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Spinal and bulbar muscular atrophy is caused by polyglutamine ( polyQ) expansions in androgen receptor (AR), 
generating gain-of-function toxicity that may involve phosphorylation. Using cellular and animal models, we 
investigated what kinases and phosphatases target polyQ-expanded AR, whether polyQ expansions modify 
AR phosphorylation, and how this contributes to neurodegeneration. Mass spectrometry showed that polyQ 
expansions preserve native phosphorylation and increase phosphorylation at conserved sites controlling AR 
stability and transactivation. In small-molecule screening, we identified that CDC25/CDK2 signaling could 
enhance AR phosphorylation, and the calcium-sensitive phosphatase calcineurin had opposite effects. Pharma-
cologic and genetic manipulation of these kinases and phosphatases modified polyQ-expanded AR function 
and toxicity in cells, flies, and mice. Ablation of CDK2 reduced AR phosphorylation in the brainstem and restored 
expression of Myc and other genes involved in DNA damage, senescence, and apoptosis, indicating that the cell 
cycle–regulated kinase plays more than a bystander role in SBMA-vulnerable postmitotic cells. 
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INTRODUCTION 
Spinal and bulbar muscular atrophy (SBMA) is a rare genetically 
inherited (X-linked) neuromuscular disease with a prevalence of 
two to five cases per 100,000 men (1). SBMA is caused by ≥38 
exonic cytosine, adenine, and guanine (CAG) expansions in the an-
drogen receptor (AR) gene (2), resulting in the expression of an AR 
with an aberrantly elongated polyglutamine (polyQ) tract. Patients 
with SBMA show an inverse correlation between CAG repeat length 
and age at onset (3, 4), sensory and motor dysfunction (5), and 
disease duration/age at examination (3), as well as between age at 
onset and muscle strength (5). The absence of neuromuscular 
symptoms in patients with pure loss-of-function mutations of AR 
supports the idea that expanded polyQ causes SBMA mainly 
through gain-of-function mechanisms. SBMA belongs to the 
family of polyQ diseases that also includes Huntington’s disease, 

dentatorubral-pallidoluysian atrophy, and six types of spinocerebel-
lar ataxia. Within polyQ diseases, SBMA is the only one that affects 
an X-linked gene, affects a receptor for steroid hormones, and fully 
manifests only in males, although AR is widely expressed in both 
sexes. Females develop very mild or no symptoms even if homozy-
gous for the mutation. The sex bias of SBMA is well-recapitulated in 
animal models of disease (6–8), which established that SBMA is an 
androgen-dependent disease. Although the androgen-dependent 
nature of SBMA suggests therapeutic use of anti-androgens, clinical 
trials based on androgen-deprivation therapy have not yielded the 
expected results (9, 10). 

Upon activation by its natural ligands, testosterone, and its more 
potent derivative dihydrotestosterone (DHT), AR acts as a tran-
scription factor to convert sex hormone signaling into cell-specific 
gene expression. Binding of AR to androgens is a necessary step for 
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neurodegeneration, and this underlies the sex specificity of SBMA 
(8). Inactive AR resides in the cytosol; in response to androgen 
binding, AR undergoes a conformational change that leads to 
nuclear translocation (11). AR integrates hormone signaling with 
several signal transduction pathways initiated by membrane tyro-
sine kinase, G protein–coupled receptors, and other types of recep-
tors. These receptors activate cascades of kinases and phosphatases 
that culminate with phosphorylation of transcription factors to 
convert extra/intracellular signals into a tightly regulated gene ex-
pression program. Changes in phosphorylation status of target tran-
scription factors are usually transient and balanced by timely 
coordination of kinases and phosphatases. Phosphorylation is the 
most prominent posttranslational modification of AR and generally 
causes very rapid responses to environmental cues (12, 13). 
However, it remains to be established what kinases and phosphatas-
es target polyQ-expanded AR, whether polyQ expansion modifies 
AR phosphorylation sites and status, and how this contributes to 
neurodegeneration. 

Nonexpanded AR is phosphorylated at multiple residues, mostly 
serine residues with proline in position +1 (SP site) (14, 15). Three 
AR SP sites—serine 83 (S83), S96, and S651—are the most con-
served and highly phosphorylated sites. S83 and S96 are located 

near the pathogenic polyQ stretch within the N-terminal domain; 
S651 is located in the hinge region that acts as a bridge between the 
DNA binding and ligand-binding domains. S96 phosphorylation 
occurs constitutively and mainly in the cytosol, is slightly induced 
by the ligand, and positively contributes to AR stability (15–18). 
Phosphorylation of S83 and S651 is low and barely detectable in 
the absence of androgens, is induced by androgen binding, and 
likely occurs mainly in the nucleus (15, 16, 19, 20). S96 phosphor-
ylation is important for AR biology and toxicity. Phosphorylation at 
S96 by cyclin-dependent kinase 2 (CDK2) stabilizes AR, and this 
process is negatively regulated by the adenylyl cyclase (AC)/ 
protein kinase A (PKA) signaling pathway (17). In a mouse 
model of SBMA, intranasal administration of the neuropeptide pi-
tuitary adenylate cyclase–activating polypeptide (PACAP), a potent 
activator of the AC/PKA pathway, increases cyclic adenosine mono-
phosphate levels in the brainstem and spinal cord and also reduces 
disease manifestations by inducing the genetic CDK2 inhibitor 
p21CIP1, decreasing phosphorylation of S96, and enhancing AR deg-
radation. These observations support a fundamental role for CDK2 
in regulation of AR function and stability. However, whether CDK2 
plays an active role in neurodegeneration caused by polyQ-expand-
ed AR is unknown. 

Fig. 1. PolyQ expanded AR is highly phosphorylated at conserved phosphosites. (A) Top: Scheme of experimental workflow. Mass spectrometry analysis in HEK293T 
cells expressing normal AR (AR24Q) or polyQ-expanded AR (AR65Q) and treated with DHT (10 nM, 24 hours) revealed that both AR and polyQ-expanded AR are phos-
phorylated at similar serine residues. The bar represents AR (NM_000044) (not to scale). NTD, amino-terminal domain; DBD, DNA-binding domain; LBD, ligand-binding 
domain. Bottom: The sites highlighted in color are the most conserved phosphosites, as indicated by black circles (white circles indicate lack of conservation) (see fig. S1 
for AR sequence alignment). (B) Transactivation luciferase assay in HEK293T cells expressing normal AR (AR12Q, left) or polyQ-expanded AR (AR55Q, right) and the 
indicated phosphomutants and treated with DHT (0.5 nM, 24 hours) (n = 3 to 13 biological replicates). Graphs show means ± SEM, two-tailed Student’s t test. LC- 
MS/MS, liquid chromatography–tandem mass spectrometry; m/z, mass/charge ratio; aa, amino acid. 
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By combining phospho-proteomic analysis of AR with pharma-
cological drug screening targeting cellular kinases and phosphatases 
as well as genetic validation in cells, flies, and mice, we provide ev-
idence that polyQ expansion enhances phosphorylation at S83, S96, 
and S651. These sites are phosphorylated by CDK2, CDK7, and 
CDK9 and dephosphorylated by a calcium-sensitive phosphatase. 
Further, pharmacologic and genetic ablation of specific enzymes in-
volved in AR phosphorylation and dephosphorylation modified the 
toxicity of polyQ-expanded AR in vitro and the SBMA phenotype in 
vivo, highlighting new disease modifiers and potential therapeutic 
targets. Last, we showed that CDK2 is overactivated in the brainstem 
of SBMA mice, resulting in expression of genes involved in cellular 
senescence and apoptosis. CDK2 ablation reversed these changes, 
implying an active role for CDK2 in SBMA pathogenesis. 

RESULTS 
PolyQ expansion enhances AR phosphorylation at S96 and 
influences other phosphosites 
To gain insight into the relationship between pathogenic CAG ex-
pansion in AR and phosphorylation, we performed mass spectrom-
etry and Western blot analyses in human embryonic kidney (HEK) 
293T cells expressing AR with a nonpathogenic tract (AR12Q or 
AR24Q) or AR with an expanded polyQ tract (AR55Q or 
AR65Q) and treated with DHT. Consistent with previous work in 
COS-1 cells expressing nonexpanded AR (14, 15), nonexpanded AR 
and polyQ-expanded AR were phosphorylated at SP sites but most 
notably at S83, S96, and S651 (Fig. 1A and tables S1, A to C), which 
are the most conserved sites from frog to human (Fig. 1A and fig. 
S1). PolyQ expansion thus did not preclude native phosphorylation 
events. To determine whether these phosphosites affect polyQ-ex-
panded AR function, we generated phosphodefective and phospho-
mimetic mutants by substituting alanine (A) and aspartate (D) for 
serine at these sites. To measure AR transactivation, we expressed 
these phosphomutants in cells together with the luciferase reporter 
gene under the control of an androgen-responsive element, as done 
previously (17). All phosphomutants were active (Fig. 1B), as previ-
ously reported in prostate cancer and SBMA cells (17, 20). For non-
expanded AR, only phosphomimetic substitution of S651 
significantly increased activity; for polyQ-expanded AR, phospho-
mimetic substitution of S83, S96, and S651 significantly increased 
activity. 

We explored whether polyQ expansion affected phosphorylation 
at the major phosphosites. In unstimulated cells, phosphorylation at 
S96 was higher than S83 and S651, both for nonexpanded AR and 
polyQ-expanded AR (Fig. 2, A and B, and fig. S2, A and B). PolyQ 
expansion, but not DHT treatment, increased the phosphorylation 
of AR at S96 in HEK293T cells as well as in neural progenitor cells 
derived from patients with SBMA (Fig. 2A). DHT treatment in-
creased phosphorylation at S83 and S651, and the effect was 
larger for polyQ-expanded AR compared to nonexpanded AR 
(Fig. 2B), suggesting that polyQ expansion facilitates DHT-mediat-
ed phosphorylation at S83 and S651. 

To determine whether phosphorylation at one site influences the 
other two phosphosites, we used phospho-defective mutants. Loss 
of S83 and S651 did not modify phosphorylation at the other sites 
(fig. S2C). However, loss of S96 phosphorylation reduced S83 and 
S651 phosphorylation by ~65% for nonexpanded AR, and this effect 
was lost for polyQ-expanded AR (Fig. 2C).These results suggest that 

S96 phosphorylation is required to maintain proper phosphoryla-
tion at the other major phosphosites in nonexpanded AR and 
that this regulation is lost with polyQ expansion. 

Loss-of-function drug screening identifies CDKs that 
modify polyQ-expanded AR nuclear accumulation and 
phosphorylation 
Protein phosphorylation results from fine balance between the co-
ordinated action of kinases and phosphatases. To investigate the 
kinases and phosphatases targeting polyQ-expanded AR, we per-
formed an unbiased loss-of-function kinase and phosphatase inhib-
itor drug screening (tables S2 and S3). We generated HeLa cell 
subclones that stably expressed AR65Q fused to enhanced green 
fluorescent protein (EGFP) to identify compounds that modify 
polyQ-expanded AR phosphorylation and function. As a control, 
we used EGFP-tagged AR24Q. We first verified that EGFP-tagged 
AR65Q undergoes androgen-dependent protein stabilization, 
nuclear translocation, and transactivation similar to EGFP-tagged 
AR24Q in HeLa cells (fig. S3, A to C). We then set up drug screen-
ing conditions using the Opera High-Content Screening System 
(fig. S3, D to G). Because phosphorylation at S96 enhances AR sta-
bilization and nuclear translocation in response to androgen treat-
ment (17, 18), we used AR nuclear enrichment as a readout. 
Twenty-seven of 273 kinase inhibitors modified (either enhanced 
or reduced) AR nuclear accumulation, 40% of which (4% of the 
entire library) inhibited cellular kinases that target SP sites such 
as CDKs (Fig. 3A and figs. S4, A to F, and S5). Drug screening re-
vealed that polyQ-expanded AR is the substrate of multiple cellular 
kinases activated in response to distinct signaling pathways. 

As almost half of the screened compounds are active on CDKs, 
we validated specific hits targeting CDKs: SNS032, AT7519, flavo-
piridol hydrochloride, and dinaciclib (Fig. 3B). In addition, we also 
tested AKT inhibitors (GSK690693 and A674563) and polo-like 
kinase (PLK) inhibitors (GSK461364 and BI6727). All CDK inhib-
itors reduced S96 phosphorylation. SNS032 and dinaciclib also 
reduced phosphorylation of S83 and S651. The PLK inhibitor 
GSK461364 reduced S96 phosphorylation. These results validate 
the hits selected from the drug screening, proving their ability to 
modulate the AR phosphorylation status at the sites of interest. 

The validated CDK inhibitors mainly target CDK1 and CDK2, 
which are involved in cell cycle regulation, and CDK7 and CDK9, 
which are involved in gene transcription regulation (21). Because 
SBMA primarily affects postmitotic cells, namely, neurons and my-
ofibers, CDK1 was not further analyzed here, given its involvement 
in mitosis. We performed in vitro phosphorylation assays using the 
recombinant AR caspase 3 fragment (amino acids 1 to 153), which 
contains both S83 and S96 phosphosites, and a fragment that spans 
the DNA binding domain and hinge region (amino acids 556 to 
670) containing S651. By incubating these AR fragments with the 
selected CDKs in complex with their cognate cyclin (cy), we 
found that CDK7/cyH and CDK9/cyT1 phosphorylate S83, 
CDK2/cyE1 and CDK9/cyT1 phosphorylate S96, and CDK7/cyH 
phosphorylates S651 (Fig. 3, C and D). These results indicate that 
CDK2/cyE1, CDK7/cyH, and CDK9/cyT1 phosphorylate AR at dif-
ferent SP sites. 
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CDC25/CDK2 axis enhances polyQ-expanded AR 
phosphorylation and transactivation 
We then tested cellular phosphatases targeting polyQ-expanded 
AR. From the loss-of-function phosphatase inhibitor screening 
(Fig. 4A; fig. S6, A to C; and table S3), we identified five compounds 
that reduced the nuclear enrichment of polyQ-expanded AR by 20 
to 30%: three of them, namely, 6-chloro-7-(2-morpholin-4-ylethy-
lamino)quinoline-5,8-dione (also known as NSC-663284) (22), 2,3- 
bis-(2-hydroxyethylsulfanyl)-1,4-naphthoquinone (also known as 
NSC-95397) (23), and shikonin (24), which inhibit the phosphatase 
cell division cycle 25 (CDC25); sanguinarine chloride, which inhib-
its not only phosphatases, such as protein posphatase 2C (PP2C), 
but also CDK2 through up-regulation of p21CIP1 (25, 26); and 
9,10-phenanthrenequinone, which inhibits CD45 tyrosine phos-
phatase. The latter compound does not target serine phosphoryla-
tion, so it was not investigated further in this work. 

CDC25 is a phosphatase that removes inhibitory phosphoryla-
tion on specific CDKs, including CDK2, resulting in activation 
(27). Therefore, we hypothesized that if CDC25 acts upstream of 
CDK2, then it transactivates polyQ-expanded AR by indirectly 

enhancing phosphorylation at S96 (17). Thus, inhibition of 
CDC25 was expected to reduce AR transactivation and S96 phos-
phorylation. As a control, we used forskolin, which inhibits 
polyQ-expanded AR transactivation through PKA-mediated up- 
regulation of p21CIP1 and inhibition of CDK2 (17). Transcriptional 
assays showed that both forskolin and NSC-663284 reduced polyQ- 
expanded AR transactivation by ~30% (Fig. 4B, left). 

Mammalian cells express three isoforms of CDC25: CDC25A, 
CDC25B, and CDC25C. Because CDC25C (hereafter referred to 
as CDC25) is a target of PKA (28), we focused on this isoform for 
further characterization. CDC25 overexpression significantly en-
hanced nonexpanded and polyQ-expanded AR transactivation 
(Fig. 4B, right). We then verified whether the effect of CDC25 on 
AR function was correlated with changes in phosphorylation at S96 
(Fig. 4C). Treatment of cells with forskolin and overexpression of 
dominant-negative CDK2 (CDK2-DN) decreased S96 phosphory-
lation and enhanced AR degradation, as previously reported (17). 
Overexpression of CDC25 enhanced polyQ-expanded AR phos-
phorylation at S96 by 30%, and this effect was blocked by CDK2- 
DN, consistent with CDC25 acting upstream of CDK2 (27). Thus, 

Fig. 2. AR phosphorylation at serine 96 influences phosphorylation at other major phosphosites and is altered in SBMA cells. (A to C) Western blot analysis of the 
phosphorylation status of AR12Q and AR55Q in HEK293T cells treated with vehicle (veh) or DHT (10 nM, 24 hours) (n = 3 to 4 biological replicates). (A) Left: HEK293T cells. 
Right: isogenic human iPSC-derived neural progenitor cells from an SBMA patient with 54Q and isogenic control with 23Q. Arrow indicates specific signal, and asterisk 
indicates nonspecific signal. Phosphorylated AR was detected using phospho-specific antibodies, and the total AR was detected with a specific antibody that recognizes 
AR independently of phosphorylation status. Graphs show means ± SEM, two-tailed Student’s t test. NS, nonsignificant. 
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our kinase inhibitor screening identified that the CDC25/CDK2 
axis modifies polyQ-expanded AR function and phosphoryla-
tion (Fig. 4D). 

Calcium-dependent phosphatase reduces the 
phosphorylation and transactivation of polyQ- 
expanded AR 
In addition to the inhibitors that prevented AR nuclear transloca-
tion and polyQ-expanded AR toxicity, we identified four phospha-
tase inhibitors that increased nuclear accumulation of AR: 
deltamethrin, cypermethrin, cyclosporine A (CSA), and gossypol 

Fig. 3. Loss-of-function drug screening iden-
tifies AR as the target of multiple CDKs. (A) Top: 
Scheme of experimental workflow. Left: High- 
throughput loss-of-function screening of small 
chemical inhibitors targeting kinases carried out in 
HeLa cells expressing polyQ-expanded AR tagged 
with EGFP (AR65Q-EGFP) and treated with vehicle 
[ethanol (EtOH)] or DHT (10 nM) and the indicated 
drugs (10 μM) (n = 96 wells EtOH/DHT-treated cells; 
n = 3 wells inhibitor-treated cells). Right: Repre-
sentative fluorescence images. Scale bars, 25 μm. 
(B) Western blot analysis of AR phosphorylation 
after treatment with the indicated inhibitors (200 
nM, 5 hours). Quantification of phosphorylated 
versus total AR is shown at the bottom of each 
panel (n = 3 biological replicates). (C) Western blot 
analysis of AR phosphorylation in time course in 
vitro phosphorylation assays with the AR NTD 
fragment (amino acids 1 to 153 for S83 and S96) 
and AR DBD-hinge region (amino acids 556 to 670 
for S651) incubated with CDK2/cyE1, CDK7/cyH, or 
CDK9/cyT1 (n = 2 biological replicates). Total 
protein is shown by red ponceau (Red P) staining. 
(D) Schematic representation of AR phosphoryla-
tion sites and the respective kinases and small 
chemical inhibitors identified through drug 
screening and in vitro phosphorylation assays. 
Graphs show means ± SEM, one-way analysis of 
variance (ANOVA) followed by Dunnett’s multiple 
comparisons test, *P < 0.05 and **P < 0.01. Phos-
phorylated AR was detected using phospho- 
specific antibodies, and the total AR was detected 
with a specific antibody that recognizes AR inde-
pendently of phosphorylation status. 
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(Fig. 4A and table S3). Deltamethrin and cypermethrin are type II 
pyrethroids. Gossypol [(2,20-binaphthalene)-8,80-dicarboxalde-
hyde,1,10,6,60,7,70-hexahydroxy-5,50-diisopropyl-3,30-dimethyl] 
is a cotton plant derivative. CSA together with FK506 are immuno-
suppressants that bind cyclophilins and FK binding proteins, which 
form a complex with AR in the unliganded state. These compounds 
are unrelated yet share two key features: They alter activity of 
voltage-gated ion (sodium and calcium) channels (29, 30), and 
they are potent inhibitors of calcium/calmodulin-sensitive Ser/ 
Thr protein phosphatase calcineurin (CaN, also known as PP2B) 
(31–33). 

We previously showed that prolonged treatment of cells (>5 to 6 
hours) and chronic administration in mice (several months) with 

either the neuropeptide PACAP or forskolin result in S96 dephos-
phorylation through transcriptional induction of the CDK2 inhib-
itor p21CIP1 (17). Short incubation (30 min) of HEK293T cells 
expressing polyQ-expanded AR with forskolin was sufficient to sig-
nificantly decrease AR phosphorylation by 40% (Fig. 5A). This 
rapid effect is compatible with the involvement of a phosphatase 
that directly acts on AR. Our screening suggested that AR dephos-
phorylation occurs in response to calcium signaling. The calcium 
chelator 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic 
acid (BAPTA) increased accumulation of the upper AR isoform 
by 20%, and it partially inhibited the effect of PACAP (Fig. 5B), con-
sistent with the idea that PACAP reduces AR phosphorylation not 

Fig. 4. CDC25/CDK2 axis modifies polyQ-expanded AR transactivation and phosphorylation. (A) High-throughput loss-of-function screening of small chemical 
inhibitors targeting phosphatases, as in Fig. 3A. Bottom: Representative fluorescence images. Scale bars, 25 μm. (B) Left: Transactivation luciferase assay in HEK293T 
cells expressing AR65Q and treated with DHT (0.5 nM, 24 hours) together with vehicle, forskolin (10 μM), and NSC-663284 for 16 hours (n = 6 biological replicates). 
Right: Transactivation luciferase assay in HEK293T cells expressing AR24Q and AR65Q alone (mock) or in combination with CDC25 and treated with DHT (0.5 nM, 24 
hours) together with vehicle or forskolin (n = 3 to 5 biological replicates). (C) Western blot analysis of S96 phosphorylation in HEK293T cells expressing AR24Q alone 
(mock) or together with CDC25, CDK2, CDK2 dominant-negative (CDK2-DN), or CDC25 + CDK2-DN and treated with vehicle or forskolin (Forsk; 10 μM, 5 hours) (n = 3 to 6 
biological replicates). (D) Scheme of drug screening results. Purple is used for results of drug screening; black reports data from previous findings (17). Graphs show 
means ± SEM, two-tailed Student’s t test (A and C), and one-way ANOVA followed by Tukey’s honest significant difference (HSD) test (B). Phosphorylated AR was detected 
using phospho-specific antibodies, and the total AR was detected with a specific antibody that recognizes AR independently of phosphorylation status. 
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only via induction of p21CIP1 (17) but also through activation of a 
calcium-sensitive phosphatase. 

On the basis of our screening results, we hypothesized that this 
phosphatase was CaN. Immunoprecipitation assays showed that 
both nonexpanded AR and polyQ-expanded AR form a complex 
with endogenous CaN (Fig. 5C). Androgen treatment reduced the 
interaction of AR with CaN, indicating that CaN binds before an-
drogen binding or after androgen dissociation. Furthermore, CaN 

overexpression reduced phosphorylation of polyQ-expanded AR 
at S83, S96, and S651 (Fig. 5D). Consistent with the effect of AR 
phosphorylation at S96 on protein stabilization (17), overexpression 
of CaN reduced accumulation of polyQ-expanded AR (Fig. 5E), and 
in a transcriptional assay, overexpression of CaN but not CaN dom-
inant-negative (CaN-DN) attenuated normal and polyQ-expanded 
AR transactivation (Fig. 5F). 

Fig. 5. Calcineurin binds to and reduces polyQ-expanded AR phosphorylation and transactivation. (A) Western blot in HEK293T cells expressing AR55Q and treated 
with forskolin (10 μM) for the indicated time points. Quantification of the upper AR isoform over total AR is shown in the graphs (n = 3 biological replicates). (B) Western 
blot in HEK293T cells expressing AR55Q and treated with BAPTA (10 μM) or PACAP (100 ng/ml). Quantification of the upper AR isoform over total AR is shown in the graphs 
(n = 3 biological replicates). (C) Immunoprecipitation (IP) assay and corresponding immunoblot (IB) in HEK293T cells expressing AR24Q and AR65Q alone or together with 
CaN and treated with vehicle or DHT (10 nM, 16 hours) (n = 4 biological replicates). (D) Western blot in HEK293T cells expressing AR55Q alone (mock) and together with 
CaN showing phosphorylated and total AR (n = 3 biological replicates). (E) Western blot in HEK293T cells expressing AR55Q alone (mock) and together with a vector 
expressing the catalytic subunit of CaN (CaNA), the regulatory subunit (CaNB), or the holoenzyme (CaNAB) (n = 3 biological replicates). (F) Transactivation luciferase assay 
in HEK293T cells expressing AR12Q (left) or AR55Q (right) alone (mock) or together with CaN and CaN dominant-negative (CaN-DN) and treated with DHT (0.5 nM, 24 
hours) (n = 3 biological replicates). (G) Western blot of S96 phosphorylation in HEK293T cells expressing AR55Q in combination with PKA, CaN, PKA + CaN, PKA-DN, or 
PKA-DN + CaN constitutively active (CaN-CA) (n = 2 to 7 biological replicates). Quantification of phosphorylated (pS96)/total AR is shown below the blots. (H) Diagram 
showing effective inhibitors and target phosphatase. Graphs show means ± SEM, one-way ANOVA followed by Tukey HSD tests (A, B, E, and F) and two-tailed Student’s t 
test (D and G). 
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Mechanistically, overexpression of PKA reduced S96 accumula-
tion to a similar extent as CaN, whereas overexpression of domi-
nant-negative PKA (PKA-DN) reverted this effect (Fig. 5G) (17). 
Notably, PKA and CaN overexpression together did not result in 
an additive effect, whereas PKA-DN–dependent accumulation of 
S96 phosphorylation was abolished by constitutively active CaN 
(CaN-CA), suggesting that PKA may dephosphorylate AR 
through CaN. Together, these observations support a model 
whereby CaN reduces AR phosphorylation, acting on its accumula-
tion and transactivation in SBMA cells (Fig. 5H). 

CDC25/CDK2 enhances and CaN suppresses polyQ- 
expanded AR toxicity in SBMA motor neuron–derived cells 
On the basis of the results described above, we asked whether 
CDC25, CDK2, and CaN modify the toxicity of polyQ-expanded 
AR. We first addressed this question in cell models of SBMA. Over-
expression of ligand-activated polyQ-expanded AR significantly de-
creased the viability of HEK293T cells compared to cells expressing 
nonexpanded AR (fig. S7), as previously described (34). Pharmaco-
logical inhibition of endogenous CDK2 and CDC25 by sanguinar-
ine chloride and NSC-663284, respectively, restored the viability of 
HEK293T cells expressing polyQ-expanded AR. SBMA primarily 
affects brainstem and spinal cord motor neurons. We thus exam-
ined the effects of sanguinarine chloride and NSC-663284 on via-
bility in the motor neuron–derived cell line MN1 (35). 
Overexpression of polyQ-expanded AR decreased MN1 cell viabil-
ity (Fig. 6A), as previously reported (17). NSC-663284 and sangui-
narine chloride reduced polyQ-expanded AR toxicity, indicating 
that inhibition of CDC25/CDK2 was protective in these cells. 
However, overexpression of CDC25 had the opposite effect, 
further supporting the idea that CDC25 enhances polyQ-expanded 
AR toxicity. 

In line with evidence that increased nuclear accumulation of 
polyQ-expanded AR increases toxicity (36), gossypol treatment of 
MN1 cells expressing AR100Q exacerbated polyQ-expanded AR 
toxicity. Neither CDC25/CDK2 loss of function (inhibition by san-
guinarine chloride and NSC-663284) nor CDC25 gain of function 
(overexpression) modified the viability of MN1 cells expressing 
AR100Q-S96A (Fig. 6B), consistent with the idea that the effect of 
CDC25/CDK2 on polyQ-expanded AR toxicity occurs through reg-
ulation of phosphorylation at this site. On the other hand, CaN loss 
of function (inhibition by CSA and FK506) exacerbated polyQ-ex-
panded AR toxicity in a dose-dependent fashion but had no effect 
on MN1 cells expressing AR100Q-S96D (Fig. 6C), suggesting that 
these inhibitors decrease cell viability by phosphorylating polyQ- 
expanded AR at this site. These results indicate that pharmacologic 
suppression of CDC25 and CDK2 reduces neurotoxicity, whereas 
suppression of CaN has the opposite effect, through a mechanism 
that is affected by the phosphorylation status of polyQ-expand-
ed AR. 

CDC25/CDK2 and CaN modify neurotoxicity in a fly model 
of SBMA 
The findings in MN1 cells prompted us to evaluate whether CDC25, 
CDK2, and CaN modify the SBMA phenotype in vivo. We leveraged 
a fly model of SBMA that we previously generated and characterized 
(Fig. 7) (6, 34). We expressed AR0Q and AR52Q in the fly eye while 
feeding flies androgens and evaluated the effect of genetic manipu-
lation of Cdc25, Cdk2, and CaN on disease severity, which we 

defined as the degree of ommatidial fusion, bristle disorganization, 
and depigmentation (6, 34). Consistent with previous findings (34), 
AR0Q expression did not induce neurodegeneration (Fig. 7, top 
row), but AR52Q expression significantly altered the retinal struc-
ture as evidenced by ommatidia disorganization and degeneration 
(Fig. 7, bottom row). We crossed AR0Q and AR52Q flies with flies 
that expressed RNA interference (RNAi) targeting Drosophila or-
thologs of Cdc25, Cdk2, and CaN. An ~25% decrease in Cdc25 
and Cdk2 mRNA transcript levels alone or together did not cause 
any phenotype in flies expressing AR0Q (Fig. 7, top row). Knock-
down of either or both strongly suppressed the toxicity of AR52Q, 
whereas silencing of the fly CaN ortholog by 50% greatly exacerbat-
ed AR52Q toxicity (Fig. 7, bottom row). Together, these observa-
tions indicate that genetic suppression of Cdc25 and Cdk2 
attenuates the toxicity of ligand-activated polyQ-expanded AR, 
whereas silencing of CaN has the opposite effect in vivo. 

Ablation of CDK2 ameliorates the phenotype of a severe 
mouse model of SBMA 
Next, we moved to a mammalian model of SBMA with transgenic 
mice expressing AR100Q that develop androgen- and age-depen-
dent progressive motor dysfunction by 2 months of age (7). We 
used specifically male mice, because SBMA fully manifests in 
males, a disease feature well reproduced in mouse models of the 
disease (7, 8). Cdk2 deletion is not lethal and does not cause a neu-
rodegenerative phenotype in mice (37), thus offering the opportu-
nity to test the effect of CDK2 partial and complete loss of function 
in SBMA mice. We crossed transgenic mice expressing AR100Q (7) 
with Cdk2 hypomorphic or null mice (37) and verified CDK2 re-
duction at the protein level (Fig. 8A). Western blotting showed 
that Cdk2 haploinsufficiency and depletion significantly reduced 
phosphorylation of polyQ-expanded AR at S96 in the brainstem 
of AR100Q mice (Fig. 8B). We previously showed that S96 phos-
phorylation stabilizes AR (17). Consistent with these previous ob-
servations and with the effect on phosphorylation in the brainstem, 
Cdk2 deletion reduced accumulation of polyQ-expanded AR in the 
brainstem and spinal cord but not skeletal muscle (Fig. 8B and 
fig. S8). 

We then analyzed the phenotype of SBMA mice. Transgenic 
mice expressing AR100Q showed a severe phenotype characterized 
by progressive loss of body weight at 8 weeks of age (Fig. 8C) and 
signs of motor dysfunction around 6 to 7 weeks of age (Fig. 8D) (7). 
Although loss of Cdk2 by itself did not improve body weight 
(Fig. 8C), it significantly improved motor dysfunction assessed by 
hanging wire, grip strength, and rotarod tasks (Fig. 8, D and E). 
Notably, the most important effect of Cdk2 loss on mouse pheno-
type was observed on motor coordination by rotarod, suggesting a 
central rather than peripheral effect of CDK2 deletion. 

Hyperactive CDK2 elicits a stress response in the brainstem 
of SBMA mice 
Last, we investigated how CDK2 contributes to the mouse SBMA 
phenotype. Fully active CDK2 is phosphorylated at threonine 160 
(T160) (38). Western blot showed that T160 phosphorylation was 
significantly increased in the brainstem of male AR100Q mice com-
pared to wild-type (WT) mice, while total CDK2 levels were slightly 
and not significantly increased in brainstem (Fig. 9A). These find-
ings suggest aberrant CDK2 activity in SBMA brainstem. 
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To determine whether there was CDK2 gain of function in 
SBMA brainstem, we analyzed expression of the c-Myc oncogene 
(39). c-MYC was significantly up-regulated at the transcript and 
protein levels in the brainstem of male AR100Q mice compared 
to WT mice (Fig. 9B). CDK2/cyE1 and c-MYC gain of function 
can synergistically trigger a transcriptional response that activates 
cell cycle, DNA damage, senescence, and apoptotic pathways (39). 
Notably, transcript levels of Ccne1 coding cyE1 were significantly 
up-regulated in the brainstem of AR100Q mice compared to age- 
matched WT mice, which may in turn be responsible for CDK2 
overactivation (40). Moreover, transcript levels of genes involved 
in cell cycle regulation (Ccnd2 and Ccne1), DNA damage response 
(Atr), senescence (Tp53 and Cdkn1a, coding for p21CIP1), and ap-
optosis (Casp3 and Casp9) were also up-regulated in AR100Q mice 
compared to WT mice (Fig. 9C). Notably, all these brainstem gene 

expression changes were restored upon Cdk2 ablation, indicating 
that CDK2 is responsible for inducing these pathological processes 
in SBMA brainstem. 

DISCUSSION 
We identified AR as a substrate for CDC25/CDK2 and CaN 
(Fig. 10). Our results show how AR integrates multiple cellular sig-
naling pathways with changes in phosphorylation, which, in turn, 
regulate AR biology. PolyQ expansion perturbs the fine-tuned equi-
librium of phosphorylation/dephosphorylation, thus enhancing 
neurotoxicity. 

By comparing the phosphorylation status of normal and polyQ- 
expanded AR, we showed that polyQ expansion does not alter the 
pattern of native AR phosphorylation. Rather, polyQ expansion 

Fig. 6. CDC25/CDK2 and calcineurin modify toxicity in motor neuron–derived cells modeling SBMA. (A) MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] cell viability assays in MN1 cells stably expressing AR24Q or AR100Q and treated with DHT (10 μM, 48 hours), together with vehicle or sanguinarine chloride (0.1 
μM, 16 hours), NSC-663284 (1 μM, 16 hours), or gossypol (10 μM, 16 hours) (n = 3 to 6 biological replicates). (B) MTT cell viability assay in MN1 cells stably expressing 
AR100Q or AR100Q-S96A treated with sanguinarine chloride or NSC-663284 or transfected with empty vector (mock) or vector expressing CDC25 and treated with DHT 
(10 μM, 48 hours) (n = 3 to 9 biological replicates). (C) MTT cell viability assay in MN1 cells stably expressing AR100Q or AR100Q-S96D treated with DHT (10 μM, 48 hours), 
together with FK506 (16 hours) or cyclosporin A (CSA, 16 hours) at the indicated dosages (n = 4 to 6 biological replicates). Graphs show means ± SEM, two-way ANOVA 
followed by Tukey HSD tests. 
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enhances AR phosphorylation at S83, S96, and S651. Most informa-
tion on the role of AR phosphorylation at specific sites comes from 
prostate cancer cells. In these cells, phosphorylation of S83 and S651 
enhances AR stabilization, transactivation, and cell growth. Analysis 
of S83 phosphorylation dynamics in prostate cancer cells revealed 
an effect on AR nuclear translocation and chromatin binding 
(20). We showed that loss of S96 phosphorylation affected phos-
phorylation of S83 and S651, suggesting that changes in ligand-in-
dependent phosphorylation at S96 have consequences on ligand- 
dependent phosphorylation at S83 and S651. While loss of S96 
phosphorylation reduced phosphorylation at S83 and S651, it did 
not modify phosphorylation of polyQ-expanded AR, and this 
may explain why polyQ expansion increases native AR 
phosphorylation. 

Our loss-of-function kinase screening identified several inhibi-
tors that target CDKs involved in transcription, namely, CDK7 and 
CDK9, which is an intriguing observation considering that AR is a 
transcription factor. Our in vitro phosphorylation assays showed 
that CDK9/cyT1 phosphorylated AR at S83, as previously shown 
(41, 42), and at S96. CDK7/cyH phosphorylates AR at S516 (43). 
Here, we showed in vitro that CDK7 can also phosphorylate AR 
at S83 and S651. CDK9/cyT1 is a subunit of the positive transcrip-
tion elongation factor b (pTEFb), and CDK7/cyH is a subunit of the 
basal transcription factor II H (TFIIH). CDK9 and CDK7 phos-
phorylate the C-terminal domain of RNA polymerase II, thus reg-
ulating transcription initiation/promoter clearance and elongation. 
In addition to targeting components of the basal transcription ma-
chinery, TFIIH and pTEFb also bind to and phosphorylate specific 

Fig. 7. Silencing Drosophila orthologs of CDC25/CDK2 and CaN modifies the eye phenotype of flies modeling SBMA. Top: Representative images of the ommatidia 
of flies expressing AR0Q (top row) or AR52Q (bottom row) with and without the indicated RNAi under the GMR promoter to drive expression in the eye (n = 15 to 20 flies 
per genotype). Bottom: Cdc25, Cdk2, and CaN mRNA transcript levels in flies overexpressing AR52Q with scramble or target RNAi (n = 3 flies per genotype). Disease 
severity scores (a function of ommatidial fusion, bristle disorganization, and depigmentation) in flies overexpressing AR52Q with and without the indicated RNAi (n = 15 
to 20 flies per genotype). Graphs show means ± SEM, two-tailed Student’s t test (left), and one-way ANOVA followed by Tukey’s HSD test (right). 
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transcription factors including AR (44, 45). Phosphorylation of AR 
may then facilitate transcription of androgen-target genes. CDK7 
can promote AR activity by direct phosphorylation or through 
phosphorylation of effectors involved in transcription. CDK7 is a 
CDK-activating kinase (CAK) and phosphorylates CDK2. 
Further, CDK7 phosphorylates CDK9, as well as the Mediator 
complex subunit 1 (MED1), component of the mediator complex, 
enhancing the interaction with AR (46). AR phosphorylation by 
CDK7/cyH and CDK9/cyT1 may represent a molecular link 
between activity of basal transcription factors/RNA polymerase II 
and the nuclear hormone receptor (43, 45). 

Our drug screening also identified inhibitors of CDKs involved 
in cell cycle regulation, such as CDK2, consistent with our previous 
evidence that CDK2 phosphorylates AR (17). In our assays, CDK2 

was selective for S96. CDK2 has previously been shown to target S83 
(47). Although CDK2 did not phosphorylate S83 in our in vitro 
phosphorylation assay, we cannot rule out the possibility that 
CDK2 targets this site as well as other sites. CDK2 activity is 
tightly regulated in cells by phosphorylation at threonine 14 (T14) 
and tyrosine 15 (Y15), which is inhibitory and removed by CDC25 
(27), and at T160, which is activatory and added by CAKs (38). 
Phosphorylation at T160 can be enhanced by CDK7, suggesting a 
link and cross-talk between these two CDKs. CDC25 activates 
CDK2, but not CDK7 and CDK9, which have amino acid positions 
that differ from T14 and Y15. CDC25 inhibitors identified by our 
screening may act through CDK2 to modify the AR response to 
androgens. 

Fig. 8. Haploinsufficiency or deletion of Cdk2 mitigates the phenotype of SBMA mice. (A) Schematic of mouse cross and Western blot analysis of CDK2 levels in the 
brainstem of 8-week-old male wild-type (WT) and AR100Q mice (Cdk2 alleles are +/+, +/−, −/−) (n = 3 mice per genotype). (B) Western blot of phosphorylated AR in the 
brainstem of 8-week-old AR100Q/CDK2+/+, AR100Q/CDK2+/−, and AR100Q/CDK2−/− male mice (n = 2 to 3 mice per genotype). Graphs show means ± SEM. (C) Body 
weight analysis of mice with the indicated genotypes at 14 weeks [n = 14 (AR100Q/CDK2+/+), n = 10 (AR100Q/CDK2+/−), and n = 7 (AR100Q/CDK2−/−) mice per genotype]. 
(D) Changes in motor coordination (rotarod) and muscle strength (hanging wire) as mice age [n = 14 (AR100Q/CDK2+/+), n = 10 (AR100Q/CDK2+/−), and n = 7 (AR100Q/ 
CDK2−/−) mice per genotype]. *P (AR100Q/CDK2+/+ versus AR100Q/CDK2−/−) < 0.05; $P (AR100Q/CDK2+/+ versus AR100Q/CDK2+/−) < 0.05; #P (AR100Q/CDK2+/+ versus 
AR100Q/CDK2−/−) = 0.08. (E) Muscle force measured using grip strength meter in 6-week-old AR100Q/CDK2+/+, AR100Q/CDK2+/−, and AR100Q/CDK2−/− mice (n = 3 mice 
per genotype). Graphs show means ± SEM, two-way (A) and one-way ANOVA followed by Tukey’s HSD test (B and E) or Fisher’s Least Significant Difference (LSD) (C and D). 
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Furthermore, CDC25 is regulated through phosphorylation, 
with phosphorylation at specific sites leading to enzyme inhibition 
and at other sites resulting in enzyme activation. CDC25 is phos-
phorylated at multiple sites by kinases that, in our loss-of-function 
screening, modified the AR response to the ligand, notably PLK 
(48), PKA (49), and aurora-A kinase (50). We previously showed 
that AR phosphorylation is modified by the AC/PKA pathway 
(17). The phosphatase inhibitor okadaic acid also reduced AR phos-
phorylation. PKA activates an okadaic acid–sensitive serine/threo-
nine phosphatase that leads to dephosphorylation and inactivation 
of CDC25 (49). Thus, it is possible that PKA modifies AR phos-
phorylation through CDC25, which, in turn, acts upstream of 
CDK2, resulting in decreased phosphorylation of AR at specific 
sites. On the other hand, PKA has been reported to directly phos-
phorylate and inhibit CDC25 (28). Thus, in addition to inhibiting 

CDK2 by up-regulating p21CIP1 expression (17), PKA can also di-
rectly act on CDC25 to ultimately inhibit CDK2. 

Another key finding is that CaN reduced phosphorylation of AR 
at multiple sites. CaN is activated by calcium signaling and is widely 
expressed, at particularly high levels in the brain, to target solvent- 
exposed serine and threonine residues, with specificity from tran-
sients in calcium signaling and specific protein-protein interactions. 
CaN interacts with PKA through an A kinase–anchoring protein 
(AKAP), which recruits both the phosphatase and kinase in close 
proximity for posttranslational modification of the target protein 
(51). Coordinated dynamic action of PKA and CaN mediated by 
AKAP regulates function and calcium signaling at the synapse 
(52). In neurons, CaN is activated by calcium transients in response 
to membrane depolarization. It follows that altered calcium signal-
ing results in excitotoxicity and involves several proteins sensitive to 
calcium, such as CaN. Aberrant CaN toxic gain-of-function 

Fig. 9. CDK2 triggers a stress response in SBMA brainstem. (A) Western blot analysis of CDK2 phosphorylation at T160 and total CDK2 in the brainstem of 12-week-old 
male WT and AR100Q mice (n = 4 mice per genotype). (B) RT-PCR and Western blot analysis of MYC expression in the brainstem of 8-week-old male WT and AR100Q mice 
(Cdk2 alleles are +/+, +/−, and −/−) (n = 3 to 8 mice per genotype). (C) RT-PCR analysis of expression of the indicated genes in the brainstem of 8-week-old male WT and 
AR100Q mice (Cdk2 alleles are +/+, +/−, and −/−) (n = 3 to 8 mice per genotype). T160-phosphorylated CDK2 was detected with a specific antibody that recognizes T160 
when phosphorylated, while the total CDK2 was detected with an antibody recognizing CDK2 independently of phosphorylation status. Graphs show means ± SEM, two- 
tailed Student’s t test (A) and one-way ANOVA followed by Tukey’s HSD test (B and C). 
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mutations due to calcium overload have been reported in Alz-
heimer’s disease (53), Parkinson’s disease (54, 55), and Hunting-
ton’s disease (56). Notably, CaN directly modifies the 
phosphorylation status of tau (57), huntingtin (56), TAR DNA- 
binding protein 43 (TDP-43) (58), and AR as shown here. Regula-
tion of AR phosphorylation by CaN implies that AR is subject to 
calcium signaling. 

CDK2-activating phosphorylation was increased in the brain-
stem of SBMA mice. Aberrant activation of CDKs and CDC25 
has previously been implicated in the pathogenesis of several neu-
rodegenerative diseases. Expression and function of CDK5 and 
CDK2 are altered in Alzheimer’s disease (59) and Parkinson’s 
disease cells (60), while an inhibitor of the cell division cycle 
kinase 7 and CDK9 mitigates disease manifestations in animal 
models of amyotrophic lateral sclerosis (61) and spinocerebellar 
ataxia type 17 (62). Moreover, CDC25 gain-of-function mutations 
have been reported in Alzheimer’s disease (63), and CDC25 loss-of- 
function mutations are neuroprotective in a fly model of ataxia tel-
angiectasia (64). Therefore, dysfunction of cell cycle–regulated 
kinases in postmitotic cells, such as neurons and myofibers, may 
induce cell cycle reentry, leading to cell death by apoptosis. In 
SBMA brainstem, CDK2 is responsible for induction of genes like 
c-MYC and genes involved in cell cycle regulation, senescence, and 
apoptosis. Thus, CDK2 overactivation in SBMA brainstem causes a 
stress response that may lead to neuronal damage, supporting an 
active role for this and maybe other CDKs in the neurodegenerative 
process induced by polyQ-expanded AR. 

Expansions of tandem repeats often result in repeat-associated 
non-AUG (RAN) translation. The pathogenic (CAG)n of AR is 

located in the N-terminal domain, making it possible that the 
CUG repeat is expressed in two other reading frames. Recent 
studies show a very low level of its expression potentially being re-
sponsible for the X-linked neurodegenerative disease outcomes, 
such as fragile X–associated tremor ataxia syndrome or X-linked 
dystonia-parkinsonism (65, 66). Investigation of RAN translation 
in SBMA vulnerable tissues might provide insights on how CAG ex-
pansions cause disease. 

Study limitations 
Because AR is targeted by several CDKs and because other CDKs 
(e.g., CDK4) can compensate for loss of CDK2 function, suppress-
ing several kinases would likely have a stronger effect on the SBMA 
phenotype. Nevertheless, these data establish a causal link between 
elevated AR phosphorylation and pathogenesis and identify new 
therapeutic targets for SBMA. Moreover, targeted inhibition of 
CDK2 in the brainstem and spinal cord will inform cell-autono-
mous versus nonautonomous effects of CDK2 toxicity in SBMA. 
AR is involved in several disease conditions, spanning from andro-
gen-insensitivity syndrome to prostate cancer and other types of 
cancers with a sex bias (bladder and renal) and to neurodegenera-
tion—our findings are likely to be relevant for these conditions as 
well. Pharmacological CDK inhibitors are in clinical trials for dif-
ferent types of cancer, but their applicability to chronic conditions 
such as neurodegenerative diseases requires deep investigation of 
safety, tolerability, and efficacy. 

Fig. 10. Opposing effects of CDC25/CDK2 and CaN on polyQ-expanded AR neurotoxicity. CDC25/CDK2 phosphorylate AR and contribute to toxicity in vitro and in 
vivo, whereas CaN removes phospho-marks in response to calcium signaling, thus modifying subcellular localization, function, and toxicity. CDK2 triggers a stress re-
sponse in the brainstem, and its loss of function reduces polyQ-expanded AR phosphorylation and attenuates neurodegeneration. 
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MATERIALS AND METHODS 
Experimental animal models 
Mouse strains 
Animal care and experimental procedures were conducted by the 
Ethics Committees of the University of Trento and the University 
of Padova and were approved by the Italian Ministry of Health 
(1289/2015-PR). Mice were housed in filtered cages in pathogen- 
free facilities, in a temperature-controlled room with a 12-hour 
light/12-hour dark cycle and ad libitum access to water and a stan-
dard diet. All mice were kept in congenic C57BL/6J background. 
Because SBMA is a sex-specific disease, only male mice were used 
for the study. Mouse ages are reported for each experiment in the 
figure legend. Sample size was assessed through power analysis. 
Mouse genotyping was performed as previously described (7). 
Genomic DNA was extracted from tails or ears and amplified 
using a RED Extract-N-Amp Tissue Polymerase Chain Reaction 
(PCR) kit (Sigma-Aldrich). AR100Q mouse primers were 5′- 
CTTCTGGCGTGTGACCGGCG-3′ (forward) and 5′- 
TGAGCTTGGCTGAATCTTCC-3′ (reverse); PCR conditions 
were 94°C for 30 s for denaturation, 60°C for 1 min, 30 s for anneal-
ing, and 72°C for 1 min 30 s for extension; and all steps were repeat-
ed for 30 cycles. PCR products were visualized on a 1% agarose gel. 
CDK2+/+, +/−, and −/− mice were distinguished by PCR product 
amplification with the following primers: 5′-CAAGTTGACGGGA-
GAAGTTG-3′ (CDK2a), 5′-ACGAACAGCCCTGGACCCCTC-3′ 
(CDK2b), and 5′-GCGATAAGCTTCGAGGGACC-3′ (CDK2c). 
CDK2a in combination with CDK2b was used to detect the WT 
CDK2 allele. CDK2a in combination with CDK2c was used to 
detect the knockout allele. PCR conditions were set at 94°C for 
30 s of denaturation, at 60°C for 30 s of annealing, and at 72°C 
for 1 min and 30 s for extension, and all steps were repeated for 
35 cycles. PCR products were visualized on a 1 or 2% agarose gel 
for knockout mice or WT, respectively. 

Motor coordination was measured by rotarod analysis (Ugo 
Basile Instruments). AR100Q, AR100Q/CDK2+/−, and AR100Q/ 
CDK2−/− mice underwent weekly sessions on the rotarod appara-
tus, which included three test trials at 15 to 30 rpm progressively 
increasing in speed for a maximum period of 300 s and a recovery 
time of 300 s between each test. The first week was considered as 
training, and recording was started in the second week. The best 
performance was used to assess motor coordination. 

A grip strength meter (Ugo Basile Instruments) was used to 
measure the grip strength of the forelimb. The grip strength 
meter was horizontally placed, and the mice were held by the tail 
and lowered toward the apparatus. Mice were allowed to grasp the 
smooth metal triangular pull bar with their forelimbs and then 
pulled backward. The force applied to the bar at the moment the 
grasp was released was recorded as the maximum tension. Mice re-
ceived a weekly session that included three test trials, and the best 
performance was used to assess muscle force production. 

A cage grid was used for the assessment of the muscle force of the 
hanging wire, in which the mice were allowed to grasp and imme-
diately gently reversed. The test lasted a maximum of 60 s, and the 
number of seconds the mice lasted hanging on the grid was record-
ed. Three test trials were performed every week, and the average of 
the recordings for each mouse was used to assess muscle strength. 

For tissue collection, mice were euthanized by CO2 inhalation. 
After euthanasia, the tissues were snap-frozen in precooled 

isopentane in liquid nitrogen and then stored at −80°C until 
further processing. 
Fly strains 
All Drosophila stocks were maintained on a standard cornmeal 
medium and fed 2 mM DHT at 28°C in light/dark-controlled incu-
bators. The Cdc25 (34831), Cdk2 (28952), gmr-Gal4, and EGFP 
lines were obtained from the Bloomington Drosophila Stock 
Center. The AR52Q line was previously described (34). Eye 
images were taken with a Leica M205C dissection microscope 
equipped with a Leica DFC450 camera. Eye degeneration was quan-
tified as previously described (6). 

RNA was extracted in triplicate from Cdc25, Cdk2, CaN (Pp2B- 
14D), and EGFP expressing fly heads using TRIzol (Ambion, 
#15596026) in 1-bromo-3-chloropropane (BCP; Sigma-Aldrich, 
#MKCB0830V). Brains were dissected from larvae, snap-frozen 
on dry ice, ground in TRIzol, and centrifuged to pellet. BCP was 
added, and samples were centrifuged again. The upper aqueous 
layer was used to precipitate RNA with isopropanol, followed by 
pelleting RNA through centrifugation. RNA pellets were washed 
with 70% ethanol and allowed to air-dry before resuspending in ri-
bonuclease-free water. RNA samples were quantified on a Nano-
Drop ND-1000 spectrophotometer, and purity was assessed using 
260/280 and 260/230 ratios. Samples were run on a 1% agarose 
gel with ethidium bromide to rule out RNA degradation. Comple-
mentary DNA (cDNA) was then generated from RNA samples with 
the Bio-Rad iScript Select cDNA Synthesis Kit (#170-8897) in a 
Thermo Hybaid Omn-E PCR machine. All cDNA samples were 
run on a 96-well plate (Applied Biosystems, #4306737) on an 
Applied Biosystems 7300 Real-Time PCR system with Bio-Rad iQ 
Supermix (#170-8862). cDNA-specific PrimeTime quantitative 
PCR (qPCR) Assay primers (Integrated DNA Technologies) were 
used for qPCR reactions. Tubulin was used as a housekeeping 
control. The comparative C(T) method was used to analyze 
results. GraphPad Prism six software was used for statistical analy-
ses. Primers (5′-to-3′) used are as follows: Pp2b-14D: AGGCGG-
TACTATTGGCATCTG (forward), 
TAACCAGAGCAGCAGCGTT (reverse), and AA-
CAAGTGCCCGCACCGTCA ( probe); Cdc25: GTGGGAAAC-
TATTGTGGAGGAA (forward), 
CACGACGAGATCCACTCATTT (reverse), and ACACCAG-
CAGTTCGAGTAGCATCA (probe); Cdk2: CGAGTACCTGAA-
CATGGATCTAAAG (forward), GGATACGATTCGTGTGGCAA 
(reverse), TGCATCAGATATTAGATGCCGTCGGC (probe). 

Cell lines 
HEK293T [American Type Culture Collection (ATCC), CRL-3216) 
and HeLa (ATCC, CCL-2) cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) with 10% heat-inactivated fetal 
bovine serum (FBS), penicillin/streptomycin (100 U/ml), and L-glu-
tamine (2 mM) at 37°C in a humidified atmosphere containing 5% 
CO2. MN1 cells that stably expressed AR24Q and AR100Q with and 
without the S96A mutation were cultured in DMEM with 10% FBS, 
penicillin/streptomycin (100 U/ml), and L-glutamine (2 mM) at 
37°C in a humidified atmosphere containing 5% CO2 (17). 
HEK293T cells were transfected with a polyethyleneimine (PEI) 
linear molecular weight of 25,000Da (Sigma-Aldrich) according 
to the dimensions of the well. DNA:PEI (0.5%, v/v) ratio was 1:1. 
MN1 cells were transfected with Lipofectamine 2000 according to 
the manufacturer’s instructions (Thermo Fisher Scientific). 
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Generation of neuronal progenitors 
For the derivation of induced pluripotent stem cells (iPSCs), 
primary fibroblast cells were obtained according to the National In-
stitutes of Health protocol 00-N-0043 with the approval of the In-
stitutional Review Board from forearm skin biopsies of male 
patients with SBMA and controls. iPSCs from patients with 
SBMA and controls were grown and expanded on Matrigel- 
coated 60-mm plates using StemFlexmedium (Thermo Fisher Sci-
entific) and were passaged using ReleSR (StemCell Technologies). 
After three passages (P3), iPSCs were split into Matrigel-coated 
24-well plates at a cell density of ~0.5 × 106 cells/ml to begin 
neural induction. The differentiation of iPSCs into neuronal precur-
sor cells (NPCs) was performed using PSC neural induction 
medium (Invitrogen) and the published PSC neural induction 
medium (NIM) protocol (#MAN0008031). After 7 days, newly dif-
ferentiated NPCs were passaged with Accutase and replated in six- 
well plates coated with Matrigel at ~1.0 × 106 cells per well. The 
NPCs were passed using an NIM (50:50 neurobasal:advanced 
DMEM/F12 and 1× neural induction supplement). NPCs were pas-
saged in NIM medium three times before cryopreservation at P3. 
After three passages, the NPC medium was changed to neural main-
tenance medium: 50:50 neurobasal:advanced DMEM/F12, heparin 
(5 μg/ml; Sigma-Aldrich), fibroblast growth factor 2 (20 ng/ml; 
Thermo Fisher Scientific), and epidermal growth factor (20 ng/ 
ml; Thermo Fisher Scientific). The NPCs were maintained until 
P5 before performing the experiments. 

Sequence alignment 
Orthologous AR sequences were retrieved from the Orthologous 
MAtrix (OMA) Browser database (67) and aligned with tCoffee 
(www.ebi.ac.uk/Tools/msa/tcoffee/) (68). The resulting alignment 
was visualized with ESPript (69). 

Expression vectors 
Vectors expressing human AR (NM_000044) tagged with FLAG 
were generated from the Origene vector (catalog no. RC215316). 
The full-length AR sequence was subcloned into a pEGFP-N1 
vector from Clontech (catalog no. 6085-1) to generate EGFP- 
tagged AR at the C terminus. Vectors expressing pARE-luciferase, 
TK-Renilla, CDK2 variants, and PKA variants were previously de-
scribed (17). The CDC25C coding sequence was cloned in a mam-
malian expression vector in-frame with an myc tag and under the 
control of the cytomegalovirus promoter. CaN expression vectors 
were a gift from F. Saudou (Grenoble Institute of Neuroscience, 
France) and D. Medina (TIGEM, Italy). Single phospho-defective 
and phospho-mimetic variants of AR12Q/55Q/100Q were generat-
ed as previously described (17). In summary, phospho-defective 
and phosphomimetic mutants were generated using site-directed 
mutagenesis using Q5 polymerase (M0491S, New England 
Biolabs) in combination with the Kinase, Ligase, and Dpnl (KLD) 
enzyme mix (M0554, New England Biolabs) or a QuickChange II 
site-directed mutagenesis kit (Agilent Technologies) according to 
manufacturer’s protocols. PCR primers (either overlapping or not 
overlapping) are listed here: S83D: GCAGCAGCAGCAAGA-
GACTGACCCCAGGCAGCAGCAGC(forward) and 
GCTGCTGCTGCCTGGGGTCAGTCTCTTGCTGCTGCTGC 
(reverse); S96D: GCAGGGTGAGGATGGTGATCCCCAAGCC-
CATCGTAGAGG (forward) and CCTCTACGATGGGCTTGGG-
GATCACCATCCTCACCCTGC (reverse); S651D: 

GGCTTCCAGCACCACCGACCCCACTGAGGAGACAACCC 
(forward) and 
GGGTTGTCTCCTCAGTGGGGTCGGTGGTGCTGGAAGCC 
(reverse). 

Mutagenesis at S83 and S96 was performed using site-directed 
mutagenesis by PCR overlap extension. PCR was carried out by am-
plifying the first tract using a forward primer (ATGGAAGTG-
CAGTTAGGGCTGGGAA) and reverse primer of S83D; in a 
separate reaction, the second fragment from the mutagenesis site 
was amplified using a forward primer of S83D and a reverse 
primer (GACACCGACACTGCCTTAC). The PCR products were 
then used as templates and amplified using specific primers. Prod-
ucts were purified and digested with restriction enzymes to be in-
serted into AR-containing vectors. The same approach was used for 
S96D mutagenesis. 

To generate vectors for bacterial expression of the AR1-153 frag-
ment with 13Q, the AR caspase fragment region was amplified by 
PCR using the Gtw Tobacco Etch Virus protease (TEV) AR forward 
primers ( from 5′-to-3′): GGGGACAAGTTTGTACAAAAAAG-
CAGGCTGGGAAAACCTGTACTTCCAGGGCATGGAAGTG-
CAGTTAGGGCTGGG and Gtw XbaI AR reverse (from 5′-to-3′): 

GGGGACCACTTTGTACAAGAAAGCTGGGTTCTAGAC-
TACGGAGGTGCTGGCAGCTG. PCR amplified products were 
subcloned into the pDONR221 vector (Thermo Fisher Scientific) 
using Gateway technology (Thermo Fisher Scientific). The resulting 
pDEST vector was used for the bacterial expression of the AR 
caspase fragment (AR1-153) tagged at the N terminus with a histi-
dine tag and maltose-binding protein (His6–MBP–AR1-153). The 
DNA sequence corresponding to the AR DBD-hinge region for re-
combinant protein expression was amplified by PCR from full- 
length AR using the following primers: DBD-h Nde forward: 5′- 
GGGGGGCATATGCCCCAGAAGACCTGCCTG and DBD-h 
end Xho reverse: 5′-GGGGGCTCGAGTCAACATTCATAGCCTT-
CAATGTGTGAC and cloned into pET28b (+) (Novagen) for Es-
cherichia coli protein expression. 

Protein expression and purification 
The AR caspase fragment (AR1-153) with 13Q was expressed and 
purified as previously described (70). Briefly, E. coli Rosetta (DE3) 
competent cells (Merck, catalog no. 70954-3) were transformed 
with pDEST vectors containing His6–MBP–AR1-153. An overnight 
culture grown in lysogeny broth (LB) supplemented with antibiotics 
was diluted into LB and grown at 37°C until it reached an optical 
density of 0.6. Protein expression was triggered by the addition of 
0.75 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), and the 
culture was transferred at 20°C overnight. The bacteria pellets 
were frozen and thawed on the day of purification in core buffer 
[20 mM sodium phosphate ( pH 8.0), 500 mM sodium chloride, 
5% glycerol, and 1 mM β-mercaptoethanol), supplemented with 
protease inhibitors (protease inhibitor cocktail and phenylmethyl-
sulfonyl fluoride; Sigma-Aldrich). Lysis was achieved after incuba-
tion of the resuspended pellet with lysozyme and deoxyribonuclease 
(DNase) for 1 hour at 4°C, and then the lysate was sonicated and 
cleared by centrifugation and filtration before loading on the 2 × 
5 ml HisTrap column (GE Healthcare) for affinity purification. 
After column washing for nonspecifically bound proteins, 
His6–MBP–AR1-153 was eluted with a gradient of imidazole 
[from 4 to 100% elution buffer in 10 column volumes, where 
elution buffer is 20 mM sodium phosphate ( pH 8.0), 500 mM 
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NaCl, 5% glycerol, 1 mM dithiothreitol, and 500 mM imidazole], 
concentrated, and loaded into a preparative gel filtration column 
HiLoad 26/600 S75 (GE Healthcare) equilibrated with 20 mM 
sodium phosphate (pH 7.5), 500 mM sodium chloride, 5% glycerol, 
and 1 mM β-mercaptoethanol. Fractions corresponding to the 
correct molecular weight were collected for cleavage of TEV 
(Blirt) to release tags; TEV cleavage was carried out in a dialysis 
bag in TEV cleavage buffer [50 mM sodium phosphate (pH 8.0), 
100 mM NaCl, 0.5 mM EDTA, and 1 mM β-mercaptoethanol] to 
release AR1-153. After cleavage, urea was added to the protein sol-
ution up to a concentration of 8 M, and the sample was loaded into 2 
× 5 6m HisTrap columns for reverse affinity chromatography. The 
flow sample was collected and concentrated, and the purity was 
checked by SDS–polyacrylamide gel electrophoresis (SDS-PAGE). 
The sample was dialyzed overnight to remove excess salt, then quan-
tified, and lyophilized. 

The AR DBD-hinge was expressed in E. coli Rosetta cells trans-
formed with the His-tagged AR DBD-hinge carrying vector. An 
overnight starter was diluted in antibiotic-supplied LB medium 
and grown at 37°C after shaking. Protein expression was activated 
at optical density (OD) of 0.6 with the addition of 1 mM IPTG and 
0.1 mM ZnCl2 in culture medium. Protein expression was carried 
out overnight at 16°C. The cells were harvested, and the wet pellet 
was frozen before further processing. Bacterial lysis was achieved by 
adding lysozyme and DNase to the thawed pellet resuspended in 
binding buffer [20 mM sodium phosphate (pH 7.4), 0.5 M NaCl, 
5% glycerol, and 5 mM imidazole] supplemented with a protease 
inhibitor cocktail (Sigma-Aldrich). After 1 hour of incubation 
under stirring conditions, the lysate was cleared by centrifugation 
and loaded onto a 5-ml HisTrap column (GE Healthcare) for affin-
ity purification. A wash step [20 mM sodium phosphate (pH 7.4), 
0.5 M NaCl, 5% glycerol, and 25 mM imidazole] was done before 
elution in one step in elution buffer [20 mM sodium phosphate (pH 
7.4), 0.5 M NaCl, 5% glycerol, and 250 mM imidazole]. Eluted frac-
tions were analyzed by SDS-PAGE followed by Coomassie Blue 
staining. Fractions containing His-tagged DBD-hinge were collect-
ed and dialyzed overnight in kinase reaction buffer [20 mM tris-HCl 
(pH 7.4), 150 mM NaCl, 2 mM β-mercaptoethanol, 5% glycerol, 
and 0.1 mM ZnCl2]. Soluble protein after dialysis was quantified 
by ultraviolet absorbance at 280 nm (molar extinction coefficient 
at 280 nm 5960 M−1 cm−1, Expasy ProtParam tool), aliquoted, 
and snap-frozen in liquid nitrogen. 
In vitro kinase assay 
Five micrograms of purified AR caspase fragment or AR DBD- 
hinge has been incubated for 0′, 30′, or 60′ with equal amounts of 
recombinant commercially available CDK2/cyclin E (Sigma- 
Aldrich, catalog no. C0999), CDK7/cyclin H/MNAT1 (Thermo 
Fisher Scientific, catalog no. PV3868) CDK9/cyclin T (EMD Milli-
pore, catalog no. 14-685), or extracellular signal–regulated kinase 2 
(EMD Millipore, catalog no. 14-550) in buffer containing 50 μM 
final concentration of adenosine 5′-triphosphate as recommended 
by manufacturer’s instructions. Reaction has been conducted at 
30°C and stopped by addition of Laemmli sample buffer. Time 
points have been loaded on an SDS-PAGE and transferred onto a 
nitrocellulose membrane for Western blot analysis. Membranes 
have been stained with Red Ponceau solutions before antibody in-
cubation for detection. 

Biochemical analysis 
HEK293T cells were cultured in DMEM supplemented with char-
coal-stripped FBS and vehicle (ethanol) or 10 nM DHT and harvest-
ed 24 hours after treatment. In the case of treatment with kinase 
inhibitors (SNS-032 from Cayman Chemicals, catalog no. 17904; 
AT7519 from Cayman Chemicals, catalog no. 16231; dinaciclib 
from MCE MedChem Express, catalog no. HY-10492; flavopiridol 
from Sigma-Aldrich, catalog no. F3055; GSK690693 from TOCRIS, 
catalog no. 937174-76-0; A674563 from Selleckchem, catalog no. 
S2670; GSK461364 from MedChemExpress, catalog no. HY- 
50877; and BI6727 from Selleckchem, catalog no. S2235), com-
pounds or vehicle solution was added to cells at final concentration 
of 200 nM 5 hours before lysis. 1,2-bis(2-aminophenoxy)ethane- 
N,N,N',N'-tetraacetic acid-acetoxymethyl ester (BAPTA-AM) 
(Sigma-Aldrich, catalog no. A1076) was added to cells for 5 
hours. Cells are treated with DHT, forskolin, or PACAP, as previ-
ously described (17). Cells are treated with phosphatase inhibitors 
(1 or 10 μM NSC-663284 from Sigma-Aldrich, catalog no. N7537; 
0.1 μM sanguinarine chloride from Sigma-Aldrich, catalog no 
S5890; 10 μM gossypol from Sigma-Aldrich, catalog no. G8761; 
1 or 10 μM FK506 from Selleckchem, catalog no. S5003; and 50 
nM, 500 nM, or 1 μM cyclosporin from Santa Cruz Biotechnology, 
catalog no. sc-3503) for 16 hours. Cells were rinsed in ice-cold phos-
phate-buffered saline (PBS) and lysed in the appropriate volume of 
radioimmunoprecipitation assay lysis buffer [25 mM tris (pH 7.5), 
150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, and 1% NP- 
40] supplemented with protease inhibitor cocktail (Halt protease 
inhibitor cocktail, Thermo Fisher Scientific, or Complete tablets, 
Roche) and phosphatase inhibitor cocktail III (Sigma-Aldrich). 
Lysates were cleared by centrifugation, and protein content was as-
sessed using a Pierce BCA kit. 

For the biochemical analysis of mouse tissues, the brainstem and 
spinal cord were pulverized using mortar and pestle. Proteins were 
extracted from pulverized tissues using a lysis buffer containing 2% 
SDS, 150 mM NaCl, 2 mM EDTA, and 10 mM Hepes (pH 7.4) sup-
plemented with a protease inhibitor cocktail (Roche) and a phos-
phatase inhibitor cocktail (Sigma-Aldrich). Brainstem and spinal 
cord lysates were sonicated and centrifuged at 15,000 rpm for 15 
min at room temperature (RT). Equal amounts of protein extract 
were loaded onto a 7 to 10% SDS-PAGE and electrotransferred to 
a nitrocellulose membrane (Bio-Rad). 

Immunoblotting was performed in 5% nonfat dry milk in tris- 
buffered saline (TBS) for all antibodies as follows: total AR (1:1000; 
catalog no. sc-13062 or catalog no. sc-7305, Santa Cruz Biotechnol-
ogy, RRID AB_633881 and AB_626671, respectively), phospho-S96 
AR (1:5000; custom made from Biomatik), phospho-S83 (1:1000; 
catalog no. 07-1375, Merck-Millipore, RRID AB_11211980), 
phospho-S651 (1:1000; catalog no. PA5-36617, Thermo Fisher Sci-
entific, RRID AB_2553616), CDC25c (1:1000; catalog no. 
ab226958), pan CaN A (1:1000; catalog no. 2614, Cell Signaling 
Technology, RRID AB_2168458), and CDK2 (1:1000; catalog no. 
ab7954, Abcam, RRID AB_2078401). β-Tubulin (1:5000; catalog 
no. T7816, Sigma-Aldrich, RRID AB_261770) and calnexin 
(1:1000; catalog no. ADI-SPA-860, Enzo LifeScience, RRID 
AB_10616095) were used as loading controls. Immunoreactivity 
was detected using IRDye secondary antibodies for the Odyssey 
Imaging system (LI-COR Biosciences), following the manufactur-
er’s instructions. Alternatively, horseradish peroxidase–conjugated 
secondary antibodies (Thermo Fisher Scientific) coupled with 
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Enhanced chemiluminescence (ECL) reagents (Pierce) were used 
for detection by ChemiDoc (Bio-Rad). Quantifications were done 
using ImageJ 1.51j8 software (National Institutes of Health). 

Coimmunoprecipitation 
Coimmunoprecipitation experiments were performed from 
HEK293T cells transfected with AR and CaN. Cells were lysed in 
immunoprecipitation buffer [20 mM Hepes ( pH 7.4), 150 mM 
NaCl, and 5 mM CHAPS supplemented with protease inhibitors] 
using a syringe with a narrow-gauge (29-gauge) hypodermic 
needle. Lysates have been cleared by centrifugation, and protein 
content has been quantified by a Pierce BCA Protein quantification 
kit. Six hundred micrograms of total protein lysate has been incu-
bated with 2 μg of 441 anti-AR antibody (Santa Cruz Biotechnology, 
catalog no. sc-7305) for 4 hours at 4°C and then incubated overnight 
with Pierce protein A magnetic beads (catalog no. 88845). Beads 
have been washed three times with TBS 0.05% Tween-20. Elution 
was achieved adding Laemmli sample buffer. 

Transcriptional assay 
Transcriptional assays were performed following the manufactur-
er ’s instructions (Dual-Luciferase assay kit, Promega). Briefly, 
HEK293T and MN1 cells were transfected with AR-expressing plas-
mids together with pARE-Luciferase and TK-Renilla plasmids. On 
the day of the assay, cells were washed in PBS at RT, lysed in passive 
lysis buffer, and rocked for 30 min at RT. Each sample was trans-
ferred to a 96-well plate, and luciferase substrate was added to 
each well. The plate was analyzed with Infinite 200Pro (Tecan In-
struments). After the acquisition, the Renilla substrate was added, 
and a second reading was carried out. 

Mass spectrometry analysis 
For immunoprecipitation and mass spectrometry analysis, 
HEK293T cells were transfected in triplicate with empty vectors 
or vectors expressing AR24Q and AR65Q tagged with FLAG tag 
at the C-terminal end of the protein. Three hours after transfection, 
the medium was replaced with complete DMEM supplemented 
with 10 nM DHT. Cells were harvested 24 hours after transfection 
and lysed with FLAG beads lysis buffer [50 mM tris HCl (pH 7.4), 
with 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100] supple-
mented with protease inhibitor cocktail and phosphatase inhibitor 
cocktail III (Sigma-Aldrich). Protein content was assessed using a 
Pierce BCA kit. Then, proteins (2 mg/ml) were added to precondi-
tioned FLAG beads (Sigma-Aldrich) and incubated at 4°C with 
gentle shaking overnight following the manufacturer’s instructions. 
The beads were washed three times with TBS before elution with the 
addition of Laemmli sample buffer. The beads were moved to a new 
tube before elution to avoid elution of unspecific proteins. No re-
ducing agents were added to prevent the release of immunoglobu-
lins from the beads. The samples were loaded into a precast gel (4 to 
12% bis-tris protein gel; Thermo Fisher Scientific). After electro-
phoresis, the gels were stained with Coomassie blue brilliant, and 
bands corresponding to AR were excised for mass spectrometry 
analysis. Excised bands were treated for free cysteine alkylation 
and digested with trypsin as previously reported (71). The resulting 
peptide mixtures were subjected to a phosphopeptide enrichment 
procedure before injection into a nano-LC system (Ultimate 3000, 
Dionex, Thermo Fisher Scientific) coupled online with an LTQ-Or-
bitrap XL mass spectrometer (Thermo Fisher Scientific). 

Phosphopeptide enrichment, liquid chromatography–tandem 
mass spectrometry, and data analysis were performed as previously 
reported (72). 

High-throughput screening of kinase inhibitors and 
phosphatase inhibitors 
HeLa AR65Q-GFP cells were seeded in 384-well plates. The follow-
ing day, cells were treated with 10 μM phosphatase and kinase in-
hibitors, taken from the SCREEN-WELL Phosphatase Inhibitor 
Library (Enzo Life Sciences) and Kinase Inhibitor Library (Selleck 
Chemicals), respectively, for 5 hours. After 1 hour, DHT or vehicle 
was added. The cells were then fixed with 4% paraformaldehyde for 
10 min and counterstained with 4′,6-diamidino-2-phenylindole 
(Thermo Fisher Scientific) and CellTracker (Thermo Fisher Scien-
tific) to visualize the nucleus and cytosol, respectively. The images 
were taken with a high-content imaging system, Opera (PerkinElm-
er), and analyzed with the Columbus image data storage and anal-
ysis system (PerkinElmer). 

MTT assay for cell viability 
The cells were seeded at a concentration of 5000 to 200,000 cells per 
well. Cells were incubated with DHT for 48 hours and phosphatase 
inhibitors for 16 hours. On the day of the test, 1:10 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma- 
Aldrich, catalog no. M5655) was added to cell culture medium 
and incubated for 30 min to 1 hour, according to cell types. Dimeth-
yl sulfoxide was added to solubilize formazan crystals. The 
maximum absorbance peak was recorded at 570 nm and the refer-
ence absorbance at 690 nm with Infinite 200Pro (Tecan 
Instruments). 

Quantitative real-time PCR analysis 
Total RNA was extracted with TRIzol (Invitrogen). RNA was retro-
transcribed using the SuperScript III First-Strand Synthesis System 
Kit (Invitrogen) following the manufacturer’s instructions. Gene 
expression analyses were made by reverse transcription qPCR 
with SYBR Green (ssoAdvanced Universal Sybr Green Supermix, 
Bio-Rad) with the C1000 Touch Thermal Cycler–CFX96 Real- 
Time System (Bio-Rad). The level of each transcript was measured 
with the threshold cycle (Ct) method using as endogenous control 
18S ribosomal RNA (18S) or actin. The specific mouse primers 
(Eurofins Genomics) used are listed here: ATR, TTGCCTGAT-
CATCCAGAATTAGA (forward) and GCTGGAGAGTGGTTT-
GAAGA (reverse); C-MYC, GCTGTTTGAAGGCTGGATTTC 
(forward) and GATGAAATAGGGCTGTACGGAG (reverse); 
CYCLIN E1, GAGGATGAGAGCAGTTCTTCTG (forward) and 
AAGAAGTCCTGTGCCAAGTAG (reverse); CYCLIN D2, 
CTGTGCATTTACACCGACAAC (forward) and ACTTCAGCT-
TACCCAACACTAC (reverse); CYCLIN D3, AG-
GAAGTCGTGCGCAATC (forward) and 
GCTTTGCATCTATACGGACCA (reverse); p21CIP1, AGGAC-
CACGTGGCCTTGTC (forward) and TTTTCGGCCCTGA-
GATGTTC (reverse); 

p53, GGGACGGGACAGCTTTGAG (forward) and AG-
GACTTCCTTTTTGCGGAAA (reverse); CASPASE 3, 
TCTGACTGGAAAGCCGAAAC (forward) and AGTCC-
CACTGTCTGTCTCAA (reverse); CASPASE 9, 
TTTGTGGTGGTCATCCTCTC (forward) and GAGCATC-
CATCTGTCCCATAG (reverse). 

Piol et al., Sci. Adv. 9, eade1694 (2023) 6 January 2023                                                                                                                                                         17 of 20  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  
D

ow
nloaded from

 https://w
w

w
.science.org at U

niversit degli Studi di Padova on January 09, 2023



Statistical analysis 
To compare continuous measures distributed normally between 
groups, Student’s two-sample t tests and one-way analysis of vari-
ance (ANOVA) tests were used for comparisons of two groups and 
more than two groups, respectively. Two-way ANOVA was used to 
test the effects of two independent categorical predictors on a con-
tinuous normal dependent variable. ANOVAs were followed by 
Tukey’s honest significant difference (HSD) post hoc tests. For be-
havioral data and body weight analysis, we used a two-way factorial 
ANOVA with time and genotype as predictors, followed by Fisher’s 
least significant difference post hoc tests. All data are presented as 
means ± SEM. The number of experimental replicates and tests used 
is reported in figure legends for each experiment. For all tests, the 
significance threshold was set at P < 0.05. 

Supplementary Materials 
This PDF file includes: 
Figs. S1 to S8 

Other Supplementary Material for this  
manuscript includes the following: 
Tables S1 to S3  

View/request a protocol for this paper from Bio-protocol. 
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