradation and activity. Rather, S294 phosphorylation is
simply one of multiple factors that regulate PR turnover.

6.2. Phosphorylation and SUMOylation
SUMOylation is often regulated by phosphorylation. SUMOylation of p53, c-Jun, IκBα,
KAP1 and PML is repressed by phosphorylation [128, 152–154]. Phosphorylation also
positively regulates SUMOylation of HSF1, STAT1 HSF4b, MEF2A and GATA-1 [155].
This requires presence of a phosphorylation-dependent SUMOylation motif (PDSM) on the
proteins characterized by a SUMO consensus site adjacent to a proline-directed
phosphorylation site (ΨKxExxSP).

With regard to PR, Daniel et al. [37] report that the SUMOylated receptors are exceptionally
stable and have low transcriptional activity, while Ser294-phosphorylated and
deSUMOylated PR are rapidly downregulated and transcriptionally hyperactive. They
conclude that there is an association between hormone-dependent PR phosphorylation and
PR SUMOylation. However, in our opinion these two steps are unrelated. PR mutated at
their Ser294/344/345 phosphorylation sites are as efficiently SUMOylated at K388 as wild-
type phosphorylated PR [102]. That PR phosphorylation at S294 does not affect PR
SUMOylation is also consistent with our data showing that there are no significant
differences between the transcriptional activities of wild-type and S294A PR mutants [49,
102]. On the other hand, MAPK overexpression has complex, concentration-dependent
effects on PR SUMOylation. At low concentrations, MAPK induces ligand-independent PR
SUMOylation and increases basal PR-dependent transcription. At high concentrations,
MAPK suppresses hormone-dependent PR SUMOylation. These contrasting dual activities
suggest that some effects of MAPK on PR SUMOylation are indirect, by altering the activity
of the general SUMOylation machinery. Molecular mechanisms by which MAPK may
indirectly influence PR SUMOylation include changes in the amounts and/or the activities
of the E3 ligases and cleavage enzymes [156, 157]. Qiu et al. [49] have also reported robust
transcription with a PR S294A mutant. Analogously, Kaikkonen et al. [135] show that AR
phosphorylation has no effects on AR SUMOylation. Indeed, there are no phosphorylation-
dependent SUMOylation PDSM motifs in either AR or PR. The reasons for differences in
conclusions among similar studies are unclear, but are likely to be related to experimental
conditions including use of DNA concentrations for receptor expression at which squelching
effects are observed [102].

There are other indications that PR phosphorylation and SUMOylation are unlinked: 1.
SENP1 deSUMOylates PR and increases their ligand-dependent activity. High levels of
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MAPK reportedly also deSUMOylate PR. However, this does not increase their ligand-
dependent activity; rather it increases their ligand-independent activity [60]. 2. Removal of
the PR LBD yields an N-terminus/DBD fragment that is constitutively active. It cannot be
SUMOylated (which requires ligand) but can be activated by MAPK (independent of
ligand). 3. SUMOylation has no effect on PR-dependent transcription of the MMTV
promoter [136], while MAPK enhances PR-dependent transcription of this promoter [136].
4. According to Khan et al. [39] differential stabilization of PR-A vs. PR-B is MAPK
regulated but independent of PR S294 phosphorylation. They conclude that S294
phosphorylation is not a major sensor of PR downregulation [38]. Taken together, most
results suggest that despite their importance, effects of MAPK do not depend on modulating
PR SUMOylation.

6.3. Ubiquitination and SUMOylation
CUE domain-containing 2 interacts with PR-B and promotes progesterone-dependent
downregulation via the ubiquitin-proteasome pathway. According to Zhang et al. [158],
mutation of the PR K388 SUMOylation site suppresses progesterone-dependent PR
degradation leading the authors to suggest that K388 is both a SUMOylation and
ubiquitination site and that the two modifications compete with one another. Nevertheless,
we [102] and others [37] have shown that PR K388 mutants still undergo progesterone-
dependent downregulation suggesting to us that PR must be ubiquitinated at residues other
than K388. We have no explanations for the discrepant results.

7. Summary and conclusions
PRs are subject to post-translational modifications that control their actions in response to
progesterone or synthetic progestins. These modifications modulate protein/protein
interactions, subcellular receptor localization, hormone sensitivity, receptor stability,
isoform ratios, etc. Together they fine-tune how PRs regulate gene transcription. Cross-talk
among various signaling pathways and post-translational events play a key role. It is clear
that the post-translational modifications maintain tight control over the functions of these
important receptors. Understanding the detailed mechanism(s) therefore, could theoretically
lead to the discovery of novel, selective drugs for physiological and medical conditions for
which progestins acting through PR are critical. But the controls by PR and their post-
translational modifications vary with the cell and tissue under study, the genes being
regulated, subtle and not-so-subtle differences in experimental conditions, natural vs.
synthetic ligands, ligand-independent vs. dependent effects, etc. The complexity is such that
it behooves scientists in the field who truly wish to get to the bottom of these questions, to
collaborate with one another, to exchange reagents and to agree on key experimental
conditions that must be met to replicate results and validate conclusions. For example, if
transient transfection assays cannot accurately reflect what happens with endogenous
receptors on endogenous genes, then scientists in the field must concede that conclusions
based on this assay can only be considered preliminary and come to some agreement about
the best way to proceed.
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8. Abbreviations

AF-1 Activation domain 1
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AF-2 Activation domain 2

AR Androgen receptor

Ap1 Activator protein 1

BUS B-upstream segment

CBP CREB-binding protein

CDK2 Cyclin dependent kinase 2

DBD DNA-binding domain

EGF Epidermal growth factor

ER Estrogen receptor

GR Glucocorticoid receptor

GRIP1 Glucocorticoid receptor-interacting protein 1

HAT Histone acetylase

HDAC Histone deacetylase

HRE Hormone response element

hsp Heat shock protein

LBD Ligand-binding domain

MAPK Mitogen-activated protein kinase

MMTV Mouse mammary tumor virus

MR Mineralocorticoid receptor

NcoR Nuclear receptor corepressor

NLS Nuclear localization signal

NTD N-terminal domain

PIAS Protein inhibitor of activated STAT

PKA cAMP-dependent protein kinase A

PML Promyelocytic leukemia protein

PR Progesterone receptor

PRE Progesterone response element

RAR Retinoid acid receptor

Sp1 Specificity protein 1

SR Steroid receptor

SRC Steroid receptor coactivators

Src Tyrosine kinase-c

STAT5 Signal transducers and activator of transcription

SUMO-1 Small ubiquitin-related modifier 1

Ubc9 ubiquitin-conjugating enzyme 9 (SUMO-conjugating E2 enzyme)

USP ubiquitin-specifc proteases
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Highlights

• Progesterone receptors (PR) are subject to posttranslational modifications
(PTM).

• PTMs include phosphorylation, ubiquitination, acetylation and SUMOylation.

• These modifications control the classical transcriptional activity of PR.

• PR PTM could be therapeutically targeted as part of breast cancer treatment.
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Figure 1.
Post-translational modification of progesterone receptors. Schematic of PR-A and PR-B
showing the location of basal and hormone dependent (*) serine (S) phosphorylation sites;
the Lys (K)388 SUMO conjugation site within an IKEE motif; and an acetylation consensus
KxKK site (amino acids 638-641). Site(s) for ubiquitination remain unclear. BUS, B-
upstream segment; DBD, DNA binding domain; LBD, ligand binding domain. Also shown
are putative functions of some sites.
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