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Spinal and Bulbar Muscular Atrophy (SBMA) is an X-linked adult-onset progressive
neuromuscular disease that affects the spinal and bulbar motor neurons and skeletal
muscles. SBMA is caused by expansion of polymorphic CAG trinucleotide repeats in the
Androgen Receptor (AR) gene, resulting in expanded glutamine tract in the AR protein.
Polyglutamine (polyQ) expansion renders the mutant AR protein toxic, resulting in the
formation of mutant protein aggregates and cell death. This classifies SBMA as one of
the nine known polyQ diseases. Like other polyQ disorders, the expansion of the polyQ
tract in the AR protein is the main genetic cause of the disease; however, multiple other
mechanisms besides the polyQ tract expansion also contribute to the SBMA disease
pathophysiology. Posttranslational modifications (PTMs), including phosphorylation,
acetylation, methylation, ubiquitination, and SUMOylation are a category of mechanisms
by which the functionality of AR has been found to be significantly modulated and can
alter the neurotoxicity of SBMA. This review summarizes the different PTMs and their
effects in regulating the AR function and discusses their pathogenic or protective roles
in context of SBMA. This review also includes the therapeutic approaches that target
the PTMs of AR in an effort to reduce the mutant AR-mediated toxicity in SBMA.

Keywords: spinal and bulbar muscular atrophy (SBMA), androgen receptor (AR), posttranslational modification
(PTM), neurodegeneration, polyglutamine disease

INTRODUCTION

Insights obtained from the human genome sequencing has made it evident that numerous and
complex biological functions required for life cannot be answered only by a limited number of
protein coding genes. In order for a cell to perform its numerous required functions, complex
molecular mechanisms, including alternative splicing and posttranslational modifications (PTMs),
allow the genome to drastically increase its ability to produce proteins that can meet the demand
of life. Both these mechanisms allow the cell to produce multiple different functional proteins
from a single gene. Alternative splicing accomplishes this through modification of pre-mRNA
constructs, producing differently spliced mRNAs that are then translated to different mature
proteins. In contrast, PTMs are chemical modifications that are added to the mature proteins to
change or modify their function. PTMs involve addition of acetyl, methyl, phosphate groups, or
ubiquitin molecules via covalent or enzymatic addition to the targeted amino acids. These forms
of modifications are required to regulate proteome homeostasis, biological pathways, or other
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cellular functions (Karve and Cheema, 2011). Dysregulated or
altered PTMs have been implicated in diverse neurodegenerative
diseases (Chen and Feany, 2005; Arakhamia et al., 2020; Gupta
et al., 2021; Sternburg et al., 2022), including polyglutamine
(polyQ) diseases (Lieberman et al., 2002; Mookerjee et al.,
2009; Pennuto et al., 2009; Ju et al., 2014; Martin et al.,
2018; Ratovitski et al., 2021). PolyQ diseases are a family
of neurodegenerative disorders that are caused by CAG
trinucleotide repeat expansion in their respective disease-
associated genes (La Spada et al., 1991; Macdonald et al.,
1993; Orr et al., 1993; Koide et al., 1994; Lorenzetti et al.,
1997; Nakamura et al., 2001; Lieberman et al., 2019). This
group encompasses nine diseases, including Huntington’s
Disease (HD), Dentatorubral-pallidoluysian atrophy (DRPLA),
spinocerebellar ataxias (SCA 1, 2, 3, 6, 7, and 17), and spinal
and bulbar muscular atrophy (SBMA) (Orr and Zoghbi, 2007;
Lieberman et al., 2019).

Spinal and bulbar muscular atrophy, also known as Kennedy’s
disease, is an X-linked adult-onset progressive neuromuscular
disorder (Kennedy et al., 1968; La Spada et al., 1991) with
an estimated prevalence of 1:300,000 (La Spada, 1993). It is a
monogenic disorder caused by CAG repeat expansion in the first
exon of the Androgen Receptor (AR) gene (La Spada et al., 1991)
(Figure 1). The location of AR gene on the X chromosome as
well as the presence of androgenic hormones makes SBMA more
prevalent in the males; however, homozygous females can exhibit
symptoms which are milder than those observed in the males
(Katsuno et al., 2012). The healthy individuals normally carry 9 to
36 CAG repeats, while the individuals affected with SBMA have
38 to 62 CAG repeats in AR. The disease symptoms occur around
30 to 50 years of age (Kennedy et al., 1968; Atsuta et al., 2006) with
a strong correlation between the age of disease onset and CAG
repeat length (Igarashi et al., 1992; Atsuta et al., 2006). The disease
pathology includes behavioral tremors, muscle cramps, increased
levels of creatine kinase, motor neuron loss, and skeletal muscle
degeneration (Kennedy et al., 1968; Soraru et al., 2008).

Since the genetic cause of SBMA was identified, several
in vivo and in vitro models have been developed that recapitulate
many aspects of SBMA phenotypes (Pennuto and Basso, 2016).
Conservation of the basic genetic machinery across the species
as well as anatomical and physiological similarities allow these
models to provide valuable insights into the disease pathology
and pathogenesis. For in vivo animal models, the first transgenic
mouse model used to study SBMA contained 45 CAG repeats in
the AR; however, it did not show the SBMA-related phenotype
due to the low transgene expression (Bingham et al., 1995).
Another transgenic mouse model developed, which carried 45
CAG repeats in AR, showed repeat instability (La Spada et al.,
1998). Subsequently, additional mouse models with varying
repeat lengths were developed that recapitulated the diverse
aspects of SBMA pathology and opened the door toward the
mechanistic understanding of the disease and the development
of therapeutics to treat SBMA (Abel et al., 2001; Adachi et al.,
2001; Katsuno et al., 2002; McManamny et al., 2002; Chevalier-
Larsen et al., 2004; Sopher et al., 2004; Yu et al., 2006; Monks
et al., 2007; Cortes et al., 2014a; Chua et al., 2015; Ramzan et al.,
2015; Zboray et al., 2015; Badders et al., 2018). In addition to the

mouse models, invertebrate Drosophila melanogaster (fruit fly)
models have also been developed and used to study the SBMA
pathology (Chan et al., 2002; Takeyama et al., 2002; Matsumoto
et al., 2005; Funderburk et al., 2009; Suzuki et al., 2009; Palazzolo
et al., 2010; Jochum et al., 2012; Scaramuzzino et al., 2015; Todd
et al., 2015; Bott et al., 2016; Badders et al., 2018; Nath et al., 2018).
Furthermore, in addition to the animal models used for in vivo
studies, in vitro approaches have also proven to be beneficial
in gaining deeper insights into the mechanisms contributing to
the SBMA pathology. Various cell lines, either transfected with
expanded polyQ-AR or human patients-derived, have widely
been used in this aspect (Brooks et al., 1997; Simeoni et al., 2000;
Walcott and Merry, 2002; Malena et al., 2013; Cortes et al., 2014b;
Dossena et al., 2014; Grunseich et al., 2014; Scaramuzzino et al.,
2015; Milioto et al., 2017). A number of the primary findings with
a significant contribution toward unraveling the role of PTMs in
regulating the AR function and SBMA pathogenesis using diverse
model systems are discussed in this review.

ANDROGEN RECEPTOR AND SBMA

The AR gene is located on the X chromosome (Xq11.2-q12)
in humans (Brown et al., 1989). Its sequence comprises a total
of eight exons that encode for the AR protein (Figure 1). AR
is a nuclear transcription factor that belongs to the steroid
hormone receptor family (Tsai and O’Malley, 1994). Structurally,
AR is broadly divided into 3 distinct regions (Figure 1). The
amino (N)-terminal domain (NTD) is known to regulate the
transcriptional activation and regulation of AR (Jenster et al.,
1995). The DNA binding domain (DBD) recognizes the specific
DNA sequences, facilitates AR-DNA binding, and also controls
AR dimerization (Shaffer et al., 2004). A flexible hinge region
connects the DBD to the ligand binding domain (LBD). The
LBD controls AR dimerization for transcriptional activation in
a ligand-dependent manner (El Kharraz et al., 2021). The nuclear
localization signal (NLS) is located between the DBD and the
hinge region, and facilitates the translocation of AR into the
nucleus (Zhou et al., 1994). The nuclear export signal (NES)
located within the LBD promotes the export of AR from the
nucleus to the cytoplasm (Saporita et al., 2003).

In the absence of ligands such as testosterone or
dihydrotestosterone (DHT), AR exists as a complex with
the heat-shock proteins (HSPs), such as HSP90 and HSP70,
within the cytoplasm. However, when the ligand is present, AR
protein binds the ligand, resulting in a conformational change
in the AR structure that promotes dissociation from HSPs and
allows it to translocate into the nucleus (Kuil et al., 1995). Within
the nucleus, AR forms a dimer and binds androgen responsive
elements (AREs) of the promotor regions of specific target genes
and promotes their transcription (Shang et al., 2002). AR plays a
key role in androgen-dependent development and maintenance
of male sexual physiology (Chang et al., 2013). It is also known
to play a role in diverse cellular functions, such as promoting
axon remyelination in the central nervous system (Bielecki
et al., 2016), motor neuron survival and degeneration (Cary
and La Spada, 2008), muscle development (Wyce et al., 2010),
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FIGURE 1 | Schematic representation of the structure of Androgen Receptor (AR) gene, protein, and posttranslational modifications (PTM) sites associated with
Spinal and Bulbar Muscular Atrophy (SBMA) pathogenesis. (A) Structure of AR gene: The AR gene is located on the X chromosome and is comprised of eight exons.
The color-coded exons indicate the major functional domains in the translated AR protein. (B) Domain architecture of AR: Schematic illustration showing the key
domains that include the N-terminal domain (NTD, shown in gray), the DNA binding domain (DBD, pink), a short hinge region (blue), and the C-terminal ligand binding
domain (LBD, orange) in the AR protein. (C) SBMA-associated PTM sites on the AR: The sites include phosphorylation sites (P, green), methylation sites (M, pink),
acetylation sites (A, purple) SUMOylation sites (S, yellow), and ubiquitination sites (U, blue). The position of these PTM sites is indicated below their respective circles.

and immune system function (Lai et al., 2012). In the context
of disease, dysfunction or dysregulation of AR is known to
be associated in causing multiple diseases (Matsumoto et al.,
2013), including androgen insensitivity syndrome (Bevan et al.,
1997), prostate cancer (Huang and Tindall, 2002), and SBMA
(Suzuki et al., 2008; Beitel et al., 2013). There are multiple
mechanisms relating to AR that are known to contribute to
SBMA pathogenesis (Beitel et al., 2013; Cortes and La Spada,
2018). They include expansion of polyQ tract in the AR (La
Spada et al., 1991), AR aggregation (Merry et al., 1998; Stenoien
et al., 1999), transcriptional dysregulation (Mhatre et al., 1993;
Lieberman et al., 2002), formation of polyQ-AR oligomers (Li
et al., 2007), structural changes (Davies et al., 2008), interdomain
interactions (Orr et al., 2010), nuclear translocation of polyQ-AR
(Nedelsky et al., 2010), polyQ mediated altered AR interaction
with other proteins (Pluciennik et al., 2021), and altered PTMs
(Table 1). A number of these SBMA-associated pathogenic
mechanisms have been implicated to be regulated by the PTMs.
This review provides a thorough overview of the role of PTMs
on AR in SBMA pathogenesis.

POSTTRANSLATIONAL MODIFICATIONS

Posttranslational modifications are biochemical modifications
that add or remove specific chemical groups, such as acetyl,

methyl, phosphate, or ubiquitin, to specific proteins that change
the properties of those target proteins. PTMs help expand the
potential of a protein to carry out cellular functions beyond its
functional capacity (Ramazi and Zahiri, 2021). Aberrant PTMs of
specific proteins or dysregulation of PTM homeostasis have been
implicated in modulating pathophysiology of polyQ diseases,
such as SCA1 (Ju et al., 2013; Ju et al., 2014; Kang et al., 2015),
HD (Martin et al., 2018), DRPLA (Yazawa, 2000), and SBMA
(Anbalagan et al., 2012) (Table 1) among others. The AR activity
can be modulated by multiple PTMs, including phosphorylation,
acetylation, methylation, ubiquitination, and SUMOylation, and
pharmacological modulation of AR activity through PTMs has
been observed to mitigate the aspects of polyQ-AR mediated
disease toxicity in SBMA (Tables 1, 2).

Phosphorylation
Phosphorylation and dephosphorylation are the most common
reversible chemical modifications that are carried out broadly
by kinases and protein phosphatases, respectively (Cohen,
2002). They play crucial roles in regulating protein function,
stability, localization, and interaction, etc. Phosphorylation
within the AR primarily occurs at amino acids residues
serine (S), threonine (T), and tyrosine (Y) (Gioeli and
Paschal, 2012; Ardito et al., 2017). There are several AR
phosphorylation sites which have been shown to modulate
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TABLE 1 | Posttranslational modifications (PTM) sites within the Androgen Receptor (AR) that can modulate the spinal and bulbar muscular atrophy
(SBMA) pathogenesis.

PTMs Sites Caused by Nature Model system Mechanism of action References

Phosphorylation S16 Mutation in the FxxLF motif
(F23A)

At amino (N)
terminal region

Cell culture,
mouse

Phosphorylation enhanced by mutation
in FxxLF motif (F23A) of AR, prevented
N/C interaction, and reduced the
disease toxicity.

Zboray et al.,
2015

S81 and S308 Genetic mutations on AR,
F23A, L26A/F27A

Point mutation Cell culture Phosphorylation at S81 and S308 was
reported to be dependent upon N/C
interaction.

(Orr et al., 2010

S81 Nemo-Like Kinase (NLK) Serine/threonine
kinase

Cell culture,
Drosophila

NLK phosphorylated polyglutamine
(polyQ) -AR, increasing polyQ-AR
aggregation and toxicity.

Todd et al.,
2015

S96 CDK2 Cyclin dependent
kinase

Cell culture,
mouse

CDK2 increased the phosphorylation
level of polyQ-AR and disease toxicity.

Polanco et al.,
2016

S215 and S792 Phosphomimetic mutation;
S215D, S792D

Point mutation Cell culture Phosphomimetic mutation blocked
ligand dependent nuclear translocation
and transcriptional activation, and
reduced polyQ-AR mediated toxicity.

Palazzolo et al.,
2007

S215 and S792 Insulin-like Growth Factor 1
(IGF-1)

Growth hormone Cell culture,
mouse

IGF-1 decreased the aggregation of AR
and promoted AR clearance via the
ubiquitin-proteasome system through
phosphorylation of AR by Akt.

Palazzolo et al.,
2009

S424 and S514 Double mutation at S424 and
S514

Point mutation Drosophila Mutation preventing phosphorylation in
polyQ-AR reduced the disease toxicity.

Funderburk
et al., 2009

S514 Mutation, S514A Point mutation Cell culture Mutation prevented the
phosphorylation at S514 suppressed
polyQ-AR mediated cell death.

LaFevre-Bernt
and Ellerby,

2003

S650 Mutation, S650A Point mutation Cell culture Reduced phosphorylation at S650
impaired the nuclear export of
polyQ-AR.

Arnold et al.,
2019

Methylation R210, R212,
R787, R789

Protein Arginine Methyl
Transferase 6 (PRMT6)

A methyl
transferase

Cell culture,
Drosophila

PRMT6 led to arginine methylation of
AR with enhancement of AR
transactivation, resulting in disease
toxicity.

Scaramuzzino
et al., 2015

Acetylation K 630/632/633 Sirtuin-1 (SIRT1) NAD + dependent
histone
deacetylase, a
nuclear protein

Cell culture SIRT1 deacetylated AR at lysine
630/632/633 and provided protection
against polyQ-AR mediated toxicity.

Montie et al.,
2011

K630/632,
K633

Mutation of K630/632 and
K633 to alanine

Point mutation Cell culture Acetylation deficient mutation delayed
the ligand dependent nuclear
translocation and promoted AR
aggregation.

Thomas et al.,
2004

Ubiquitination K17 Ubiquitin-specific protease7
(Usp7)

Deubiquitinase Cell culture,
Drosophila,
mouse

Downregulation of Usp7 lowered AR
aggregation-mediated toxicity and
ameliorated SBMA phenotypes.

Pluciennik
et al., 2021

SUMOylation – Uba2 SUMO-1 activating
enzyme

Drosophila Overexpression of Uba2.C175S
resulted in increase of polyQ-AR
induced toxicity.

Chan et al.,
2002

K385 and K518 Small Ubiquitin-like Modifier
(SUMO)

Protein modifier Cell culture SUMOylation reduced polyQ-AR
aggregation.

Mukherjee
et al., 2009

K385 and K518 Mutation of lysine sites K385
and K518 to arginine

Point mutation Cell culture,
mouse

Disruption of polyQ-AR SUMOylation
enhanced transcriptional function of
ligand induced polyQ-AR and rescued
the disease pathology.

Chua et al.,
2015

AR activity and thereby SBMA pathogenesis as evidenced
from different in vivo and in vitro models (Figure 1;
Table 1). The key phosphorylation sites within the AR
protein that have been implicated in SBMA pathogenesis are
discussed below.

S16
Androgen receptor amino (N)- and carboxyl (C)-terminal
interdomain (N/C) interaction is known as one of the
potential mechanisms that contributes to SBMA pathogenesis
(Orr et al., 2010). The potential role of phosphorylation at S16
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TABLE 2 | Therapeutics targeting PTM as treatment strategies for SBMA.

PTM Therapeutics Description Model system Mechanism of action References

Phosphorylation PACAP analog Activator of
AC/PKA signaling
pathway

Cell culture, mouse Activation of AC/PKA negatively regulated CDK2 mediated
phosphorylation of polyQ-AR and reduced polyQ-AR
aggregation and toxicity.

Polanco et al.,
2016

Forskolin Cell culture

Phosphorylation IGF-1 Insulin-Like Growth
Factor 1

Cell culture IGF-1 enhanced clearance of polyQ-AR aggregates via
ubiquitin-proteasome system in a mechanism mediated by
phosphorylation of AR by Akt.

Palazzolo et al.,
2009

mIGF-1 A muscle specific
isoform of IGF-1

Mouse Expression of mIGF-1 decreased AR aggregation and
ameliorated SBMA phenotypes.

Mecasermin
rinfabate

Recombinant
human IGF-1 and
IGF-1 binding
protein 3

Mouse Mecasermin rinfabate attenuated the mutant AR mediated
disease toxicity via activation of Akt.

Rinaldi et al., 2012

BVS857,
Drug

IGF1-memetic Human - The protective function of IGF-1 against mutant AR was
observed to be dependent upon phosphorylation of AR by
Akt.
- No significant differences were found in this study in terms
of muscle strength and muscle function.

Grunseich et al.,
2018

site in SBMA has been studied in this aspect (Zboray et al., 2015).
Phosphorylation of AR at S16 was found to be enhanced when
the N-terminal FxxLF motif of polyQ-AR was mutated (F23A)
(Zboray et al., 2015). This mutation disrupted the interaction
between the N-terminal FxxLF motif and C-terminal Activation
Function-2 (AF-2) domain and ameliorated the behavioral and
pathological phenotypes as seen in transgenic mouse models of
SBMA (Zboray et al., 2015). In addition to that, prevention of
phosphorylation at S16 site by S16A mutation eliminated the
protective effects by F23A mutation in PC12 cells (Zboray et al.,
2015). Taken together, these findings suggest that the protective
effect of AR F23A is dependent on S16 phosphorylation
(Zboray et al., 2015).

S81 and S308
Similarly, the role of phosphorylation at S81 and S308 sites
has also been investigated in AR N/C interaction and AR
aggregation in SBMA. In contrast to S16, phosphorylation
at S81 and S308 was reported as a positive marker for the
N/C interaction of polyQ-AR (Orr et al., 2010). In a study
conducted to investigate whether the N/C interaction was
required for polyQ-AR mediated disease toxicity and polyQ-
AR aggregation, Orr et al. (2010) utilized both bicalutamide
that is a transcriptional antagonist of AR and genetic mutations
(F23A, L26A/F27A) that can inhibit the DHT induced interaction
between N/C. Treatment with bicalutamide was found to disrupt
the AR N/C interaction and prevent phosphorylation of S81
and S308 in the presence of DHT (Orr et al., 2010). It was
also found to reduce the DHT-induced disease toxicity and
aggregation of AR in cell culture models of SBMA (Orr et al.,
2010). Similarly, the genetic mutations (F23A, L26A/F27A)
inhibiting the N/C interaction were shown to prevent the
AR phosphorylation at S81 and S308 in vitro (Orr et al.,
2010). Overall, this study indicated that AR phosphorylation
at S81 and S308 is dependent upon the AR N/C interaction
(Orr et al., 2010).

A subsequent study found that AR S81 phosphorylation
contributes to SBMA phenotypes (Todd et al., 2015). Nemo-
like kinase (NLK) was found to regulate the phosphorylation
levels of the mutant AR at S81 and S308 (Todd et al.,
2015). Specifically, overexpression of NLK increased, while
NLK reduction decreased, the S81 phosphorylation and polyQ-
AR aggregates formation. Furthermore, the phosphorylation-
resistant mutation AR-S81A was found to ameliorate the effects
of NLK on AR aggregation in vitro, thereby indicating that
NLK promotes mutant AR aggregation in part through S81
phosphorylation (Todd et al., 2015). To check the effect of NLK
mediated change in S81 phosphorylation on SBMA phenotypes
in vivo, the study utilized a Drosophila model of SBMA expressing
a truncated N-terminal fragment of AR (trAR112Q) (Todd et al.,
2015). Loss of one copy of Drosophila homolog of NLK (nmo in
flies) reversed the severe retinal degeneration phenotypes in the
trAR112Q SBMA fly model (Todd et al., 2015). The trAR112Q
fragment possesses two potential NLK target sites (S81 and
S94/96) and the mutation S94/96A did not influence the NLK-
mediated effect on AR aggregation in cells (Todd et al., 2015).
Taken together, this study suggested that AR phosphorylation
at S81 mediated by NLK may play an important role in SBMA
pathology (Todd et al., 2015).

S96 (S94)
The role of phosphorylation at S96 has been shown in regulating
the polyQ-AR protein stabilization (Polanco et al., 2016). In
this study, Polanco et al. (2016) reported that cyclin-dependent
kinase 2 (CDK2) phosphorylates polyQ-AR at S96 site, which
enhances the mutant AR stability and toxicity. They also showed
that activation of adenylyl cyclase (AC)/protein kinase A (PKA)
signaling increased the turnover of polyQ-AR protein and
decreased the mutant AR aggregation in vitro, in a manner
that potentially involves inhibition of CDK2 (Polanco et al.,
2016). Further, to test the effect of phosphorylation on polyQ-
AR protein stabilization, S96A substitution was used in the study
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and was found to decrease the accumulation of mutant AR
protein (Polanco et al., 2016). In order to translate these findings
into a possible therapy for SBMA, the group utilized an analog
of pituitary adenylyl cyclase activating polypeptide (PACAP),
a potent activator of AC/PKA signaling. Administration of
PACAP analog was found to reduce the accumulation of
S96 phosphorylated and total polyQ-AR and attenuate the
phenotypes in knock-in mouse model of SBMA (Polanco et al.,
2016), further indicating the importance of S96 phosphorylation
site as a potential PTM therapeutic target.

S215 and S792
Phosphorylation at S215 and S792 has been reported to
be associated with regulating the nuclear localization,
transcriptional function, and toxicity of polyQ-AR (Palazzolo
et al., 2007). S215 and S792 on AR belong to Akt (protein kinase
B) consensus sites and have shown to be phosphorylated by
Akt/PKB kinases (Lin et al., 2001). An in vitro study reported that
the phosphomimetic substitution of S215 and S792 with aspartate
reduced the ligand binding, ligand-dependent transactivation,
nuclear localization, and polyQ-AR mediated toxicity (Palazzolo
et al., 2007). Akt was observed to increase the phosphorylation
of polyQ-AR and suppress the DHT induced dependent AR
transcriptional activity in vitro (Palazzolo et al., 2007). Treatment
of insulin-like growth factor 1 (IGF-1) was found to lower the
polyQ-AR aggregation and toxicity in vitro, which is mediated
by the phosphorylation of AR at S215 and S792 (Palazzolo
et al., 2007). Along the same line, phosphorylation-resistant
mutation (S215A, S792A) of polyQ-AR were observed to
decrease the protective effects of IGF-1 in vitro (Palazzolo et al.,
2007). Another study showed that overexpression of IGF-1
reduced the polyQ-AR aggregates through ubiquitin-proteasome
system in Akt-mediated AR phosphorylation dependent manner
in vitro (Palazzolo et al., 2009). The expression of muscle
specific isoform of IGF-1 could increase activation of Akt and
AR phosphorylation but decreased the AR aggregation, and
improved the behavioral and pathological phenotypes in a mouse
model of SBMA (Palazzolo et al., 2009). Taken together, these
studies indicated that increased phosphorylation of AR at S215
and S792 is able to reduce polyQ-AR toxicity in SBMA models.

S424 and S514
Phosphorylation at S514 has been implicated in the formation
of polyQ-AR fragments and polyQ-AR mediated cellular toxicity
(LaFevre-Bernt and Ellerby, 2003). Findings from in vitro
SBMA models have shown that the phosphorylation of AR at
site S514 is pathogenic and increases the ability of caspase-
3 to cleave AR and form toxic polyQ-AR fragments, thereby
resulting in cell death in vitro (LaFevre-Bernt and Ellerby,
2003). Additional studies in fly models identified reduced
levels of toxicity upon mutations of two phosphorylation sites
in polyQ-AR at S424 and S514 (ARQ77dm) compared to
ARQ77 (Funderburk et al., 2009). Interestingly, the double
mutation at these sites in wild-type AR (ARQ22dm) altered the
nuclear translocation, transactivation, and enhanced hormone-
dependent AR aggregation in vitro (Funderburk et al., 2009).

Similarly in fly model, overexpression of ARQ22dm resulted
in severe degeneration of photoreceptor neurons and affected
the survival and behavior in flies (Funderburk et al., 2009).
This indicates that phosphorylation at S424 and S514 may have
distinct effects on wild-type AR and polyQ-AR, respectively; thus,
further investigations are needed to fully understand the role of
phosphorylation at these sites within the AR in relation to SBMA.

S650
Phosphorylation of AR at S650 is known to regulate the nuclear
export of wild-type AR (Gioeli et al., 2006; Chen et al., 2009).
A study conducted in vitro found that polyQ-AR showed reduced
phosphorylation at S650 site and an impaired nuclear export
(Arnold et al., 2019). Phosphorylation-resistant mutation at
S650 site (S650A) was observed to further impair the nuclear
export of polyQ-AR in vitro (Arnold et al., 2019). However,
the phosphomimic mutation (S650D) did not showed significant
rescue of impaired nuclear export of polyQ-AR (Arnold et al.,
2019). Thus, the precise role of S650 site in regulating the AR
nuclear export and in polyQ-AR mediated toxicity in SBMA
requires more investigation.

Taken together, researches conducted in the past have certainly
made it clear that the phosphorylation on AR has critical
roles in polyQ-AR toxicity in phosphorylation site-dependent
manner. Identification and further investigation of the role of
phosphorylation sites of AR in context of SBMA still require
detailed studies.

Methylation
Methylation at arginine residues has been implicated in context
of polyQ disease pathogenesis (Basso and Pennuto, 2015;
Scaramuzzino et al., 2015; Migazzi et al., 2021). Arginine
methylation is carried out by a group of enzymes known
as protein arginine methyltransferases (PRMTs) (Bedford and
Clarke, 2009; Blanc and Richard, 2017). PRMTs leads to the
addition of a methyl group to arginine, thereby resulting in
change in the structure of arginine (Bedford and Clarke, 2009).
In vitro studies have shown PRMT6 acts as a modifier of
polyQ-AR toxicity in vivo and in vitro (Scaramuzzino et al.,
2015). PRMT6 methylates the arginine residues of polyQ-AR
at Akt consensus site motif RXRXXS (Table 1; Figure 1)
(Scaramuzzino et al., 2015). PRMT6 serves as a cofactor of AR
and its activity gets enhanced in the polyQ-AR background
in vitro (Scaramuzzino et al., 2015). It colocalizes, forms a
complex with AR, promotes transactivation of AR, increases the
polyQ-AR toxicity, and contributes to SBMA disease pathology
(Scaramuzzino et al., 2015). To test these findings in vivo, a fly
model of SBMA was used in the study. Genetic knockdown of
DART8 (PRMT6 ortholog in flies) was found to suppress the
polyQ-AR induced neurodegeneration phenotypes in the fly eye
(Scaramuzzino et al., 2015).

In addition to PRMT6, the role of other members of the
PRMT family, such as PRMT1 (Koh et al., 2001; Tang et al.,
2022), PRMT2 (Meyer et al., 2007), PRMT 5 (Deng et al., 2017),
and PRMT 10 (Harada et al., 2015), has also been studied in
regulating the AR function or expression. PRMT7 has been
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shown to recognize the lysine- and arginine-rich regions within
the RXR motif (similar to the Akt consensus site motif RXRXXS
on AR) (Feng et al., 2013); however, the precise roles of these
PRMTs specifically in context of SBMA pathogenesis still need
to be ascertained. Furthermore, SET9 methyltransferase has
been shown to interact and regulate the AR via methylation at
lysine residues (Gaughan et al., 2011), which indicates additional
modes of AR regulation that may be therapeutically exploitable
in context of SBMA. Altogether, results from these studies
indicated AR methylation as a modulator of SBMA disease
toxicity. Further understanding of the role of other methylation
enzymes, their specific methylation sites, and their effects on
SBMA pathogenesis is needed.

Acetylation
Acetylation is a process that involves the transfer of acetyl groups
by acetyl-CoA to a specific site on a polypeptide sequence (Drazic
et al., 2016). Acetylation is known to act as a modulator of
pathogenesis in multiple neurodegenerative diseases (Montie
et al., 2011; Vinueza-Gavilanes et al., 2020; Gottlieb et al., 2021),
including SBMA (Montie et al., 2011). Here, we discuss the
acetylation sites K630, K632, K633 within the AR that have been
studied in the context of SBMA (Figure 1; Table 1).

An in vitro cell culture study investigated the role of AR
acetylation in SBMA pathology and highlighted the potential
beneficial roles of SIRT1 and AR deacetylation on SBMA
phenotypes (Montie et al., 2011). Sirtuins, initially identified
as silence information regulators (SIRs), are a family of
NAD + dependent class III histone deacetylases that have
been implicated to play role in aging and neurodegenerative
diseases (Jesko et al., 2017). Mammals possess seven Sirtuins
(SIRT 1–7) (Haigis and Sinclair, 2010). Among them, SIRT1,
a nuclear protein (Sun and Fang, 2016), has been shown to
act as a deacetylase of AR (Fu et al., 2006). Expression of
SIRT1 was observed to deacetylate polyQ-AR at K630/632/633
sites and ameliorate SBMA phenotypes in vitro (Montie et al.,
2011). Genetic mutations preventing this acetylation of polyQ-
AR at K630/632/633 residues were found to reduce the DHT
induced protein stabilization of poyQ-AR and suppress the
polyQ-AR aggregation and toxicity in vitro (Montie et al., 2011),
thereby strongly suggesting acetylation as potential target for
the development of effective therapeutics. Interestingly, a study
conducted in vitro has shown that acetylation site mutations
at K630, 632, and 633 residues (K630A, K632A/K633A) in
the wild-type AR, resulted in delayed nuclear localization
(Thomas et al., 2004). AR with K632A/K633A mutation
also showed DHT-dependent misfolding and aggregation, as
seen in the polyQ-AR background (Thomas et al., 2004).
Furthermore, the study demonstrated that aggregates of AR
with K632A/K633A mutation, colocalized with chaperons and
inhibited the proteasomal activity (Thomas et al., 2004). Taken
together, these findings suggested that AR acetylation affects
the AR regulation and may contribute to polyQ-AR mediated
toxicity. However, the precise role of AR acetylation in wild-type
and polyQ-AR background remains to be elucidated and requires
detailed investigation.

Ubiquitination
Ubiquitination is a PTM carried out by ubiquitination enzymes
E1, E2, and E3, involves covalent attachment of ubiquitin
molecules to the target proteins, and aids in regulating
biological functions within the cell (Wilkinson, 1987; Swatek
and Komander, 2016). The role of ubiquitination as a PTM
and ubiquitination site K17 within the AR have been studied
in context of SBMA (Pluciennik et al., 2021) (Figure 1;
Table 1). Specifically, ubiquitin-specific peptidase 7 (USP7, a
deubiquitinase) has been shown to physically interact with
polyQ-AR in vivo and in vitro (Pluciennik et al., 2021).
USP7 overexpression resulted in reduced ubiquitination and
enhanced AR aggregation in vitro (Pluciennik et al., 2021).
In contrast, reducing the expression of USP7 was found to
significantly reduce the polyQ-AR aggregation and severity of
disease phenotypes in cell, fly, and mouse models of SBMA
(Pluciennik et al., 2021). Additionally, the AR K17R mutation
was found to enhance the polyQ-AR aggregation and ligand
dependent AR stabilization in vitro (Pluciennik et al., 2021),
which suggested the role of ubiquitination at K17 in degradation
and clearance of polyQ-AR. Taken together, these studies identify
a critical role for ubiquitination in SBMA pathophysiology.

SUMOylation
SUMOylation is a process where small ubiquitin-like modifiers
(SUMOs, shares close similarity to the ubiquitin proteins) bind
to the target proteins and play crucial roles in multiple cellular
functions, including neuronal development and differentiation
(Henley et al., 2014), DNA damage responses (Jackson and
Durocher, 2013), protein quality control (Tatham et al., 2011),
and gene expression (Muller et al., 2004) etc. SUMOylation is
also known to play critical role in multiple neurodegenerative
diseases (Krumova et al., 2011; Vijayakumaran and Pountney,
2018; Qin et al., 2019), including polyQ diseases (Ueda et al.,
2002; Steffan et al., 2004; Janer et al., 2010). In the context of
SBMA, a study was conducted using fly model to investigate
the role of SUMO-1-protein regulatory pathway in modulating
the polyQ-AR mediated toxicity (Chan et al., 2002). Expression
of a specific mutant form of Ubiquitin-Like Modifier-Activating
Enzyme 2 (Uba2), a SUMO-1 activating enzyme, was found to
worsen the polyQ-AR mediated degeneration in SBMA fly model
(Chan et al., 2002); however, it still remains unclear whether the
effects of this Uba2 mutant (Uba2.C175S) on SBMA phenotypes
are mediated by modulating AR SUMOylation. An another study
conducted in vitro showed that an increase in SUMOylation
significantly reduced mutant AR aggregates without altering
the expression levels of AR and AR transcriptional activity
(Mukherjee et al., 2009), indicating protective effects of AR
SUMOylation in SBMA. In contrast, a later study showed that
prevention of SUMOylation in AR was found to be beneficial to
SBMA phenotypes in vivo (Chua et al., 2015). In this study, a
mutant AR knock-in mouse model was made by replacing the
conserved lysine sites of SUMOylation with arginine without
affecting the ligand dependent nuclear translocation of AR
or formation of intranuclear inclusions (Chua et al., 2015).
In these animals, potentially prevention of SUMOylation in
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polyQ-AR showed to enhance the transcriptional activity of
AR, rescue type I muscle fiber atrophy, and increase survival
(Chua et al., 2015). Taken together, evidence from the previous
studies have shown both the beneficial and toxic roles of
SUMOylation in SBMA pathogenesis, and thus the exact
role of AR-SUMOylation still remains unclear and further
investigations are required.

THERAPEUTIC PERSPECTIVES

Currently, there are no known cures for SBMA. Available
treatment strategies provide only limited improvement,
underscoring the need for development of more effective
therapeutic options for the patients. There have been several
approaches used to modify SBMA pathogenesis, including
lowering the levels of androgens such as DHT (Fernandez-
Rhodes et al., 2011), modulating the AF2 domain (Badders et al.,
2018), targeting the nuclear translocation of polyQ-AR (Giorgetti
et al., 2015), inhibiting the oligomerization of polyQ proteins
prior to their formation of insoluble aggregates (Minakawa et al.,
2020), and various others. Among these multiple strategies is the
targeting of PTMs that can affect AR function in various ways and
modulate the SBMA disease pathogenesis (Figure 2; Tables 1, 2).

The therapeutics targeting the AR function through PTMs to
treat SBMA are discussed in this review (Table 2).

The role of phosphorylation as PTM in modulating the polyQ-
AR mediated toxicity has shown great potential. A study reported
that CDK2 phosphorylates polyQ-AR at S96 site (Polanco et al.,
2016). This CDK2 dependent phosphorylation resulted in polyQ-
AR protein stabilization and toxicity in a mechanism negatively
regulated by AC/PKA signaling pathway (Polanco et al., 2016).
In order to apply these findings into therapeutics, an analog of
PACAP, which is an activator of AC/PKA pathway, was developed
(Polanco et al., 2016). Administration of this analog was able
to inhibit the polyQ-AR phosphorylation and decrease polyQ-
AR mediated disease toxicity in vitro and in vivo (Polanco et al.,
2016). Similarly, forskolin, a plant-derived activator of AC/PKA
pathway, also showed potential in modulating the SBMA disease
pathology (Polanco et al., 2016). In in vitro models of SBMA,
treatment of forskolin reduced phosphorylation of polyQ-AR
at S96 and decreased polyQ-AR aggregation (Polanco et al.,
2016). Taken together, these findings suggested that the reduction
of phosphorylation at S96 in polyQ-AR by activating AC/PKA
signaling pathway provides protection against SBMA, indicating
polyQ-AR S96 as an important therapeutic target in SBMA.

Previous studies have clearly shown the toxic effect of polyQ-
AR in skeletal muscles in SBMA (Yu et al., 2006). Thus, the

FIGURE 2 | Schematic illustration of polyglutamine (polyQ) -AR functions targeted by PTMs and their effects on the SBMA disease pathology. PTMs regulate the
diverse functions of polyQ-AR, and thereby play a critical role in SBMA pathogenesis. Transcriptional dysregulation by polyQ-AR is improved by phosphorylation at
S215 (pSer215) and S792 (pSer792) but enhanced by methylation (M) at arginine residues of polyQ-AR by PMRT6. SUMOylation (S) was reported to decrease
transactivation of polyQ-AR. Stabilization of polyQ-AR protein is increased by phosphorylation at S96 (pSer96). Phosphorylation of AR at S16 is found to be
increased by inhibition of interdomain interaction. AR phosphorylation at S81 and S308 is dependent upon AR N/C interaction. Phosphorylation at S514 (pSer514)
leads to formation of toxic polyQ-AR fragments. Nuclear localization of polyQ-AR is reduced by pSer215 and pSer792. Phosphorylation at S650 (pSer650) enhances
the nuclear export of polyQ-AR. AR aggregation can be reduced by pSer215, pSer792, ubiquitination (U), but promoted by pSer81 and acetylation (A).
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role of IGF-1, known as a protector of muscle integrity, has also
been investigated in SBMA research. In in vitro studies, IGF-
1 was found to enhance clearance of AR aggregates through
the ubiquitin-proteasome system in a mechanism mediated
by phosphorylation of AR by Akt (Palazzolo et al., 2009).
Overexpression of a muscle-specific IGF-1 isoform was reported
to ameliorate behavioral and pathological phenotypes in vivo
(Palazzolo et al., 2009). Similarly, another study found that
administration of mecasermin rinfabate (rhIGF-1/IGFBP3) to
SBMA mouse models activated Akt and significantly attenuated
the polyQ-AR associated toxicity (Rinaldi et al., 2012). Taking
into consideration the beneficial effects of IGF-1 in SBMA
pathogenesis, further attempts were made to translate these
findings into translational research. The protective effect of IGF-
1 in SBMA through BVS857 (a drug, phosphomimetic of IGF-1)
was tested in the clinical trials. Unfortunately, no major changes
were observed in terms of muscle strength or muscle function in
the patients (Grunseich et al., 2018).

The results obtained from the clinical trials further raised
questions on whether targeting the PTMs can be utilized in
potential therapeutics to treat SBMA. The safety and efficiency
of therapeutics utilizing this mechanism and their performance
in the clinical trials are still major concerns. Thus, it is
important that the therapeutic candidates are extensively tested
and validated for their therapeutic potential in in vivo and in vitro
models. An in-depth understanding of the exact roles of PTMs on
AR in SBMA context may help in developing more efficient and
reliable therapeutics for the SBMA patients in the future.

CONCLUSION

Since the genetic underpinnings of SBMA were identified over
30 years ago, our understanding of the molecular and cellular
mechanisms underlying SBMA pathogenesis has advanced
substantially. Multiple mechanisms have been implicated
in SBMA pathogenesis, including structural alterations in
AR, transcriptional dysregulation, altered protein-protein
interactions, and formation of toxic polyQ-AR fragments
and AR aggregation. PTMs of AR have been of particular
research interest, as dysfunction of PTM regulation is implicated
in AR dysfunction and subsequent SBMA pathology, and
manipulation of specific AR PTM sites have shown potential
in modulating SBMA pathogenesis as effective therapeutic
strategies. Although our understanding of diverse PTM sites
of AR, as well as the functional impact of manipulating
these sites, has advanced substantially, the translation of these

findings to viable therapeutic options for SBMA patients has
achieved limited success only. Absence of effective methods
to detect the novel and precise PTM sites may serve as a
major limitation factor in this aspect. The advancements in
genomic and proteomic techniques may help in identification
and use of more accurate methods that may facilitate detection
of novel and accurate PTM sites that are difficult to access
and have yet remained to be discovered. Besides the PTMs
discussed in this review, the roles of additional PTMs in AR
biology and SBMA disease are the potential areas that may
provide more insights in disease pathogenesis and thus needs
to be explored. It is also imperative to understand the effect
of interactions of PTMs at protein level in regulating AR
function to understand the complexity of the disease better.
Furthermore, the development of in vivo and in vitro models
that accurately model all aspects of the disease may also aid
in more effective translation of findings to therapeutic options
for the patients. Gaining detailed insights in these aspects may
help discern the gaps in terms of regulatory mechanisms that are
involved in SBMA pathogenesis and may aid in the detection
of novel biomarkers, drug candidates, or effective and reliable
therapeutics to treat SBMA.
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