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Glutamine (Q) expansion diseases are a family of degenerative disorders caused by the lengthening of CAG
triplet repeats present in the coding sequences of seemingly unrelated genes whose mutant proteins drive
pathogenesis. Despite all the molecular evidence for the genetic basis of these diseases, how mutant
poly-Q proteins promote cell death and drive pathogenesis remains controversial. In this report, we show
a specific interaction between the mutant androgen receptor (AR), a protein associated with spinal and
bulbar muscular atrophy (SBMA), and the nuclear protein PTIP (Pax Transactivation-domain Interacting
Protein), a protein with an unusually long Q-rich domain that functions in DNA repair. Upon exposure to ion-
izing radiation, PTIP localizes to nuclear foci that are sites of DNA damage and repair. However, the expres-
sion of poly-Q AR sequesters PTIP away from radiation-induced nuclear foci. This results in sensitivity to
DNA-damaging agents and chromosomal instabilities. In a mouse model of SBMA, evidence for DNA
damage is detected in muscle cell nuclei and muscular atrophy is accelerated when one copy of the gene en-
coding PTIP is removed. These data provide a new paradigm for understanding the mechanisms of cellular
degeneration observed in poly-Q expansion diseases.

INTRODUCTION

Expanded polyglutamine (poly-Q) tracts cause nine chronic
and progressive degenerative diseases, including Huntington’s
disease, spinal and bulbar muscular atrophy (SBMA),
dentatorubral-pallidoluysian atrophy and several dominantly
inherited spinocerebellar ataxias. The age of onset and severity
correlates with the length of the poly-Q expansion associated
with each disease gene. The expanded poly-Q tracts promote
protein polymerization, aggregation and insolubility, yet the
precise cause of neuromuscular dysfunction and cell death is
still controversial (1,2). Nuclear localization of poly-Q andro-
gen receptor (AR) (3,4) and Ataxin1 (5) is essential for disease
pathogenesis, suggesting that the nucleus is a common site of
toxicity in the poly-Q disorders. Consistent with this notion is
the occurrence of nuclear inclusions, one pathologic hallmark
of these diseases. Yet, recent evidence suggests that nuclear
aggregates do not correlate with disease (6–8) and that

smaller, soluble protein species are the drivers of neuronal
death (9,10). Nuclear poly-Q proteins are known to interact
with a variety of transcriptional regulators and are thought
to affect neuronal gene expression patterns (11–17).
However, it remains unclear whether changes in gene expres-
sion are the cause or the result of disease progression (18).

SBMA is an X-linked, adult onset neuromuscular disorder
caused by poly-Q expansion in the AR (19). In affected
adult SBMA males, ligand-dependent poly-Q AR unfolding
triggers a progressive neuromuscular disorder with clinical
onset in adolescence to adulthood that is often characterized
initially by muscle cramps and elevated serum creatine
kinase (20,21). These features commonly precede overt
muscle weakness, which inevitably develops as the disease
progresses and is most severe in the proximal limb and
bulbar muscles. The clinical features of SBMA, also called
Kennedy’s disease, correlate with a loss of motor neurons in
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the brainstem and spinal cord and with marked myopathic and
neurogenic changes in skeletal muscle (22,23).

A connection between genomic stability, poly-Q proteins
and cell death was recently suggested through the association
of poly-Q huntingtin with DNA damage and repair defects
(24). Furthermore, the activation of the DNA damage response
appears to precede the formation of nuclear protein aggregates
(25). Yet, the mechanism linking poly-Q proteins to genomic
instability is unknown. While the wild-type (WT) proteins
associated with poly-Q diseases can have variable Q tracts
ranging into the upper 30s, the mutant proteins associated
with disease have poly-Q tracts that can exceed 100 amino
acid residues, suggesting that abnormal protein–protein inter-
actions mediated by this domain may contribute to pathology.

The BRCT (Brcal C-terminal)-domain protein PTIP (Pax
Transactivation-domain Interacting Protein) functions in both
DNA damage and repair pathways and in the histone H3K4
(histone H3, lysine 4) methylation pathways (26,27). In add-
ition to six BRCT domains, PTIP is highly conserved from
flies to mice and contains a Q-rich domain, positioned
between BRCT domains 2 and 3, that is more than 54% Q
in mice and men. Upon DNA damage, PTIP localizes to
nuclear foci and interacts with 53BP1 (p53-binding protein
1) and Rad50 (28,29), two proteins involved in sensing and
repairing DNA damage. In cell culture, PTIP knock-downs
exhibit fewer 53BP1-positive radiation-induced foci, suggest-
ing that PTIP localization to sites of double-stranded breaks
(DSBs) is an early event after DNA damage (29). The dual
role for PTIP in gene regulation and DSB repair is best illu-
strated in B cells which require PTIP for efficient immuno-
globulin isotype switching (30,31), a process dependent on
both transcription and DSB repair. Given that the loss of
PTIP function is embryonic lethal in mice (32) and flies (33)
and that PTIP function is necessary for differentiation in a
variety of cell types, altering the normal function of PTIP is
likely to be detrimental and may underlie the pathology seen
in poly-Q expansion disease.

In this report, we postulated that PTIP may interact with
poly-Q expansion disease proteins through its naturally occur-
ring Q domain and that this interaction may inhibit essential
functions like DNA repair and gene regulation. Here, we
show a specific interaction between the poly-Q mutant AR
and PTIP. Poly-Q AR activates the DNA damage response,
but prevents PTIP from localizing to ionizing radiation
(IR)-induced nuclear foci and thus attenuates the DNA
repair response. Expression of poly-Q AR is sufficient to
induce DNA damage and chromosomal instability. Moreover,
in a mouse model of SBMA, which carries a poly-Q AR allele
and exhibits evidence of the DNA damage response, reducing
the PTIP gene dosage accelerates muscular atrophy. These
data demonstrate that toxicity in poly-Q expansion disease
can be caused by sequestration of PTIP and suppression of
normal DNA repair.

RESULTS

Unusually long Q-rich domains in PTIPs

Human and mouse PTIPs have two N-terminal BRCT
domains, a Q-rich domain and four C-terminal BRCT

domains. Such BRCT domains are found in many proteins
that are involved in the DNA damage response, including
BRCA1, MDC1, XRCC1 and TopBP1. Some BRCT domain
pairs are known to bind P-serine, especially those phosphory-
lated by the ATM (Ataxia Telangiectasia Mutated) kinase
(34,35). The highly conserved Q-domain is unusual in its
length and spans �190 amino acids of which 54% are
Q. The Q-domain in mice and humans contains multiple
stretches of 5–6 Qs, yet the conserved Drosophila PTIP con-
tains an even larger Q-domain, predicted to be nearly 1500
amino acid long, with a subdomain of 150 amino acids that
is 86% Q (Table 1). The functions of such a large Q-rich
domain are unknown. However, these naturally occurring
Q-domains may facilitate interaction with other proteins.

The PTIP localizes to g-H2AX- and 53BP1-positive nuclear
foci induced by IR. We examined whether the Q-domain was
sufficient to localize PTIP to these radiation-induced nuclear
foci (Fig. 1). Transient transfection of just the Q-domain,
linked to a nuclear targeting sequence, did not result in
protein localization to nuclear foci after radiation (Fig. 1A).
However, deletion of the Q-domain from a full-length
PTIP-EGFP fusion protein did alter the pattern of PTIP local-
ization after radiation (Fig. 1B). These data demonstrate that
the Q-domain is necessary but not sufficient for targeting
PTIP to nuclear foci after exposure to IR.

Poly-Q AR inhibits PTIP localization to radiation-induced
nuclear foci

The PTIP is associated with the DNA damage response and
with histone H3K4 methylation. Thus, we hypothesized that
a poly-Q expansion protein might interfere with an essential
PTIP function, perhaps by interacting with and sequestering
PTIP or other proteins via the expanded poly Q-domain. To
test whether a poly-Q disease protein can interact with PTIP
in the DNA damage response, we expressed WT (AR24Q)
or poly-Q AR (AR113Q) in HEK293 cells and assayed for
PTIP localization after IR. By adding the synthetic AR
ligand R1881 for a short time only, we could focus our ana-
lysis on cells at early stages before the appearance of large
intranuclear aggregates, as evidence suggests that the soluble
species mediate poly-Q toxicity (9,10).

Transfected PTIP localizes to nuclear foci upon the expos-
ure of cells to IR. However, the transient expression of
AR113Q but not AR24Q resulted in a ligand-dependent de-
crease in the localization of full-length PTIP to nuclear foci
in HEK293 cells expressing flag-PTIP (Fig. 2A and C).

Table 1. Q-rich domains

Species Protein Sequence (% Q)

Mouse PTIP Amino acids 397–577 (52.5%)
Amino acids 477–541 (63%)

Human PTIP Amino acids 402–590 (54.5%)
Chicken PTIP Amino acids 408–596 (57.7%)
Xenopus PTIP Amino acids 370–779 (49.5%)
Drosophila PTIP Amino acids 196–1673 (43.9%)

Amino acids 205–265 (86.9%)
Amino acids 864–911 (77.1%)
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After exposure to 5 Gy IR, this affect was best observed in
neighboring cells in which an AR113Q-expressing cell was
juxtaposed to a non-expressing cell. In the absence of
ligand, cytoplasmic AR113Q did not affect nuclear PTIP lo-
calization to foci; neither did the WT AR24Q protein in the
presence of ligand. However, nuclear AR113Q significantly
(P , 0.01) reduced the number of PTIP-positive nuclear foci
(Fig. 2C).

We next utilized a model PC12 cell system that stably
expresses either AR10Q or AR112Q under the control of a
DOX-inducible promoter (36) (Fig. 2B and C). While en-
dogenous PTIP is more difficult to detect, we confirmed
that in the PC12 cells, AR112Q expression significantly
(P , 0.01) reduced the numbers of endogenous PTIP contain-
ing foci after exposure to IR. Yet, AR112Q did not affect the
numbers of g-H2AX-positive foci, which mark the DSB
induced by IR. These data show that nuclear AR112Q specif-
ically inhibits PTIP localization to radiation-induced nuclear
foci. Also of note, the AR112Q-expressing cells always had
more g-H2AX foci in the absence of IR. These data suggest
that AR112Q cells have a consistent low level of DNA
damage that may not repair efficiently because of this defect
in PTIP recruitment to nuclear foci.

PTIP interacts with expanded poly-Q AR

We next examined interactions between PTIP and AR by
immunoprecipitation in PC12 and HEK293 cells. In the
absence of irradiation, PTIP was co-precipitated from PC12
lysates with antibodies against AR but only in the cells expres-
sing AR112Q (Fig. 3A). Furthermore, the co-precipitated

Figure 1. Effects of the Q domain on PTIP localization. (A) Full-length PTIP
or the Q domain only, linked to a nuclear localization signal, was expressed
with flag-epitope tags in HEK293 cells and subject to 5 Gy IR (+IR). Cells
were stained 1 h post IR with anti-flag and anti-53BP1 as indicated. (B)
HEK293 cells expressing either a full-length EGFP-PTIP fusion protein or a
Q domain deletion construct (EGFP-PTIP-DQ) were exposed to 5 Gy IR
and imaged fixed 1 h post irradiation. EGFP was visualized by fluorescent mi-
croscopy and nuclei stained with Dapi.

Figure 2. Poly-Q AR inhibits PTIP from localization to radiation-induced
nuclear foci. (A) Cells stably expressing flag-tagged PTIP HEK293 cells
were transfected with AR113Q or AR24Q and stained with antibodies
against AR (green) or flag-PTIP (red). All cells were subject to 5 Gy IR and
the same field is shown in the top and bottom panels. Without ligand,
AR113Q has no effect on PTIP foci; however, PTIP foci are reduced in
AR113Q-expressing cells in the presence of R1881. PTIP foci are unaffected
in cells not expressing AR113Q (arrow). AR24Q has little effect on PTIP foci
formation in response to IR, as PTIP is in foci regardless of whether AR24Q is
coexpressed. (B) Endogenous PTIP was examined in PC12 Cells stably
expressing either AR10Q or AR112Q before and 1 h after 5 Gy IR. PTIP
(green) is observed in nuclear foci after irradiation in AR10Q-expressing rat
PC12 cells but not in AR112Q-expressing PC12 cells. The g-H2AX (red)
staining marks IR-induced foci 1 h after 5 Gy exposure and is similar in
both cell types. However, more g-H2AX are observed in AR112Q cells in
the absence of IR. (C) Quantitation of IR-induced PTIP-positive foci in trans-
fected HEK293 cells (24Q, 113Q) and in PC12 cells (10Q, 112Q). All cells
were subject to 5 Gy IR and stained for PTIP. The numbers of foci were
counted in cells expressing AR24Q with ligand, AR113Q without ligand,
AR113Q with ligand, AR10Q with ligand and AR112Q with ligand. The
mean number of foci/cell is shown with error bars being 1 SEM. Note that
the SEM is greater than the mean for 113Q + R1881, because many cells
had zero PTIP-positive foci. The Student’s t-test for two independent variables
gave P-values of ,0.01 for 113Q + R1881 and 112Q + R1881 compared
with espective controls.
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PTIP migrated slightly higher than the normal 130-kD PTIP.
This higher PTIP form was already evident in the input
samples but only in cells expressing AR112Q and was
induced by treatment with the ligand R1881.

The higher migrating form of PTIP could be the result of
phosphorylation in the AR112Q-expressing PC12 cells.
Thus, we examined the effect of protein kinase inhibitors spe-
cific for ATM or DNA-PKcs, two kinases induced by DNA
damage. The DNA-PKcs, but not the ATM, inhibitor

prevented the formation of the slower migrating PTIP that
was observed exclusively in AR112Q cells (Fig. 3B). The
slower migrating PTIP isoform is likely due to phosphoryl-
ation as the treatment of lysates with lambda phosphatase con-
verts the slower migrating PTIP isoform to a single species at
�130 kD (Fig. 3C).

A similar slow migrating PTIP isoform was also observed
upon the transient transfection of AR113Q into HEK293
cells (Fig. 3D). Interestingly, the slower migrating PTIP
isoform was not induced by IR alone in cells expressing the
WT AR. Only the presence of poly-Q AR induced the larger
PTIP isoform and this was independent of irradiation, suggest-
ing that the P-PTIP seen in AR112Q cells was not just an
effect of specifically activating the DNA damage response
but the result of nuclear poly-Q AR. Most significantly,
AR112Q activated the DNA damage response in the absence
of IR, as seen by higher levels of g-H2AX and P-ATM com-
pared with AR10Q-expressing cells (Fig. 3E). We also exam-
ined the levels of P-p53 in both AR10Q and AR112Q cells,
before and after IR. As expected, 2 or 5 Gy induced high
levels of P-p53. However, non-irradiated AR112Q cells
treated with R1881 already had higher levels of P-p53 com-
pared with the AR10Q cells, again suggesting that they are
subject to some type of DNA stress (Fig. 3F). These data
clearly show the activation of the DNA damage response
upon the expression of nuclear poly-Q AR and the induction
of a unique PTIP isoform.

Poly-Q AR activates the DNA damage response and
promotes genomic instability

To confirm the activation of the DNA damage response and to
examine the resolution of radiation-induced nuclear foci over
time, we stained AR10Q and AR112Q PC12 cells for g-H2AX
and 53BP1 over time (Fig. 4). AR112Q cells already had
increased numbers of g-H2AX-positive foci prior to irradi-
ation, consistent with western blotting data for g-H2AX. By
1 h post irradiation, nearly 100% of AR10Q and AR112Q
cells had 10 or more g-H2AX-positive foci. However, the
number of 53BP1 foci and the percentage of cells with 10 or
more foci were less in the AR112Q-expressing cells. By 4 h
post IR, more AR112Q cells still had more than 10 g-H2AX
foci and also had more 53BP1 foci at this time. By 24 h
post irradiation, the AR10Q cells appeared similar to non-
irradiated cells, whereas the AR112Q cells still had signifi-
cantly more g-H2AX and 53BP1 foci. These data suggest
that by sequestering PTIP to prevent localization to nuclear
foci, AR112Q expression attenuates the process of DNA
repair.

The attenuation of DNA repair could result in sensitivity to
damaging agents and genetic instability. To examine this more
directly, we assessed genomic instability in HEK293 cells
expressing either AR24Q or AR113Q and in PC12 cells
expressing either AR10Q or AR112Q and treated with
ligand. Proliferation, survival and karyotypes were analyzed
for all cell types. In HEK293 cells, karyotypes from untrans-
fected cells or cells expressing AR24Q did not exhibit any
chromatid breaks or triradials, whereas 12% of karyotypes
from AR113Q-expressing cells had either a break or a triradial
structure (Table 2, Fig. 5A). The chromosomal abnormalities

Figure 3. Interactions between PTIP and poly-Q AR. (A) PC12 cells stably
expressing AR10Q or AR112Q were induced with synthetic ligand R1881
and protein lysates immunoprecipitated with anti-AR antibodies as indicated.
Addition of ligand induced a slower migrating PTIP isoform (input) in
AR112Q cells. The AR112Q protein binds to this slower migrating form of
PTIP, whereas AR10Q shows no interaction. (B) The slower migrating form
of PTIP is specific for AR112Q PC12 cells after the addition of ligand
(arrows). The presence of the slower PTIP isoform is inhibited by the
DNA-PKcs inhibitor Nu7026 but not by the ATM inhibitor Ku55933. (C)
Lambda phosphatase reduces the slower migrating form of PTIP in
AR112Q-expressing cell lysates. (D) Western blot of lysates from transient ex-
pression of AR24Q and AR113Q in HEK293 cells. Note slower migrating
PTIP isoform is not radiation inducible and only appears when poly-Q AR
is expressed. (E) AR112Q induces ATM phosphorylation in PC12 cells and
higher levels of g-H2AX even in the absence of IR. 5 Gy IR activates
P-ATM and increases g-H2AX in both cell types. (F) Western blot of
lysates from AR10Q and AR112Q PC12 cells showing p53 phosphorylation
in response to IR. Note, P-p53 levels in AR112Q cells are elevated prior to
radiation.
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seen in transiently transfected 293 cells were in the absence of
irradiation. For the PC12 cells, poly-Q AR also increased the
rate of chromosomal abnormalities significantly (Table 3),
both prior to and after 5 Gy IR. Expression of poly-Q AR in
HEK293 cells reduced cell proliferation after a low dose
(2 Gy) of IR (Fig. 5B). However, overexpression of flag-PTIP
rescued the IR sensitivity conferred by AR113Q alone in these
cells, suggesting that endogenous PTIP was limiting. Similar-
ly, poly-Q AR-expressing cells were more sensitive to camp-
tothecin (CPT), a reagent that generates DSBs during S-phase
(Fig. 5C). The AR112Q PC12 cells were also more sensitive to
mitomycin C (MMC), a DNA cross-linking agent (Fig. 5D).

The cumulative data suggest that AR113Q interrupts an es-
sential function of PTIP in DNA damage sensing or repair.
However, sequestration could impact gene expression patterns
because PTIP is also part of an MLL3/4 (KMT2C/D) histone
methyltransferase complex. Thus, we tested for the effects of
WT AR and poly-Q AR on transcription using two different
assays. First, we co-transfected AR24Q or AR113Q with
Pax2 into a Pax2/5/8 transcription reporter cell system that
depends on PTIP (27,31). The ability of Pax2 to activate re-
porter gene expression was not influenced by the presence of
AR113Q (Fig. 6A). Secondly, we examined the gene expres-
sion patterns by Affymetrix microarrays in response to

ligand addition in AR10Q- and AR112Q-expressing PC12
cells (Fig. 6B). Cells expressing AR10Q showed more than
1200 genes with significant changes in mRNA levels 24 h
after ligand addition. These genes were also changed upon
ligand addition in AR112Q cells, although the absolute level
of activation was reduced for the genes showing the greatest
change. Nevertheless, the pattern of activation and repression
was very similar. These data are consistent with prior studies
demonstrating that the expanded Q tract mediates a partial loss
of AR function (37,38) and argue that there are not gross,
qualitative deficits in the transcriptional response between
AR10Q- and AR112Q-expressing cells.

PTIP gene dosage accelerates SBMA in a mouse model

In male mice carrying a poly-Q expansion AR gene, muscular
atrophy and degeneration are observed over time. Thus, we
examined age-matched WT and AR113Q-expressing mice
for evidence of activation of the DNA damage response. At
21 weeks of age, AR113Q-expressing mice had significantly
higher numbers of g-H2AX-positive foci in muscle cell
nuclei (Fig. 7). AR113Q muscle cell nuclei were generally
lager and misshapen and also contained AR-positive aggre-
gates; however, these did not co-localize with g-H2AX
(Fig. 7A). Coincident with the greater number of
g-H2AX-positive foci in AR113Q mouse muscle was
increased the expression of Ku70 (Fig. 7B) and 53BP1
(Fig. 7C), two proteins that mediate the DNA damage re-
sponse. Also, antibodies against P-ATM (Fig. 7D) and
P-DNA-Pkcs (Fig. 7E) showed more intense staining in
AR113Q nuclei, consistent with the activation of the DNA
damage response. These data suggest enhanced DNA

Figure 4. Resolution of IR-induced nuclear foci. (A) PC12 cells expressing AR10Q or AR112Q were cultured with R1881 and stained with antibodies against
g-H2AX or 53BP1 before (zero) or 1, 4 or 24 h post irradiation. (B) The percentages of cells with 10 or more g-H2AX-positive nuclear foci were counted in eight
independent images for each time point. (C) The percentages of cells with 10 or more 53BP1 nuclear foci were counted from eight fields at each time point.
Statistically differences were calculated by the Student’s t-test; ∗P , 0.01 for all comparisons except the 1-h g-H2AX samples.

Table 2. Chromosomal abnormalities in HEK293 cells

Cells n Triradials Gaps/breaks Total

HEK293 50 0 0 0
AR24Q 31 0 0 0
AR113Q 50 1 5 6 (12%)
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damage and activation of the DNA damage response is a hall-
mark of AR113Q expression in mouse muscle nuclei.

We also examined the spinal cord for evidence of DNA
damage and activation of the damage response. Unlike the
muscle tissue of AR113Q mice at 21 weeks of age, we did
not detect significant differences in staining for 53BP1,
g-H2AX or P-ATM in sections of ventral spinal cord where
motor neuron cell bodies are located (Fig. 8). This is consist-
ent with the gross phenotypes reported in AR113Q mice,
which include defects in muscle fibers and motor neuron
axonal transport but no motor neuron cell death (39,40).

If sequestration of PTIP reduces the efficiency of the DNA
damage response and thus underlies the phenotype observed in
AR113Q mice, then a reduction in PTIP levels should enhance
the severity and progression of the disease in mice. Thus, we
examined the phenotype in AR113Q mice that carried either
one or two copies of the Paxip1 gene, which encodes the
PTIP. Paxip1 homozygous null embryos are post-gastrulation
lethal (32), although Paxip1+/2 mice are viable and fertile.
We crossed AR113Q/+ heterozygous females to Paxip1+/2 het-
erozygous males and genotyped offspring at weaning. Of 78
weanlings with the genotype AR113Q;Paxip1+/+, 51% were
males and 49% females. However, of the weanlings with the
genotype AR113Q;Paxip1+/2, we recorded 33% males and
67% females (n ¼ 77). This was a significant deviation from
the expected sex ratios, as judged by the Fisher’s two-sided
exact test (P ¼ 0.035), suggesting that a reduction in PTIP
was detrimental in males.

The surviving male AR113Q;Paxip1+/2 mice were allowed
to age and were compared with their AR113Q;Paxip1+/+ litter-
mates. In order to test whether reduced Paxip1 gene dosage
impacted the SBMA phenotype, we examined the proximal

Figure 5. Genomic instabilities in poly-Q AR-expressing cells. (A) Representative karyotypes are shown with chromosomal abnormalities in
AR113Q-expressing HEK293 cells (top panels) or in AR112Q-expressing PC12 cells (bottom panels); triradials, gaps and breaks are indicated by the arrow.
(B) Growth curves of HEK293 cells and cells transiently expressing AR24Q, AR113Q or AR113Q + flagPTIP after exposure to 2 Gy IR. Note that overexpres-
sion of PTIP rescues AR113Q-dependent effects. (C) Growth curves of HEK293 cells, AR24Q- or AR113Q-expressing cells after treatment with 40 nM CPT. (D)
MMC sensitivity of PC12 cells expressing either AR10Q or AR112Q. Survival after 8 days in culture is indicated.

Table 3. Chromosomal abnormalities in PC12 cells

Cells IR (Gy) n Triradials Gaps/breaks Total

AR10Q 0 50 0 1 1 (2%)
AR112Q 0 48 0 6 6 (12.5%)
AR10Q 5 50 2 10 12 (24%)
AR112Q 5 50 8 22 30 (60%)
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hind limb muscles of the affected male mice (40) (Fig. 9). We
measured both the cross-sectional area of individual muscle
fibers and total muscle mass in surviving mice. The average
cross-sectional area of muscle fibers was reduced by 25% in
AR113Q mice carrying one copy of Paxip1 compared with
AR113Q mice with a WT genetic background. Similarly, the
muscle mass was also reduced by �25% in the Paxip1+/2

background. In the absence of the AR113Q allele, reduced
Paxip1 gene dosage slightly increased the muscle fiber size,
although muscle mass was unchanged in the Paxip1 heterozy-
gotes. Thus, the muscular atrophy in AR113Q mice was accel-
erated by the loss of one Paxip1 allele. These genetic
interaction data are consistent with our interpretation that
AR113Q sequesters the PTIP in muscle cells to attenuate a
DNA damage sensing or repair pathway.

We also considered that PTIP haploinsufficiency might ac-
centuate motor neuron pathology in SBMA mice. Since our
prior characterization of this model indicated that a sensitive
measure of motor neuron dysfunction is the induction of
genes in skeletal muscle that are responsive to denervation
(MyoD, acetylcholine receptor a-subunit, myogenin), we
checked their expression by qPCR. We found that PTIP hap-
loinsufficiency did not alter the expression of these genes
(data not shown). These findings are consistent with our

observations of DNA damage in skeletal muscle and show
an effect of PTIP gene dosage on muscle fiber size but not
neuronal dysfunction.

DISCUSSION

The underlying causes of cell death in the family of poly-Q ex-
pansion diseases are still controversial even though the genes
and associated proteins have been studied extensively. We
present data that link the poly-Q AR protein to the ubiquitous
nuclear protein PTIP, a multifunctional protein associated with
DNA repair and gene expression. In cell culture, poly-Q but
not WT AR binds to PTIP and prevents PTIP localization to
nuclear foci upon DNA damage. Expression of AR112Q
also induces low levels of P-p53, increases sensitivity to DNA-
damaging agents and generates chromosomal instabilities.
Furthermore, in an animal model of SBMA that exhibits a sig-
nificant DNA damage response, a reduction in PTIP dosage
increases muscle atrophy, indicating that PTIP levels, and by
inference PTIP function, are important in mediating the cellu-
lar pathology in response to the poly-Q AR. The data suggest
that SBMA skeletal muscle is particularly sensitive to impair-
ments of PTIP-dependent pathways.

The poly-Q AR-expressing cells in culture are hypersensi-
tive to a broad array of DNA-damaging agents, including
IR, CPT and MMC. Chromosomal abnormalities are observed
prior to the irradiation of cells expressing poly-Q AR and these
abnormalities are more prevalent after exposure to radiation.
In cell culture, the attenuation of the DNA repair process is
likely due to a partial loss of PTIP function. This may pheno-
copy a hypomorphic PTIP mutation. Such mutations have
been characterized previously, as a single point mutation can
impact DSB repair, without affecting the ability of PTIP to
mediate histone H3K4 methylation (30). The Q-domain,
which is necessary for targeting PTIP to radiation-induced
nuclear foci, may interact with other components of the
DNA repair machinery with which the poly-Q AR now com-
petes. Binding of poly-Q AR may prevent PTIP from localiz-
ing to radiation-induced foci but not to sites of transcription
initiation that require MLL3/4-mediated H3K4 methylation.

One of the most striking features of poly-Q AR expression
in cells was the generation of a slower migrating, modified
PTIP isoform. This PTIP isoform had never been observed
in any other cell system and was not induced by IR alone in
cells expressing the WT AR. Our data suggest that the
larger isoform is due to phosphorylation, as its presence is
inhibited by DNA-PKcs inhibitors but not by ATM kinase
inhibitors. Furthermore, the larger PTIP isoform can be
reduced by the pretreatment of lysates with phosphatases.
Yet, if DNA-PKcs activation were enough to phosphorylate
PTIP, we would expect the large isoform to be inducible by
radiation in WT AR-expressing cells. Instead, this larger
isoform appears to be the result of a specific interaction with
the poly-Q AR protein. The data suggest that unique post-
translational modifications of endogenous proteins can be
mediated by nuclear poly-Q AR and that such modifications
can impact normal PTIP function. Similarly, an expanded
Q-tract in SCA1 has been shown to alter the native protein
complexes formed by ataxin 1 (41). Here, poly-Q expansion

Figure 6. Effects of AR112Q on gene expression. (A) HEK293 cells contain-
ing an integrated PTIP/Pax reporter gene were transiently transfected with ex-
pression plasmids as indicated and lysates western blotted for the EGFP
reporter gene. Note, Pax2 activates the EGFP reporter but is unaffected by
either AR24Q or AR113Q. (B) Affymetrix microarray analysis of
R1881-dependent gene expression in PC12 cells expressing either AR10Q
or AR112Q. For AR10Q, 1261 genes were either activated or repressed
more than 0.6-fold (log2 scale) in response to ligand addition. These genes
are plotted on the x-axis from highest activated to the highest repressed
(1–1261). The level of activation or repression in AR112Q cells is then over-
laid on this graph, with each gene represented by a single point. Note that the
overall pattern of activation and repression is similar between AR10Q and
AR112Q, although the absolute level of activation or repression is generally
lower for AR112Q.
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in the AR not only leads to aberrant association with PTIP but
also triggers its post-translational modification. Whether
DNA-Pkcs is the kinase responsible and which serine or
threonine residues on PTIP are subject to phosphorylation
will need to be determined in order to fully understand this
phenomenon.

The interaction of poly-Q proteins with transcriptional
co-regulators has attracted considerable attention as a patho-
genic mechanism (11–17). Like PTIP, some of these proteins
contain Q-rich domains and are present in limiting quantity
within the nucleus. It has been suggested recently that the tox-
icity of the poly-Q AR is mediated by aberrant, ligand-
dependent interactions with components of the transcriptional
regulatory apparatus (42). As PTIP functions in both DNA
repair and gene regulatory pathways, we considered the possi-
bility that disruption of the PTIP function as a regulator of
histone H3K4 methylation contributes to toxicity. The DNA-
binding proteins Pax2 and Pax5 recruit PTIP to chromatin, a
necessary step for the assembly of the MLL3/4 histone
methyltransferase complex (27,43). Expression of AR113Q
has no effect on the ability of Pax2 to activate a chromatin re-
porter gene that was previously used to define the PTIP func-
tion. Furthermore, we show that more than 1200 genes are
activated or repressed by the addition of ligand to PC12
cells expressing AR10Q. The overwhelming majority of

these genes are still activated or repressed in cells expressing
AR112Q upon ligand addition, although the absolute levels of
activation and repression are changed. Thus, gene expression
analysis showed that expansion of the AR’s Q tract leads to
a partial loss of function rather than to gross alterations in
the transcriptional response. It is possible that this partial
loss of transactivation function could be due to reduced
histone H3K4 methylation, which may be attributable to the
PTIP/Mll3/4 complex. However, this would not explain the
reduced levels of AR112Q-mediated gene repression
observed. Nevertheless, the data strongly suggest that the
poly-Q AR primarily disrupts PTIP function in DNA repair
pathways and not in the histone H3K4 methylation pathway
associated with transcription activation.

Cellular degeneration in poly-Q expansion diseases is a
relatively slow process compared with the life of the individ-
ual and likely reflects the end result of chronic, low-level
cellular injury in mitotically inactive cell types. Our findings
suggest that DNA repair pathways are important in the path-
ology associated with poly-Q expansion. In normal dividing
cells, DNA damage is an ongoing phenomenon that is continu-
ously repaired in, but perhaps less so in poly-Q-expressing
cells. IR and DNA-damaging agents are tools to enhance
this damage and allow for experimental manipulation and
quantitation. However, in vivo the affected cells are

Figure 7. Evidence for the activation of the DNA damage response in AR113Q mice. Immunohistochemistry from muscle sections of AR113Q (113Q) and wt
mice are shown in (A)–(E). Genotypes are as indicated. Cell nuclei are stained blue with Dapi. (A) Co-staining of muscle cell nuclei for g-H2AX (green) and AR
(red). Note green nuclear foci are distinct from the AR aggregates seen in AR113Q muscle cells compared to age matched WT controls. (B) Co-staining of
g-H2AX (green) and Ku70 (red) shows increased Ku70 and g-H2AX foci in AR113Q muscle nuclei. (C) Co-staining for g-H2AX (green) and 53BP1 (red)
shows increased levels of 53BP1 in AR113Q muscle nuclei. (D) Co-staining of P-ATM (green) and 53BP1 (red) shows increased levels P-ATM and 53BP1
in AR113Q muscle cell nuclei. (E) Staining for P-DNA-PKcs (red) shows increased levels in AR113Q nuclei compared with WTs. (F) Quantitation of
g-H2AX foci in sections of muscle from 21-week-old wt or 21- or 28-week-old AR113Q mice. Ten images were taken from each muscle sample, with each
image containing more than 50 nuclei, and the number of g-H2AX foci counted. Data are represented as the average number of foci per nucleus. The
P , 0.01 (∗) when compared with wt samples. Error bars are 1 SEM.

4232 Human Molecular Genetics, 2012, Vol. 21, No. 19



non-dividing and are not generally subject to radiation. In the
mouse, conditional inactivation of proteins known to function
in the repair of DNA DSBs, such as Rad50 (44) or NBS1 (45),
indicates that mitotically active cells are highly susceptible to
mutations in the DNA repair pathways but that non-dividing,
terminally differentiated cells are less susceptible. Given the
shorter life span of mice, perhaps it is not surprising that the
effects of reduced DNA repair are not that apparent when
compared with the slowly progressing pathologies found in
humans with poly-Q expansion diseases which affect primar-
ily non-dividing cells.

In the case of AR, the poly-Q tract in the knock-in mouse
models must be significantly longer than those found in
human patients with Kennedy’s disease (40). Thus, it seems
necessary to stress the system further so that the relevant path-
ologies are observed sooner in the mouse models. Another dif-
ference between mouse and humans is the lack of motor
neuron death in the mouse models, although a distal axonopa-
thy and myopathy are observed (19,39). Again, these differ-
ences may reflect the shorter life-span of mice and the need
for neuromuscular feedback to drive the motor neuron path-
ology. Interestingly, the AR113Q mice also show significant
defects in spermatogenesis (46), as AR is highly expressed
in the testis. These testis defects are very similar to what is
observed upon a loss of PTIP (K. Schwab and G.R.Dressler,
submitted) and other DNA repair proteins (47,48) in the
testis of adult male mice.

Rather than induce DNA damage directly, the data indicate
that poly-Q AR proteins attenuate the DNA damage response,
which may thus lead to an increase in the accumulation of
mutations, cellular dysfunction and ultimately cell death.
That this is mediated, at least in part, by interactions with
PTIP is further substantiated by our genetic gene dosage
experiments in AR113Q-expressing mice. The DNA repair
proteins also are implicated in the inherent genetic instabilities
of CAG triplet repeats, which are subject to generational ex-
pansion. Any attenuation of DNA repair is likely to increase
the frequency of CAG expansion (49,50). Thus, our model
would also help explain the genetic anticipation observed in

many poly-Q-mediated diseases, as the propensity for CAG
expansions to increase with decreasing DNA repair efficiency
in a feed-forward manner.

MATERIALS AND METHODS

Antibodies

Antibodies to the AR (N20), Ku70, AR and 53BP1 (H-300)
were from Santa Cruz Biotechnology. Mouse anti-g-H2AX
(Ser139) was from UpstateBiotech. Antibodies to the Mre11,
P-ATM (Ser198) and P-p53 (Ser15) were from Cell Signaling
Technology. Rabbit anti-PTIP antibodies against residues
316–591 have been described (27).

Plasmid construction

Plasmids encoding AR24Q and AR113Q were as described
(38). The plasmid p3xFLAG-PTIP was generated previously
(27). Plasmid p3xFLAG-PTIP-Q (amino acids 181–590)
was generated by inserting a cDNA coding for the Q-rich
domain with HindIII and XbaI sites into 3xFLAG-CMV10.
A sequence encoding the nuclear localization signal
(DPKKKRKV) has been fused in frame at the N terminus of
each PTIP fragment to direct the protein into the nucleus.

Cell culture and transfection

Stable PC12 Tet-on AR10Q or AR112Q cells were generated
previously (36) and cultured in phenol red-free DMEM with
10% charcoal-stripped heat inactivated horse serum (Invitro-
gen) and 5% charcoal-stripped heat inactivated bovine serum
(Clontech), 100 U/ml penicillin/streptomycin (Gibcow),
200 mg/ml hygromycin (Invitrogen) and 100 mg/ml G418
(Gibcow) 5% CO2 at 378C. Expression of AR was induced
with 500 ng/ml of doxycycline (Clontech) for 48 h. HEK293
cells (ATCC) were cultured in a DMEM with 10% heat inac-
tivated bovine serum (Gibco), 100 U/ml penicillin/strepto-
mycin (Gibco) in 5% CO2 at 378C. HEK293 cells with the
PRS4-EGFP reporter gene were generated previously (27).
Stable HEK293 cells expressing full-length 3xFLAG-PTIP
were generated by transfecting HEK293 cells with plasmid
p3xFLAG-PTIP using Fugene 6 (Roche Molecular Biochem-
ical). Stable clones were selected with 600 mg/ml of G418
for 10 days and then screened for PTIP expression through
western blotting using an anti-flag antibody. Cells expressing
AR24Q or AR113Q were generated by transient transfection
in HEK293 cells using Fugene 6. 24 h after transfection,
cells were treated with 10 nM of the synthetic androgen
R1881 (New England Nuclear) for 48 h and then harvested
for further analysis. Similarly, cells expressing the PTIP-Q
domain were generated by transient transfection into
HEK293 cells using Fugene 6.

Western blot analysis and immunoprecipitation

For western blot analysis, the expression of AR in PC12 cells
was induced with 500 ng of Dox for 24 h, and then treated
with 10 nM R1881 for an additional 48 h. An ATM inhibitor
Ku55933 (5 mM) or a DNA-PKcs inhibitor Nu7026 (50 mM)

Figure 8. Immunostaining of WT and AR113Q spinal cord. Representative
sections of the ventral spinal cord are shown stained with antibodies for the
indicated proteins. Comparing the WT to AR113Q spinal cord, we did not
see any increased evidence of DNA damage or activation of the DNA
damage response in nuclei from regions of ventral motor neurons.
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was added together with R1881. Transiently transfected
HEK293 cells were treated with R1881 24 h after transfection
for an additional 48 h. Cells were resuspended in lysis buffer
(50 mM Tris–HCl, pH 7.4, with 150 mM NaCl, 1 mM EDTA
and 1% Triton X-100) supplemented with protease inhibitors
(Roche) and phosphatase inhibitors cocktail (Roche). Proteins
were separated on a 6% sodium dodecyl sulfate (SDS)–poly-
acrylamide gel. Proteins were transferred to an Immobilon-FL
PVDF membrane (Millipore) and detected with an indicated
antibody.

For immunoprecipitations, cells were lysed in lysis buffer
supplemented with protease inhibitors and phosphatase inhibi-
tors. Five hundred micrograms of protein extract was incu-
bated with 2 mg of indicated antibody overnight and then
30 ml of protein-A beads for 2 h (Invitrogen), followed by
five washes in TBS buffer. The immunoprecipitates were
eluted in 2× Tris–glycine SDS sample buffer and analyzed
with western blot.

Immunofluorescence staining

Cells grown on chamber slide (Thermo Scientific) were irra-
diated with indicated dose and then recovered for the indicated
time. The cells were fixed with 4% paraformaldehyde (PFA) for
10 min and permeabilized in 0.5% Triton phosphate-buffered
saline (PBS) for 10 min. The cells were incubated with indi-
cated primary antibodies diluted in 2% goat serum for 60 min.

After washing with PBST (PBS with 0.1% Tween 20) three
times, the cells were incubated with fluorescence-conjugated
secondary antibodies for 60 min. Nuclei were counterstained
with 4,6-diamidino-2-phenylindole (DAPI) and then mounted
with cover slides. The experiment was carried out at room tem-
perature.

Muscle tissues were fixed overnight in 4% PFA and embed-
ded in paraffin. Sections were dewaxed, rehydrated and micro-
waved for 10 min in a citric acid-based antigen unmasking
solution (Vector Laboratories, Burlingame, CA, USA). Sec-
tions were permeabilized with 0.3% Triton X-100 in PBS
and blocked with 10% goat serum in PBS. Primary antibodies
were incubated for 2 h at room temperature in PBS, 0.1%
Triton and 2% goat serum. Sections were washed twice and
incubated with the secondary fluorescent antibodies and
DAPI in PBS, 0.1% Triton and 2% goat serum for 1 h at
room temperature. The sections were washed again and
mounted in Mowiol. Stained and fluorescent-labeled sections
were analyzed under a Nikon ES800 microscope. Micrographs
were taken with a digital spot camera, using equivalent expos-
ure times among sections.

In vitro PTIP dephosphorylation assay

Cell lysate from AR112Q PC12 cells enriched for phosphory-
lated PTIP was incubated in dephosphorylation buffer (50 mM

HEPES, 100 mM NaCl, 2 mM DTT, 0.01% Brij 35, pH 7.5 @

Figure 9. Enhanced muscle atrophy through reduced Paxip1 gene dosage. (A) Distribution of the cross-sectional area of muscle fibers from histological sections
of proximal hind limb muscle taken from AR113Q male mice carrying either 1 or 2 copies of the Paxip1 gene which encodes PTIP (P , 0.001). (B) The cross-
sectional area of muscle fibers of all examined genotypes (mean + SEM) (∗∗∗P , 0.001). (C) Hind limb muscle mass (mean + SEM) (∗∗∗P , 0.001,
∗P , 0.05, n.s., not significant). (D) Representative histological sections of muscle fibers taken from AR113Q mice with indicated genetic background.
Scale bar ¼ 50 mm.
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258, 1 mM MnCl2) with 200 or 1000 U of Lambda Protein
Phosphatase (New England BioLabs) at 308C for 60 min.

Cellular sensitivities to DNA-damage agents

For IR treatment, cells were exposed at indicated dose. For
CPT treatment, HEK293 cells were transiently transfected
AR24Q or AR113Q and incubated with 40 nM CPT for 3
days. Cells were harvested at indicated days and counted
with Invitrogen automated cell counter. For MMC treatment,
PC12 cells were incubated with MMC at concentration
range 0–320 nM. After 8 days of incubation, cell numbers
were counted.

Chromosomal breakage analysis

HEK293 cells were transiently transfected with AR24Q or
AR113Q using Fugene 6. 24 h after transfection, cells were
treated with 10 nM R1881 for additional 48 h. Colcemid
(GIBCO/BRL; KaryoMAX Colcemid solution) was added to
the cultures (100 ng/ml), and the cultures were incubated for
3 h to arrest proliferating cells at metaphases. Metaphases
were generated using standard procedures. Slides were then
stained with DAPI. All imaging was performed on an
Olympus BX-61 microscope equipped with an interferometer
driven by a desktop computer and specialized software (ASI,
Vista, CA, USA).

Mouse model of SBMA

The AR knock-in mice with targeted AR113Q CAG repeat ex-
pansion in exon 1 (40) and Paxip1 null alleles (32) have been
described. The AR113Q/+ female mice were crossed to AR+:-
Paxip1+/2 male mice to generate male littermates carrying
either AR113Q;Paxip1+/2 or AR113Q;Paxip1+/+ alleles.

To measure muscle weight and fiber size, mice were eutha-
nized by isoflurane, and the tibialis anterior (TA) and soleus
muscles were harvested. The TA muscle was weighed with
an electronic analytical balance (Mettler Toledo AG104).
The Soleus muscle was frozen in isopentane pre-chilled by
liquid nitrogen. The muscle was cut in a cross-section orienta-
tion at a thickness of 5 mm with Leica Cryocut 1800 and H&E
staining was performed. Digital images were captured using a
Zeiss Axioplan 2 imaging system. The area of each muscle
fiber was defined using Adobe Photoshop CS4, and 100 adja-
cent fibers from each section were measured. The pixel
number was converted to mm2 according to scale.

Microarrays

Expression of AR10Q and AR112Q in PC12 cells was induced
by the addition of 500 mg/ml of doxycycline for 24 h, fol-
lowed by treatment with R1881 for an additional 24 h prior
to RNA extraction. Total RNA was isolated from the PC12
cell lines using Trizol (Invitrogen). Microarray experiments
were carried out using Affymetrix GeneChip Rat Genome
230 2.0 arrays that processed in the UMCCC Affymetrix
and cDNA Microarray Core Facility at University of Mich-
igan, Ann Arbor. Statistical analysis was performed according
to the published methods (51,52).
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