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Methods
Antibodies. Primary antibodies used for Western blot analysis were 
against AR (N-20, Santa Cruz Biotechnology Inc.), Hsp90 (H-114, San-
ta Cruz Biotechnology Inc.), and HA (HA-11, Covance). Primary anti-
bodies for immunofluorescence were against AR (N-20, Santa Cruz 
Biotechnology Inc.), type I/slow-twitch heavy-chain myosin (A4.840, 
DSHB, University of Iowa, Iowa City, Iowa, USA), and type II/ 
fast-twitch heavy-chain myosin (Ab-2, Thermo Scientific). Horserad-
ish peroxidase–conjugated secondary antibodies used for Western 
blot analysis were from Bio-Rad. Alexa Fluor 555, Alexa Fluor 488, 
and wheat germ agglutinin Alexa Fluor 488 conjugate antibodies 
used for immunofluorescence were from Invitrogen. FITC-conju-
gated donkey anti-mouse IgM was from Jackson ImmunoResearch. 
For IP experiments, the anti-AR antibody PG-21 (Millipore) was used, 
and pulldown was performed with protein A–agarose beads (Santa 
Cruz Biotechnology Inc.).

Cell culture, Western blot, and IP. PC12 cells expressing tetracycline-
regulated AR10Q and AR112Q have been described previously (54). 
Tet-ON AR111Q-KRKR cells were generated by stable transfection of 
pTRE-AR(111-CAG)-KRKR, as described earlier (55). The construct 
was generated by excising a portion of p5HB-hAR24Q-KRKR con-
taining the K385R and K518R mutations with NruI/Tth111I and clon-
ing the fragment into pTRE-AR(111-CAG). The codons for K385 and 
K518 were AAG and AAA, respectively, and were mutated to codons 
for arginine AGA and CGA, respectively. Both K-to-R mutations and 

modification. Thus, in cell culture, introducing the KRKR muta-
tions into the AR without inducing high levels of SUMOylation 
does not modulate polyQ AR aggregation (31), a finding similar to 
our observations in vivo (Figure 7C).

Select point mutations in polyQ proteins exert varying influ-
ence on pathogenesis by modifying protein localization, func-
tion, or stability. In spinocerebellar ataxia type 1 (SCA1), disease 
is ameliorated by diminishing association of polyQ ataxin-1 with 
the transrepressor Capicua through the S776A mutation or by pre-
venting nuclear transport through nuclear localization sequence 
disruption (48, 49). Consistent with these studies, phosphomi-
metic S776D ataxin-1 recapitulates toxicity, and pathogenic S776 
phosphorylation and subsequent nuclear transport are prevented 
by association with 14-3-3 (50, 51). In SCA7, point mutations in 
the NES signal of polyQ ataxin-7 reduce nuclear export and exac-
erbate toxicity (52). Phosphomimetic mutations at Ser13 and 
Ser16 in polyQ huntingtin rescue disease and aggregation, while 
phospho-null mutations iterate pathogenesis (53). In this regard, 
we demonstrate ameliorative effects of KRKR point mutations 
in the polyQ AR that modulate AR function without modifying 
intracellular localization or aggregation. This new disease model 
advances our understanding of SBMA pathogenesis by demon-
strating beneficial effects of enhancing function of the polyQ AR 
and revealing key features of AR SUMO modification that may be 
exploited for therapeutic targeting.

Figure 8. Rescue of type I fiber atrophy in AR113Q-KRKR males. (A) TA muscles were harvested from both hind limbs and weighed (n = 6 per group). 
Data are mean ± SEM. **P < 0.01; ****P < 0.0001 by ANOVA. (B) AR (Ar), nicotinic acetylcholine receptor-a subunit (Chrna1), myogenin (Myog), and MyoD 
(Myod) mRNA were analyzed in quadriceps by qPCR (n = 6 per group). *P < 0.05; ***P < 0.001; ****P < 0.0001 by ANOVA. (C) Representative type I  
slow-twitch heavy-chain myosin (green) and type II fast-twitch heavy-chain myosin (red) staining in soleus. Basement membrane stained with wheat 
germ agglutinin (green). Scale bar: 50 μm. (D) Mean area ± SEM and fiber size distribution of type I and type II fibers (n = 3 mice per group, ≥75 fibers per 
mouse). **P < 0.01; ****P < 0.0001 by ANOVA.
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were determined by modified protein assay (Bio-Rad). After boiling 
at 100°C for 5 minutes in loading buffer, all protein samples were 
resolved on 7% or 10% SDS-PAGE gels, transferred to nitrocellulose 
membranes on a semi-dry transfer apparatus (Bio-Rad), and probed 
by the indicated antibodies. Detection was performed by chemilu-
minescence. For IP, 1500 μg of protein lysate from mouse tissues in 
500 μl of RIPA buffer was incubated with 10 μg of PG-21 antibody 
overnight at 4°C. Protein A–agarose beads were prewashed 3 times in 
RIPA, then incubated in IP samples for 1 hour at 4°C. Bead-antibody 
complexes were then centrifuged in filtered spin columns (Thermo 
Scientific), washed 4 times in lysis buffer, and eluted by boiling in 
loading buffer for 5 minutes at 100°C. Testis lysates were obtained 
by homogenization and centrifugation at 13,000 g for 10 minutes at 
4°C. Protein concentrations were determined as described above, and 
lysates were resolved on a 7.5% SDS-PAGE gel.

AR ubiquitination and SUMOylation studies. For analysis of ubiqui-
tination, PC12 cells expressing AR112Q or AR111Q-KRKR were plated 
at 4 × 106 cells in a poly-d-lysine–coated 60-mm dish (BD Falcon) and 
transiently transfected with plasmids encoding hCHIP (1.5 μg) and 
HA-His-ubiquitin (4.5 μg) using Lipofectamine 2000 (Life Technolo-
gies). Cells were treated with 1 μg/ml doxycycline and 10 nM R1881 
and then with 1 μM YM-1 (last 24 hours) and 10 μM MG132 (last 16 
hours). 48 hours after transfection, cell pellets were resuspended in 
IP lysis/wash buffer (0.025 M Tris, 0.15 M NaCl, 0.001 M EDTA, 1% 
NP-40, 5% glycerol; pH 7.4) containing 1 tablet/10 ml of complete 
Mini-Protease Inhibitor Mix (Roche) and 5 mM N-ethylmaleimide. 
Samples were sonicated and centrifuged at 13,000 g for 10 minutes at 
4°C. 400 μg of protein lysate was incubated on a rotator overnight at 
4°C with 2 μg of anti-AR antibody (Santa Cruz Biotechnology Inc.) or 
nonimmune rabbit IgG. 20 μl of prewashed protein A–agarose beads 
(Santa Cruz Biotechnology Inc.) was added, and samples were incu-
bated for 1 additional hour at 4°C. Protein-antibody-bead complexes 
were washed 6 times in IP lysis/wash buffer in filtered spin columns 
(Thermo Scientific), and proteins were eluted by boiling in SDS-load-
ing buffer for 5 minutes at 100°C. A similar protocol was followed for 
analysis on SUMOylation, except that cells were transfected with plas-
mid encoding HA-SUMO3. Lysates were collected 24 hours after the 
addition of 1 μg/ml doxycycline and 10 nM R1881 in IP lysis/wash buf-
fer containing 20 mM N-ethylmaleimide.

Generation of knockin mice. Knockin mice with AR allele contain-
ing 113 CAG repeats were derived using gene targeting as described 
previously (56). To generate AR113Q-KRKR mice, this strategy was 
modified by using the previously described AR113Q-targeting vector 
as a template. Briefly, a portion of p5HB-hAR24Q-KRKR containing 
the K385R and K518R mutations was excised as an NruI/XhoI frag-
ment and cloned into pLP1-AR113Q. The codons for K385 and K518 
were AAG and AAA, respectively, and were mutated to codons for 
arginine AGA and CGA, respectively. Both K-to-R mutations and the 

the CAG repeat tract-length were verified by sequencing. Induc-
tion of AR expression in AR10Q, AR112Q, and AR111Q-KRKR cells 
to equivalent protein levels was performed with 50 ng/ml, 3 ng/ml,  
and 500 ng/ml doxycycline (Clontech), respectively, in the pres-
ence of 10 nM R1881 or ethanol vehicle for 24 hours unless otherwise 
indicated. Cells were grown and passaged on poly-d-lysine–coated 
flasks in high-glucose phenol-red–free DMEM (Invitrogen) contain-
ing 10% charcoal-stripped horse serum (Invitrogen), 5% charcoal-
stripped FBS (Atlantic Biologicals), 100 units/ml penicillin/strep-
tomycin (Invitrogen), 200 μg/ml hygromycin B (Invitrogen), and  
100 μg/ml G418 (Invitrogen) at 37°C in 10% CO2. For Western blot 
analysis, cells were washed twice and collected by cell scraper in 
PBS, then lysed in RIPA buffer supplemented with Halt phosphatase 
inhibitors (Thermo Scientific), complete protease inhibitors (Roche), 
and 20 mM N-ethylmaleimide (Sigma-Aldrich) to irreversibly inhibit 
SUMO proteases. Whole-cell lysates were preclarified by centrifu-
gation at 15,000 g for 15 minutes at 4°C. Protein concentrations 

Figure 9. Gene-expression differences in quadriceps muscle of WT, 
AR113Q, and AR113-KRKR males. Muscle was harvested from 14-week-old 
males (n = 3/genotype), and gene expression was analyzed by RNA-Seq. 
(A) Venn diagram illustrating the number and overlap of differentially 
expressed (≥ 1.5-fold) androgen-responsive genes in WT versus AR113Q 
(green circle) and WT versus AR113Q-KRKR (red circle). (B) Heat map of 
differentially expressed androgen-responsive genes in WT versus AR113Q 
or AR113Q-KRKR muscle.
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flash frozen in liquid nitrogen for biochemical analysis 
or mounted on OCT blocks for cryosectioning. Epidid-
ymes were also collected at this time, minced in 4 ml of 
PBS, incubated for 10 minutes at room temperature with 
gentle agitation, centrifuged for 1 minute at 500 g, and 
applied to a hemacytometer to determine sperm counts. 
For tissue analyses, quadriceps muscle and lumbar spinal 
cord were minced, lysed by agitation at 4°C for 1 hour, 
and homogenized in RIPA buffer containing phosphatase 
and protease inhibitors. Tissue lysates were then clarified 
at 13,000 g for 10 minutes at 4°C. Protein concentrations 
were determined by modified protein assay (Bio-Rad).

Measurement of serum hormone levels. Serum was col-
lected from mice at 13 to 15 weeks by cardiac puncture, 
and testosterone and LH levels were determined by 
radioimmunoassay (RIA) and sandwich assay, respec-
tively, by the University of Virginia Center for Research 
in Reproduction Ligand Assay and Analysis Core Facility 

(Charlottesville, Virginia, USA). The sensitivities of the testosterone 
RIA and LH assay were 10 ng/dl and 0.07 ng/dl, respectively.

Exercise studies. To analyze exercise capacity, a protocol for tread-
mill running was used as previously described (58). First, mice under-
went 2 days of training on an Exer3/6 treadmill (Columbus Instru-
ments), with day 1 consisting of 5 minutes of running at 8 m/min and 
day 2 consisting of 5 minutes of running at 8 m/min followed by 5 min-
utes at 10 m/min. On day 3, mice ran using a graded protocol consist-
ing of 10 m/min for 40 minutes, then increasing speed by increments 
of 1 m/min every 10 minutes for a total of 30 minutes, and followed by 
increasing speed by increments of 1 m/min every 5 minutes until mice 
were exhausted. Exhaustion was defined as mice making no attempt to 
exercise for 5 seconds. Assessment of endurance in castrated AR113Q-
KRKR males was performed after orchiectomy at 6 weeks of age as 
previously described (36). Briefly, following anesthetization with iso-
flurane, the pelvic area was shaved and opened bilaterally with 1-cm 
incisions to reveal testes for removal, then closed with suture material.

Immunofluorescence analysis. PC12 cells were washed in PBS and 
fixed in 4% paraformaldehyde for 30 minutes at room temperature. 
For quadriceps and soleus muscles, cryosections were prepared using 
a Cryocut 1800 cryostat (Leica) at 10 μm. Staining was performed 
using the indicated antibodies, mounted using Vectashield medium 
(Vector Laboratories), and sealed with nail polish. We scored AR 
translocation from cytoplasm to nucleus as described previously (59, 
60), using a value of 4 for nuclear fluorescence much greater than 
cytoplasmic fluorescence, 3 for nuclear fluorescence greater than 
cytoplasmic fluorescence, 2 for nuclear fluorescence equal to cyto-
plasmic fluorescence, 1 for nuclear fluorescence less than cytoplasmic 
fluorescence, and 0 for nuclear fluorescence much less than cytoplas-
mic fluorescence. The reported scores represent data from 50 cells per 
time point. To distinguish between type I and type II fibers, FITC-con-
jugated donkey anti-mouse IgM was used against A4.840 and Alexa 
Fluor 555 anti-mouse IgG was used against Ab-2. Fluorescence images 
were acquired using a Zeiss Axio Imager microscope. To calculate per-
centage of AR aggregation, AR-positive nuclear puncta were manually 
counted and divided by the total number of nuclei as quantified by 
ImageJ (NIH). To calculate fiber type size, the cross-sectional area of 
each fiber within a ×40 field was quantified in triplicate using ImageJ, 
and fiber type was discriminated by antibody stain.

CAG repeat tract-length was verified by sequencing. The modified 
targeting construct containing amino acids 31–484 of human AR exon 
1 and K385,518R mutations replaced mouse AR exon 1 by homolo-
gous recombination in JM8.F6 ES cells (57). Correct targeting of the 
AR113Q-KRKR allele was verified through Southern blot analysis 
using 5′ and 3′ probes falling outside of the targeted construct (Fig-
ure 2A). Three clones of correctly targeted ES cells were selected by 
neomycin resistance, karyotyped to verify euploidy, transiently trans-
fected with Cre recombinase to excise the floxed neomycin resistance 
cassette, and injected into C57BL/6J blastocysts obtained from mat-
ing C57BL/6-BrdCr-Hsd-Tyrc females with C57BL/6-BrdCrHsd-Tyrc 
males. These blastocysts were then implanted in pseudopregnant 
C57BL/6J females. All ES cell procedures were performed by the Uni-
versity of Michigan Transgenic Animal Model Core.

Mouse breeding and care. ES cell implantations yielded 8 chimeric 
males in total, which were then mated with albino C57BL/6J females 
(Jackson Laboratory) to sire AR113Q-KRKR F1 female mice hetero-
zygous for the targeted allele. Germline transmission of the targeted 
AR allele was indicated by black coat color and confirmed by PCR 
genotyping. These females were bred to C57BL/6J WT males to gen-
erate AR113Q-KRKR males for use in this study and AR113Q-KRKR 
heterozygous females to maintain the line. Mice were group housed 
in a specific pathogen–free (SPF) facility and provided with chow and 
water ad libitum. Genotypes were verified by PCR of DNA harvested 
from tail biopsies obtained shortly after weaning, using the forward 
primer 5′-CCAGAATCTGTTCCAGAGCGTG-3′ and the reverse prim-
ers 5′-TGTTCCCCTGGACTCAGATG-3′ and 5′-GCACTCCAGGGC-
CGACTGCG-3′ in a 2:2:1 ratio, respectively.

Mouse phenotyping and tissue collection. Every 2 weeks beginning 
at 8 weeks of age, male mice were weighed and forelimb strength was 
measured by grip strength meter (Columbus Instruments). Follow-
ing acclimation to the instrument, mice were allowed to grip the tri-
angular pull bar with forelimbs only and were then pulled backward 
horizontally; the average peak tension value from 5 consecutive grip 
trials was reported as the grip strength for each mouse. Disease onset 
was defined as the age at which grip strength was 10% less than the 
mean of age-matched controls. Skeletal muscles (quadriceps, gastroc-
nemius, soleus, TA, LABC), spinal cord, testis, and seminal vesicles 
were collected from adult males 13 to 15 weeks old and weighed or 

Table 1. Significantly enriched Gene Ontology categories related to 
mitochondria and energy metabolism

GO term Gene no. P value (Bonferroni)
Mitochondrion 49 3.43 × 10–8

Mitochondrial part 29 1.30 × 10–7

Mitochondrial envelope 22 2.07 × 10–5

Mitochondrial inner membrane 18 1.49 × 10–4

Mitochondrial membrane 20 1.61 × 10–4

Organelle inner membrane 18 3.08 × 10–4

Generation of precursor metabolites and energy 16 3.89 × 10–3

Electron transport chain 11 4.01 × 10–3

Oxidation reduction 26 6.30 × 10–3

Respiratory chain 8 6.49 × 10–3

GO, Gene Ontology.
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ductor implemented in the R statistical environment; P values were 
adjusted for multiple comparisons using FDR as described previously 
(61–64). Expression values were also inspected for quality control by 
principal components analysis. Genes were considered significantly 
responsive to androgen if they demonstrated a 1.5-fold or greater 
activation or repression in the R1881-treated samples compared with 
controls and an adjusted P value of 0.05 or less. Genes selected in this 
manner and relevant information (probe set ID, statistics, expression 
values, gene name, symbol, and links to online databases) were output 
into Excel for ranking by fold change values and determining the num-
bers used for Venn diagrams.

For RNA-Seq, the software package Tuxedo Suite was used for 
alignment, differential expression analysis, and postanalysis diag-
nostics (65–67). The reference transcriptome (UCSC mm10) (http://
genome.ucsc.edu/) was used for alignment. Expression quantitation 
and differential expression analysis were performed using CuffDiff 
(Cufflinks version 2.1.1). Genes and transcripts were identified as dif-
ferentially expressed based on 3 criteria: test status = OK, FDR <0.05, 
and fold change ≥ 1.5. Analysis of differentially expressed genes to 
identify significantly enriched functional categories was performed 
using DAVID. The heat map was plotted in R using the gplots and 
RColorBrewer packages.

Study approval. The University of Michigan Committee on Use 
and Care of Animals approved all procedures involving mice in com-
pliance with the Guide for the Care and Use of Laboratory Animals (8th 
ed. National Academies Press. Revised 2011).
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Orchiectomy. Adult male mice underwent orchiectomy following 
induction of anesthesia by 5% isoflurane and maintenance by 1.5% 
to 2% isoflurane. The abdomen was cleaned and shaved, and a 5-mm 
incision was made at the level of the hind legs. The vas deferens and 
spermatic cord were visualized, separated, and ligated with nonab-
sorbable silk sutures. The testes were removed, and the incision was 
closed with absorbable surgical suture. Carpofen was given daily at  
5 μg/g body weight by s.c. injection for 3 days after surgery. Three 
weeks after surgery, mice were treated with 200 μg testosterone pro-
pionate (Sigma-Aldrich) or sesame oil by i.p. injection. Tissue was har-
vested 16 hours after injection and stored in liquid nitrogen.

Gene-expression analysis. Total RNA was extracted from PC12 cells 
and from testes, prostate, quadriceps, and soleus muscles from mice 
with Trizol (Sigma-Aldrich). The RNA samples were then reverse tran-
scribed with High Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems) according to the manufacturer’s recommendations. qPCR 
was carried out using FastStart TaqMan Probe Master Mix (Roche) on 
software supplied with a 7500 Real-Time PCR SDS System (Applied 
Biosystems) and using gene-specific primers with FAM-labeled probes 
from Applied Biosystems (Mouse: Ar, Mm00442688_m1; Chrna1, 
Mm00431627_m1; Errfi1, Mm00505292_m1; Fkbp5, Mm00487401_
m1; Hsd3b1, Mm00476184_g1; Igf1r, Mm00802831_m1; Irs2, 
Mm03038438_m1; Myod1, Mm00499518_m1; Myog, Mm00446194_
m1; Nkx3-1, Mm00440479_m1; Pbsn, Mm00444381_m1; Spdef, 
Mm00600221_m1; Steap4, Mm00475405_m1; Wipi1, Mm00461219_
m1; Zbtb10, Mm01281740_m1. Rat: Baiap2, Rn00589411_m1; Chst1, 
Rn01484520_m1; Ppard, Rn00565707_m1). Relative expression lev-
els were calculated by normalizing to the expression of 18S rRNA. For 
GeneChip microarray analysis, cDNA samples from PC12 cells were 
applied to an Affymetrix Mouse Gene ST 2.1 Plate by the University 
of Michigan MicroArray Core. For RNA-Seq, cDNA was prepared into 
sequencer-ready fragment libraries using the Illumina TruSeq mRNA-
Seq Sample Prep Kit according to the manufacturer’s recommended 
protocols and sequenced on the Illumina HiSeq 2000 using the manu-
facturer’s recommended protocols for paired-end, 100 nt sequencing. 
Samples were multiplexed into pools of 6 samples each, and each pool 
was sequenced on 1 lane of the sequencer. All original microarray and 
RNA-Seq data were deposited in the NCBI’s Gene Expression Omni-
bus (microarray data, GEO GSE50383; RNA-Seq data, GSE60691).

Statistics. To determine statistical significance, data sets were 
analyzed using unpaired 2-tailed Student’s t test, ANOVA with New-
man-Keuls multiple comparison test, or Mantel-Cox log-rank test in 
Prism 6 (GraphPad). Differences between means were defined as sig-
nificant at P < 0.05.

For GeneChip analysis, probe data were inspected for quality 
control by signal density distribution and normalized unscaled SEM 
estimates. Relative expression values were calculated using a robust 
multiarray average (RMA), with oligo and limma packages of biocon-
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