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Abstract

Nuclear hormone receptors (NRs) are transcription factors responsible for mediating the biological effects of hormones during development, metabolism, and
homeostasis. Induction of NR target genes is accomplished through the assembly of hormone-bound NR complexes at target promoters and coincides with changes in
histone modifications that promote transcription. Some coactivators and corepressors of NR can enhance or inhibit NR function by covalently modifying histones. One
such modification is methylation, which plays important roles in transcriptional regulation. Histone methylation is catalyzed by histone methyltransferases and reversed
by histone demethylases. Recent studies have uncovered the importance of these enzymes in the regulation of NR target genes. In addition to histones, these enzymes
have nonhistone substrates and can methylate and demethylate NRs and coregulatory proteins in order to modulate their function. This review discusses recent progress
in our understanding of the role of methylation and demethylation of histones, NRs, and their coregulators in NR-mediated transcription.

Nuclear hormone receptors (NRs) are a group of structurally related transcription factors that are responsible for mediating the biological effects of hormones. There are
approximately 50 mammalian NRs that include receptors for thyroid hormones, steroid hormones, retinoic acid, and vitamin D, as well as orphan receptors in which the
ligand is unknown (1,2,3).

Transcriptional activation by NR is a multistep process and involves NRs and primary and secondary coactivators (4). Binding of hormones to their cognate NRs can
induce allosteric changes that permit the NR to recognize specific DNA elements at promoter regions. These conformational alterations allow for the hormone-bound
receptor to recruit coactivators, some of which possess intrinsic enzymatic activities that modify chromatin. The concerted action of these proteins usually results in
changes in local chromatin structure, which facilitates recruitment of the RNA polymerase II transcriptional machinery to the promoter (5).

In recent years, much attention has been focused on chromatin modifications due to their critical role in regulating gene expression. The fundamental unit of chromatin
is the nucleosome, which consists of 146 bp of DNA wrapped around a histone octamer made up of two copies each of the four core histones, H2A, H2B, H3, and H4
(6). The N-terminal histone tails extend from the globular domain and are subject to a variety of posttranslational modifications that include acetylation, methylation,
phosphorylation, and ubiquitination. The presence of these modifications in different combinations can have profound effects on local chromatin structure, allowing the
cell to fine tune its transcriptional output (7).

Many coactivators and corepressors of NRs possess intrinsic histone-modifying activities. Whereas the ability to alter local chromatin structure is crucial for
transcriptional regulation, some of the histone-modifying enzymes can also target nonhistone substrates including NRs themselves as well as their coregulators. Recent
studies have uncovered the importance of several posttranslational modifications, including acetylation, phosphorylation, and methylation in regulating NR function. In
this review, we focus on the role of protein methylation and demethylation in regulating NR-mediated transcription.

Transcriptional Regulation by Histone Methylation and Demethylation

Histone methylation, which can occur on lysine and arginine residues, has been implicated in many biological processes including transcriptional regulation,
heterochromatin formation, X inactivation, and genomic imprinting (8,9). Lysine residues can accept up to three methyl groups whereas arginine residues can be
monomethylated, symmetrically dimethylated, or asymmetrically dimethylated (Fig. 1). Thus far, there are at least five arginine residues (H3R2, H3R8, H3R17, H3R26,
and H4R3) and six lysine residues (H3K4, H3K9, H3K27, H3K36, H3K79, and H4K20) on histones H3 and H4 that can be methylated (10). Depending on the site of
methylation, histone methylation can have both positive and negative effects on transcription. Unlike acetylation and phosphorylation, methylation does not affect the
overall charge of the residue. However, in some cases, methylation can serve as a binding site for the recruitment of additional regulatory proteins (11,12). Nevertheless,
the precise mechanism by which histone methylation regulates transcription is poorly understood.

Histone methyltransferases (HMTs) catalyze the transfer of methyl groups from the methyl donor S-adenosyl-L-methionine to either the ω- or the δ-NH  group of
arginine residues or the ε-NH  group of lysine residues that are present in histones. HMTs can be divided into three families based on their catalytic domains (8). The
three families include: the protein arginine methyltransferase (PRMT) family, the Su(var)3–9, enhancer of zeste, trithorax (SET)-domain-containing family, and the non-
SET domain enzymes (Dot1/Dot1L). With regard to NR-mediated transcriptional regulation, much of the literature has pointed to the participation of PRMTs and the
SET-domain-containing HMTs in this biological process (Fig. 2A). The 10 mammalian PRMTs (PRMT1–PRMT10) are categorized into four groups based on their
reaction mechanism and end product (13). The evolutionarily conserved SET domain is responsible for methylation of lysine residues. Although the SET domain is
present in about 60 human proteins, only a fraction of these proteins have been shown to possess the ability to methylate histones.

Unlike histone acetylation and phosphorylation, the reversibility of histone methylation was hotly debated for many years due to the low turnover rate of methylated
histones (14). However, recent studies have demonstrated that histone methylation can also be removed enzymatically by histone demethylases that include PADI4
(peptidyl arginine deiminase, type 4), LSD1 (lysine specific demethylase 1), and the JmjC (Jumonji C)-domain containing proteins (10). Accumulating evidence
suggests that these enzymes participate in diverse biological processes including NR signaling (Fig. 2B).

Regulation of Hormone-Responsive Genes by Histone Methylation and Demethylation

Activation of NR target genes requires that the local chromatin environment be transcriptionally competent. This can be accomplished, in part, by specific chromatin-
modifying enzymes that promote accessibility of the transcriptional machinery to target promoters. Consequently, many NRs can directly or indirectly recruit chromatin-
modifying enzymes such as HMTs and demethylases to facilitate NR target gene activation. Below we summarize recent studies regarding histone methylation and
demethylation with respect to various NRs.

Estrogen receptor (ER)

Coactivator-associated arginine methyltransferase 1 (CARM1) is one of the best characterized examples of HMTs that plays an important role in mediating NR function.
Also known as PRMT4, CARM1 is a type I PRMT that produces asymmetric dimethylarginine in addition to monomethylarginine. Methylation of arginines 2, 17, and
26 of histone H3 are mediated by CARM1 and are associated with transcriptional activation (15,16,17). The catalytic domain resides within a highly conserved set of
four sequence motifs that is also found in members of the PRMT family.

Initially identified as an interaction partner of the p160 coactivators (16), CARM1 is a secondary coactivator of ER (as well as other NRs) functioning only when p160
coactivators are present. The importance of CARM1 in ER-dependent transcription is exemplified by the observation that CARM1 null fibroblasts and embryos exhibit
aberrant expression of estrogen-responsive genes (18). Not surprisingly, CARM1 is overexpressed in breast tumors (19). In the breast cancer cell line MCF-7, addition
of E  (estradiol) to the culture leads to activation of the ER target gene pS2, which coincides with CARM1 recruitment and increased H3R17 methylation at the gene
promoter (15). It has also been demonstrated that estrogen-stimulated cell proliferation depends on CARM1-mediated methylation of the E2F1 promoter (20). CARM1,
itself, is also regulated by phosphorylation that inhibits its HMT activity and results in decreased activation of ER-mediated transcription (21).

In addition to CARM1, other PRMTs have also been implicated in ER signaling. PRMT1 is an H4R3 methyltransferase (22,23) that can be recruited by ER complexes
as well as other NR complexes. Although the role of H4R3 methylation in gene activation is poorly understood, in vitro studies have indicated that this modification
facilitates acetylation of H4 through the recruitment of the histone acetyltransferase, p300 (23). Furthermore, PRMT1 appears to act synergistically with CARM1 to
enhance NR function (24). However, it is not entirely clear whether the coactivator function of PRMT1 is dependent on its enzymatic activity. Whereas this is true in the
case of the androgen receptor (AR) (23), this has not been addressed in the context of ER-mediated transcription.

With regard to the role of HMTs in ER function, much of the work has been focused on CARM1 and PRMT1. Although other HMTs have recently been implicated in
ER-dependent transcription, their precise function remains unclear. In general, very little has been done in elucidating the role of lysine methylation in regulating ER-
dependent transcription. Methylation on H3K9 has been linked to gene repression, and its role in ER-dependent transcription may become apparent in the near future.
Recently, several H3K9 HMTs, including ERG-associated protein with SET domain (ESET), retinoblastoma-interacting zinc factor (RIZ1), and EuHMTase, have been
implicated in repressing ER targets pS2 and GREB1 in the absence of ligand E  (25). These data point to a model in which ER target genes are repressed by H3K9
HMTs in the absence of estrogens (Fig. 3A) and activated by CARM1 and PRMT1 in the presence of estrogens (Fig. 3B).

In addition to H3K9 methylation, the involvement of H3K4 and H3K27 methylation in ER function is of particular interest due to their correlation with gene activation
and repression, respectively. Recent studies have begun to reveal the potential function of enhancer of zeste 2 (EZH2), the catalytic subunit of the H3K27
methyltransferase (26), in ER signaling. As a Polycomb group protein, EZH2 has been implicated in gene silencing during development and differentiation through
methylation on H3K27 (27). Consistent with its known function, EZH2 was reported to act as a corepressor by interacting with repressor of ER activity (28). However,
EZH2 has also been reported to act as a coactivator for ER target genes, c-Myc and cyclin D1 (29). Although it is unclear how this discrepancy is reconciled, we note
that different breast cancer cell line were used in these studies. It is possible that EZH2 might perform different functions depending on the cell lines and the specific
promoter context. Additionally, it is important to note that the coactivator function of EZH2 is independent of its HMT activity (29). To clarify the role of H3K27
methylation in the silencing of ER target genes, it will be interesting to determine whether components of the EZH2 complex co-occupy ER target promoters because
EZH2, SUZ12, and EED are all required for the H3K27 methyltransferase activity (30). Alternatively, it is possible that EZH2 may have functions outside the context of
the complex.

Given that the steady state of histone methylation is controlled by a balance between the action of two groups of opposing enzymes, HMTs and histone demethylases, it
is expected that enzymes that remove the methyl mark can also have effects on NR-dependent transcription. For example, the peptidyl deiminase PADI4 can convert
methylated arginines to citrulline at positions 2, 17, and 26 of histone H3 and position 3 of histone H4 (31,32). Thus, PADI4 functions by antagonizing the effects of
CARM1 and PRMT1 on expression of ER target genes (Fig. 3C). Interestingly, PADI4 itself is also a target of ER (33), which is consistent with the notion that ER-
mediated transcription can be quickly attenuated after the initial induction.

AR

Recently, histone demethylases have emerged as key players in the regulation of AR-mediated transcription. In particular, current literature has placed much emphasis
on demethylation of H3K9. In the absence of androgens, target genes are turned off due to the presence of H3K9 methylation. In the presence of androgens, H3K9
methylation is removed, which leads to the derepression of AR target genes. This model is supported by data from several recent studies. For example, LSD1, an amine
oxidase initially identified as an H3K4 demethylase (34), was reported to also demethylate H3K9 in the presence of the AR agonist R1881 (35). Importantly, LSD1 can
interact with AR and induce demethylation of H3K9me1 and H3K9me2 at the prostate-specific antigen (PSA) promoter region (35).

Interestingly, under the same conditions, decreased levels of H3K9me3 were also observed at the PSA promoters. However, this could not be attributed to LSD1 because
LSD1 is not capable of catalyzing trimethyl demethylation (34). Subsequent work from Schüle and colleagues (36) identified JHDM3C/KDM4C as the demethylase
responsible for the H3K9me3 demethylation. However, both LSD1 and JHDM3C/KDM4C appear to be present at the PSA promoter constitutively even in the absence
of AR agonist. It is unclear why these two enzymes are present at a time when AR is not activated. We note that in addition to H3K9, LSD1 and JHDM3/KDM4 possess
capability to demethylate H3K4 and H3K36, respectively (34,37,38). It is tempting to speculate that LSD1 and JHDM3C/KDM4C may also play a role in maintaining
repression by demethylating these active marks when ligands are absent. If this is indeed the case, it would of great interest to investigate whether the presence of
agonists is sufficient to switch the substrate specificities of these two enzymes.

In addition to LSD1 and JHDM3C/KDM4C, the H3K9me2-specific demethylase JHDM2A/KDM3A also participates in AR activation. Unlike LSD1 and
JHDM3C/KDM4C, JHDM2A/KDM3A interacts with AR and is recruited to the PSA and NKX3.1 promoters in a hormone-dependent manner (39). Knockdown
followed by chromatin immunoprecipitation (ChIP) demonstrates that this demethylase is only responsible for the removal of the H3K9me2 mark at the PSA and the
NKX3.1 promoters (39). JHDM3A/KDM4A and JHDM3D/KDM4D are also AR coactivators that interact with AR only in the presence of the hormone, mibolerone
(40). Interestingly, knockdown of JHDM3A/KDM4A in the absence of miberolone resulted in reduced levels of PSA mRNA, indicating that JHDM3A/KDM4A is
important for maintaining basal levels of PSA. Because JDHM3A/KDM4A is capable demethylating H3K9me3 (37,38,41), further work is required to determine
whether this activity is important for maintaining basal levels of target gene expression.

Conversely, if H3K9 demethylation is important for AR-dependent transcription, one might expect that H3K9 methyltransferases would promote repression at these
loci. Consistent with this notion, both ESET and RIZ1 contribute to repression of AR target genes in the absence of hormone because knockdown of these HMTs results
in derepression of these genes (25). However, because only partial derepression was observed when both enzymes were knocked down, it is evident that other H3K9
methyltransferases must participate in this process. Although the H3K9me2-specific HMT G9a was demonstrated to act as a coactivator for AR as well as ER (42), this
function does not appear to be dependent on its HMT activity. Whether other H3K9 HMTs, such as SUV39H and EuHMTase, have a role in maintaining the repressed
state of AR target genes in the absence of androgens remains to be determined.

It is evident that multiple members of the HMTs and demethylases appear to play significant roles in AR-mediated transcription (Fig. 4). Consequently, many of these
enzymes are dysregulated in prostate cancer cell lines and tumors (41,43,44). Because many HMTs and demethylases are involved in this process, it is possible that
precise transcriptional regulation of specific AR target genes may require specific combinations of HMTs and demethylases depending on cell type and promoter
context.

Other NRs

In addition to participating in ER- and AR-dependent transcription, histone methylation and demethylation have also been implicated in the function of other NRs. For
example, both CARM1 and PRMT1 have been shown to be recruited to the thyroid response element by ligand-bound thyroid receptor (TR) resulting in increases in
arginine methylation and transcription (45,46). CARM1 also functions as a coactivator for AR (47) and PPARγ (peroxisome proliferator-activated receptor γ) (48).

Similar to AR, H3K9 methylation also contributes to the transcriptional regulation of other NR target genes. Repression of TR-dependent transcription in the absence of
hormone T3 is attributed to methylation of H3K9 by SUV39H1 (49). As expected, activation of TR results in decreases in H3K9me3 methylation (50), which could
result from histone demethylation or histone replacement. However, based on what is known about H3K9 demethylation and NR-mediated transcription, it is likely that
the JHDM3/KDM4 family of histone demethylases may be involved because this family has the capacity to remove H3K9me3. Interestingly, knockdown of CARM1
abolishes the decrease in H3K9me3 (50), suggesting that there may be a cross talk between arginine methylation and H3K9 demethylation.

In addition to its involvement in AR-mediated transcription, recent studies of the Jhdm2a knockout mice have revealed the function of JHDM2A/KDM3A in regulating
the expression of metabolic genes (51). Loss of Jhdm2a function results in increased H3K9me2 levels at peroxisome proliferator response elements as well as reduced
recruitment of NRs PPARγ and retinoid X receptor α, and their coactivators Pgc1α, p300, and Src1 (51). These results suggest that JHDM2A can serve as a coactivator
of PPARγ. Furthermore, the H3K9 demethylase, JHDM3C/KDM4C, was reported to function as a coactivator of the glucocorticoid receptor (GR) and the progesterone
receptor (PR) (36). It is likely that H3K9 demethylation also plays a role in transcriptional activation of the NR target genes.

In contrast to the established role of arginine methylation and H3K9 methylation in regulating NR function, very little is known about the role of H3K4 methylation, a
mark strongly correlated with transcriptional activation. However, one recent study has implicated MLL3 and MLL4, HMTs that target H3K4, in the transcriptional
activation of liver X receptor target genes (52). Recruitment of these HMTs to target promoters leads to induction of H3K4me3. It is likely that other H3K4
methyltransferases may also play critical roles in the transcriptional activation of other NR target genes.

Regulation of NRs by Methylation

In many cases, NRs achieve their function by recruiting coactivators and corepressors, some of which possess intrinsic enzymatic activities toward histones. Given that
proteins other than histones can also be modified, it is possible that the proteins that associate with histone-modifying enzymes can also serve as substrates. Consistent
with this notion, some of these histone-modifying enzymes can also modify the NRs themselves. Although much of the attention has been given to phosphorylation and
acetylation of NRs, it is becoming apparent that methylation of NRs is also an important regulatory mechanism. Below, we summarize some of the recent findings in
this area.

ER

It has been known for some time that ER is subject to a number of posttranslational modifications that include acetylation (53,54), phosphorylation (55,56),
ubiquitination (57), and sumoylation (58). To add to the growing list of modifications, recent work has revealed that ER can also be methylated by Set7/9 (59). ER
methylation leads to its stabilization and efficient recruitment to target genes (59). It remains to be investigated whether a demethylase can antagonize Set7/9 function in
the absence of estrogens.

Methylation also regulates nongenomic functions of ER. The classical mechanism of ER action involves recruitment of the ligand-bound receptor to estrogen response
elements within the genome. On the other hand, nongenomic functions involve cytoplasmic pools of ER that participate in multiprotein complexes in the presence of
estrogens (60). Proteins that interact with cytoplasmic, ligand-bound ER include growth-dependent kinases and adaptor molecules. The formation of these complexes
ultimately leads to the activation of many downstream signaling pathways including MAPK and Akt (61,62). Through this mechanism, ER is able to regulate a broader
set of genes compared with the classical mechanism alone. The formation of cytoplasmic ER complexes is not only regulated by the presence of estrogens but also by
methylation of ER. PRMT1, which resides in both the nucleus and the cytoplasm (63), can methylate the ER DNA-binding domain at R260. This modification is
essential for E -induced formation of the ERα/Src/p85 complex as well as activation of Akt (64).

Other NRs

In addition to ER, methylation can also occur in other NRs. The orphan NR, hepatocyte nuclear factor 4, is involved in regulation of genes controlling the metabolism of
glucose and lipids and is another example of a NR that is regulated by methylation. PRMT1 methylates hepatocyte nuclear factor 4 within its DNA-binding domain,
which enhances its ability to bind to target genes (65). In addition, a mass spectrometric approach revealed that mouse RARα (retinoic acid receptor α) is trimethylated
on lysine 347, which leads to enhanced interactions with coactivators p300/CBP [cAMP response element binding protein (CREB)-binding protein] and RIP140
(receptor interacting protein 1) as well as its heterodimeric partner retinoid X receptor (66). This is the first demonstration that NRs can be lysine methylated although
the methyltransferase is still currently unknown. Because more attention is now being given to nonhistone substrates of methyltransferases, it is likely that additional
examples of NRs as methylation substrates will be identified in the near future.

Regulation of NR Coregulators by Methylation

Coregulators (coactivators and corepressors) of NRs play important roles in the regulation of transcriptional activity by ligand-bound NRs. This is accomplished through
interactions between NRs and their coregulators to form multiprotein NR complexes that are crucial for efficient activation of target genes. Many of the coregulators
discussed below do not act on a specific NR but, instead, broadly regulate several NRs. Due to their close proximity to other proteins with intrinsic enzymatic activities,
coactivators and corepressors are also subject to posttranslational modifications including methylation.

Steroid receptor coactivator (SRC)/p160 coactivators

One of the best characterized group of coactivators is the SRC/p160 family proteins, which consist of three evolutionarily related members that directly interact with
hormone-bound NRs. 1 SRC-1 was the founding member of this family and was shown to be a coactivator for PR (67). Subsequent characterization of SRC-2 [GR-
interacting protein 1 (GRIP1), TIF2] and SRC-3 (p/CIP, Rac3, ACTR, AIB1, TRAM1) led to the understanding that these coactivators can enhance the function of
multiple NRs (68). Through interaction with hormone-bound receptors, the SRC/p160 family of coactivators function as crucial scaffolds allowing for the assembly of
coregulator complexes that enhance NR-mediated transcriptional activation.

For example, ER-mediated transcription involves multiple rounds of coregulator recruitment, assembly, and disassembly at target promoters (69,70). This process is
both ordered and cyclical and may also be indicative of how other NRs and their coregulators function to induce and attenuate transcription. Although the mechanism of
coregulator assembly is relatively well understood, very little is known regarding how coregulator complexes are disassembled.

Recent studies have suggested that methylation of SRC-3 may play a role in coregulator complex disassembly by reducing the affinity of SRC-3 for other coactivators.
CARM1-mediated methylation of SRC-3 within its glutamine-rich region results in its dissociation from CARM1 (71). It was reported that methylation-deficient mutant
CARM1 exhibited an enhanced coactivator function as well as higher affinity for the coactivators p300 (71) and CBP (72), indicating that methylation of SRC-3 affects
the stability of the interactions and leads to the disassembly of the coactivator complex (Fig. 3C). In addition to affecting the stability of the coactivator complex, SRC-3
methylation also appears to regulate SRC-3 stability (72), which may provide an additional mechanism by which ER-mediated transcription can be rapidly attenuated.

In addition to the methylation site located in the glutamine-rich region, mass spectrometric analysis has revealed additional sites located between the NR interaction
domain and the activation domain 1 of SRC-3 (72). Interestingly, these methylation sites are in close proximity to phosphorylation sites required for the coactivation of
ER and AR (73), suggesting potential cross talk between these two modifications. Indeed, the presence of phosphorylation at these sites dramatically inhibited
methylation within this region (72). However, the functional relevance of these newly identified sites remains to be determined. If methylation of these sites also
diminishes the coactivating function of SRC-3, then cross talk between phosphorylation and methylation would add another layer of complexity to the mechanism by
which the function of NRs can be switched on and off.

CBP/p300

Secondary coactivators such as CBP and p300 play important roles in enhancing transcription in response to hormone treatment. CBP and its paralogue p300 possess
intrinsic histone acetyltransferase (HAT) activity. Acetylation of lysine resides of histones is thought to neutralize the positive charge of the residue, thus opening up the
local chromatin structure and making it more accessible for transcriptional machinery. Furthermore, CBP and p300 can interact with RNA polymerase II (74,75,76,77),
basal transcription factors (78,79), and other coactivators (80,81) to facilitate assembly of transcription initiation complexes. Interactions between CBP/p300 and the
transcription machinery are subject to regulation by posttranslational modification, such as methylation (82). In fact, CBP/p300 was among the first coregulators
demonstrated to be regulated by methylation (83).

Methylation within the KIX domain of CBP/p300 interferes with its interaction with CREB, resulting in inhibition of CREB-dependent recruitment and subsequent
activation (83). In addition, CBP was also found to be methylated at R742 near the KIX domain, which is important for hormone-dependent interaction with GRIP-1
(84). The C-terminal GRIP-binding domain of p300 is also subject to methylation, which inhibits its interaction with GRIP (85). Interestingly, methylation of this site
can be reversed by PADI4. Because p300-GRIP interaction is important for the recruitment of the coactivator complex, methylation of CBP/p300 may be a mechanism
by which complex assembly and disassembly can be dynamically regulated.

PGC-1α

Peroxisome proliferator-activated receptor γ coactivator 1 α (PGC-1α) regulates energy homeostasis by functioning as a transcriptional coactivator for several NRs
including PPARγ, ER, TR, GR, and RAR (86). Methylation of PGC-1α by PRMT1 appears to be crucial for its coactivator function (87). In transient transfection
reporter assays, coactivation is abolished in the absence of PRMT1 or when PGC-1α methylation sites are mutated. Although PGC-1α can be methylated by PRMT1,
but not CARM1, in vitro, it is unclear whether PGC-1α methylation occurs in vivo. Furthermore, how methylation of PGC-1α leads to a positive effect on transcription
is unknown.

RIP140

Also known as NRIP1 (NR-interacting protein 1), RIP140 is a general coregulator for many NRs (88,89,90) whose precise function is complex. It appears that RIP140
interacts with agonist-bound receptors but can function as either a coactivator or a corepressor, depending on the cellular and promoter context (91,92). Nevertheless, its
role in gene silencing has been characterized and appears to be linked with its capability to interact with histone deacetylases HDAC1 and HDAC3 (93,94) as well as the
corepressor CtBP (95).

Posttranslational modifications appear to be an important mechanism by which the biological function of RIP140 can be regulated. In addition to phosphorylation
(96,97) and acetylation (98), methylation of RIP140 can modulate its repressive activity. Accumulating evidence indicates that PRMT1-mediated arginine methylation
can suppress RIP140-repressive function by at least two mechanisms: 1) RIP140 methylation decreases the recruitment of HDAC3 to the RARβ2 promoter; and 2)
increases its interaction with exportin-1 resulting in the nuclear export of RIP140 (99). Interestingly, this methylation event depends on protein kinase C ε activation,
RIP140 phosphorylation, and subsequent recruitment of 14-3-3 and PRMT1 (100). In addition, mass spectrometric analyses indicate that RIP140 itself is also lysine
methylated (101). However, the functional relevance of RIP140 methylation and the responsible methyltransferase remains unknown.

Concluding Remarks

Recent identification and characterization of numerous HMTs and demethylases has led to great efforts in understanding their biological function. As a result,
accumulating evidence suggests that methylation and demethylation play an important role in regulating nuclear hormone signaling. In addition to histones, these
methyltranserases and demethylases can also modify NRs and their coregulators to contribute to the regulation of NR-mediated transcription (Table 1).

With regard to histone methylation and its effect on NR-mediated transcription, much attention has been focused on arginine methylation and H3K9 methylation as
discussed above. Although many of the relevant HMTs and demethylases have been demonstrated to be NR coregulators, several key questions remain. 1) Evidence
supports a model in which NR target genes are repressed in the absence of hormones due to the recruitment of H3K9 HMTs to target promoters. During transcriptional
activation, these HMTs must be evicted from the promoter region. How this is achieved is not clear. Although competition with hormone-bound NRs may be one
explanation, it is also possible that posttranslational modifications of HMTs may result in reduced affinity for chromatin. 2) PADI4 antagonizes the effects of CARM1
and PRMT1 by converting methylated arginine to citrulline. Transcription mediated by ER and possibly other NRs is a cyclical process. It is unclear how the presence of
citrulline may affect the next round of transcription. It is possible that CARM1 and PRMT1 only enhance the first round of transcription. Alternatively, restoration of the
arginine residue could be achieved by histone replacement.

Preliminary studies have begun to reveal the role of other methylation events, including H3K4 and H3K27methylation, in NR-mediated transcription. Genomic regions
containing both of these marks are termed “bivalent domains” and are of great interest due to their role in maintaining a poised transcriptional state (102,103). Because
genes containing bivalent domains are not considered transcriptionally active, it is possible that NR response elements contain these marks in the absence of a ligand. In
response to hormone stimulation, removal of the silencing H3K27 mark would allow rapid activation. Bivalent domains have been reported to be present at retinoic acid
response elements (104). However, further characterization of other response elements is required to determine whether bivalent domains play a general role in NR-
mediated transcription. Although bivalent domains were initially identified in embryonic stem cells, whether they exist in cell lines relevant to NR signaling remains to
be determined.

There is some evidence that NRs may utilize different combinations of histone methyltransferases and demethylases to activate their target genes (25). With the recent
development of the ChIP-chip and ChIP-Seq technologies, it is possible to generate genome-wide histone methylation maps in the presence and absence of hormones.
Although these techniques have been applied to examine genome-wide localization of NRs (105) as well as changes in histone acetylation (106), there is no report
investigating changes in histone methylation before and after hormone stimulation. Although it is clear that levels of certain marks such as arginine methylation and
H3K9 methylation dynamically change in the presence of ligands, a genome-wide approach would not only provide a bigger picture of the methylation changes, but
could also provide insight into the groups of target genes that are coregulated.

Until recently, protein methylation had not been given much attention compared with other posttranslational modifications such as phosphorylation. However, it is
evident that some of the HMTs and demethylases have nonhistone protein substrates. Therefore, it is expected that methylation of some of these proteins should
contribute to the regulation of the protein function. This notion has attracted people to begin categorizing methylated proteins. For example, mass spectrometric
technologies have been used to identify novel methylated proteins in the human genome. Although some success has been achieved in identifying novel arginine-
methylated proteins (107), the result may not represent the complete human arginine methylome because identification was limited to the proteins that bound to methyl-
specific antibodies. To overcome this problem, entire cell extracts could be analyzed by mass spectrometry as this has been done previously for phosphoproteins
(108,109). Because only proteins that are methylated in high abundance can be identified by this approach, it is likely that improved sensitivity of the mass spectrometer
will be necessary to characterize the human methylome. In view of the fact that methylation is a reversible reaction, development of specific demethylase inhibitors may
be required for achieving this task.

Given the importance of NR signaling in the maintenance of normal cellular function, great efforts have been devoted to the development of drugs that interfere with
NR signaling (110). The discovery that many of the HMTs and demethylases are part of the NR signaling pathway has raised the possibility that these enzymes could be
potential drug targets for therapeutic intervention. Available data suggest that HMTs and demethylases play critical roles in NR signaling, not only through their ability
to modify histones but also through their ability to directly regulate NRs and their coregulators. Because these enzymes appear to function in multiple ways,
understanding their precise contributions to transcriptional activation by NRs will be necessary if therapeutic drugs are to be designed.
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Figures and Tables

Figure 1

Chemical structures of the various methylated arginine and lysine residues catalyzed by methyltransferases (MTase). A, Arginines can be monomethylated, symmetrically dimethylated,
or asymmetrically dimethylated. B, Lysines can be monomethylated, dimethylated, or trimethylated.

Figure 2

Domain architecture of HMTs (panel A) and demethylases (panel B) involved in nuclear hormone signaling. The names of the various functional domains in A and B are illustrated in
panel C. MLL, Mixed-lineage leukemia; MBD, methyl-CpG-binding domain; SANT, Swi3 (switching-defective protein 3), Ada2 (adaptor 2), N-CoR (nuclear receptor corepressor),
TFIIIB (transcription factor IIIB).

Figure 3

Schematic representation of the HMTs and demethylases involved in ER signaling during the absence of hormones (panel A), presence of hormones (panel B), and coactivator complex
disassembly (panel C). Dashed lines represent unknown events.

Figure 4

Schematic representation of the HMTs and demethylases involved in AR signaling during the absence of hormones (panel A) and presence of hormones (panel B). Dashed lines
represent unknown events.

Table 1

Substrates of HMTs and demethylases involved in nuclear hormone signaling

2

2
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2
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Enzyme Effector of

Substrates

Histone NR Coregulator

HMTs

 Arginine

  CARM1 (PRMT4) ER, AR, TR, PPARγ H3R2, H3R17, H3R26 SRC-3, CBP/p300

  PRMT1 ER, AR, TR, HNF H4R3 ER, HNF4 PGC-1α, RIP140

 Lysine

  EZH2 ER H3K27

  ESET ER, AR H3K9

  RIZ1 ER, AR H3K9

  G9a ER H3K9

  SUV39H TR H3K9

  EuHMTase ER H3K9

  MLL3 LXR H3K4

  MLL4 LXR H3K4

  Set7/9 H3K4 ER

HDMTs

 Arginine

  PADI4 ER H3R2, H3R17, H3R26 CBP/p300

 Lysine

  LSD1 ER, AR H3K4, H3K9

  JHDM2A/KDM3A AR, PPARγ, RXRα H3K9

  JHDM3A/KDM4A AR H3K9, H3K36

  JHDM3C/KDM3C AR, GR, PR H3K9, H3K36

HNF4, Hepatocyte nuclear factor 4; LXR, Liver X receptor; PR, progesterone receptor; RXR, retinoid X receptor. 
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