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Spinal and bulbar muscular atrophy (SBMA) is
associated with an abnormal expansion of the (CAG)n
repeat in the androgen receptor (AR) gene. Similar
mutations have been reported in other proteins that
cause neurodegenerative disorders. The CAG-coded
elongated polyglutamine (polyGln) tracts induce the
formation of neuronal intracellular aggregates. We
have produced a model to study the effects of
potentially ‘neurotoxic’ aggregates in SBMA using
immortalized motoneuronal cells (NSC34) transfected
with AR containing polyGln repeats of different sizes
[(AR.Q(n = 0, 23 or 46)]. Using chimeras of AR.Q(n) and
the green fluorescent protein (GFP), we have shown
that aggregate formation occurs when the polyGln tract
is elongated and AR is activated by androgens. In
NSC34 cells co-expressing the AR with the polyGln of
pathological length (AR.Q46) and the GFP we have
noted the presence of several dystrophic neurites. Cell
viability analyses have shown a reduced growth/
survival rate in NSC34 expressing the AR.Q46, whereas
testosterone treatment partially counteracted both cell
death and the formation of dystrophic neurites. These
observations indicate the lack of correlation between
aggregate formation and cell survival, and suggest that
neuronal degeneration in SBMA might be secondary to
axonal/dendritic insults.
INTRODUCTION
Spinal and bulbar muscular atrophy (SBMA) is an X-linked
recessive disease characterized by the selective loss of anterior
horn neuronal cells in the spinal cord, by the depletion of
sensory neurons in the dorsal root ganglia and by the selective
degeneration of motoneurons in the brainstem (motoneurons of
the lower cranial nerves) (1). The loss of motoneurons in the
spinal cord and in the bulbar region results in muscle weakness
and atrophy, fasciculations, dysphagia and dysarthia. Signs of
mild androgen insensitivity are often present, including partial
loss of secondary male sexual characteristics, gynaecomastia
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and testicular atrophy. The molecular basis of the disease is an
abnormal increase in the length of the (CAG)n repeat present in
the first coding exon of the androgen receptor (AR) gene (2);
the length of the repeat, which normally ranges from 15 to 35
CAG triplets, is increased to >38 in affected individuals (2,3).
The mutation leads to an elongation of the polyglutamine
(polyGln) tract present in the N-terminal transactivation
domain of the encoded protein.
The biological functions and the mechanism of action of AR
are well understood (4–8); however, the physiological function(s) of the polyGln domain in wild-type AR, as well as the
mechanism by which its expansion leads to neurodegeneration
are unknown. The AR is a ligand-activated transcription factor,
normally confined in a multi-heteromeric inactive complex in
the cell cytoplasm. After binding to the ligand [testosterone or
5-dihydrotestosterone (DHT)], the receptor dissociates from
the accessory proteins (heat shock proteins), translocates into the
cell nucleus, dimerizes and, through its DNA-binding domain,
interacts with specific androgen-responsive elements located in
the promoter region of androgen-responsive genes (3,4). Activation of transcription is then mediated by specific transactivation
domains present in the receptor and located in its N- and
C-terminal regions (3,9,10); activation of transcription also
requires the presence of coactivators (SRC-1, p300, p/CAF, CBP,
etc.), that are stabilized in a heterocomplex by protein–protein
interactions with the AR. The complex recruits general transcription factors to the TATA box, and also exerts histone
acetyl transferase activity modifying the structure of histones
and of chromatin (11); the two mechanisms act jointly to
activate transcription of target genes (11). The elongation of
the polyGln present in one of the transactivation domains of
SBMA AR modifies the transcriptional behaviour of the
mutated receptor (12–14), possibly by altering its interaction
with the co-activators, and this may explain the endocrine
changes observed in Kennedy’s disease; however, motoneuronal cell death does not appear to be linked to a loss-offunction of the mutated AR, since neurodegeneration does not
occur in patients with testicular feminization, who lack AR
function (15–17). Moreover, many different types of neuron
express the AR, in particular in the hypothalamus (18–21), but
the predominant cell types degenerating in SBMA are represented by the spinal and bulbar motoneurons that may be
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Figure 1. Schematic representation of the AR mutants transfected in NSC34.

particularly sensitive to the deleterious effects of the elongated
polyGln tract (22). Interestingly, similar polyGln tract elongations have been found in a variety of proteins (huntingtin,
atrophin, ataxins) which are involved in the pathogenesis of
other neurodegenerative diseases (i.e. Huntington’s disease,
several types of spinocerebellar ataxia, dentatorubral and
pallidoluysian atrophy, etc.) (23–32), indicating the existence
of a common neurotoxic mechanism. Recent data indicate the
presence of insoluble intracellular aggregates in all of these
disorders including SBMA (33–52). The inclusions are analogous to those found in other neurodegenerative disorders (such
as Alzheimer’s, Parkinson’s and prion diseases), suggesting
that aggregates may be toxic for long-living postmitotic cells.
Although aggregate formation may lead to cell death, this
process has not been demonstrated and aggregate formation
might not be the only cause of neurodegeneration. In this
regard, Kennedy’s disease offers a model to discriminate the
well known biological functions of AR from the pathological
functions acquired by the same receptor in SBMA. Despite
this, very few studies have been done to ascertain whether in
SBMA: (i) the spinal and bulbar motoneurons are a direct
target of neurodegeneration; (ii) this process is secondary to
other neuronal loss; and (iii) aggregate formation correlates
with degeneration in these cells. We have developed an in vitro
system to allow the analysis of possible direct toxic effects
in motoneuronal cells of the elongated polyGln tract present in
SBMA AR, and we have found that degeneration occurs
in these cells, and that survival of motoneurons appears to be
independent of aggregate formation.
RESULTS
Preparation and characterization of the cellular models
Neuroblastoma–spinal cord (NSC) 34 is a mouse hybrid cell
line displaying a multipolar neuron-like aspect, which has been

Figure 2. Western analysis of stably transfected NSC/AR.Q(n) performed
using the AR(N-20) polyclonal antibody. The upper bands with molecular
weight between 97 and 100 kDa are the different isoforms of AR; specific
fragments from the N-terminal domain with molecular weights ranging from
50 and 69 kDa are detectable in all samples. Lane 1, cell extract from NSC/
AR.Q0; lane 2, cell extract from NSC/AR.Q23; lane 3, cell extract from NSC/
AR.Q46.

fully characterized for its motoneuronal phenotype (53,54) and
found not to express endogenous mouse AR (55), and is the
parental line for the model.
Figure 1 shows a schematic representation of the AR.Q(n)
expression vectors utilized throughout the study. AR cDNA
expression was driven by the potent Cytomegalovirus (CMV)
promoter. pCMV/AR.Q23 expressed the wild-type AR with a
polyGln tract of 23 Gln; in pCMV/AR.Q0 the CAG repeat was
artificially removed (no polyGln tract); pCMV/AR.Q46
expressed AR with an elongated polyGln tract of 46 Gln; no
additional amino acid changes were present. The plasmids
were used to produce stably transfected cells that were named
NSC/AR.Q0, NSC/AR.Q23 and NSC/AR.Q46, respectively.
Expression of the desired cDNAs in NSC34 was tested by RT–
PCR analysis followed by Southern analysis (data not shown).
All clones expressed high levels of AR mRNA. In NSC/
AR.Q46 the size of the CAG expansion remained stable, even
in subsequent generations of cells, whereas the levels of
mRNA coding for the AR gradually disappeared after
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Figure 3. Cell morphology of stably transfected NSC/AR.Q(n). (A and B) NSC/AR.Q0; (C and D) NSC/AR.Q23; (E and F) NSC/AR.Q46. (A, C and E) Low
magnification; (B, D and F) high magnification.

prolonged subculturing (data not shown), indicating the
appearance of subclones expressing low levels of AR
[confirmed by western analysis (data not shown)], possibly
related to the deleterious effects of the elongated polyGln tract
(see below), and this agrees with previous reports on SBMA
AR (50).
Western analysis of cells transfected with recombinant ARs
is shown in Figure 2. The levels of expression appeared
comparable in all clones examined, and the different AR
proteins were of the size expected for the presence of the corresponding polyGln tract. All samples showed the presence of a
specific proteolytic fragment, apparently derived from the Nterminal region and from the DNA-binding domain of AR,
which comprised the polyGln repeat and the epitope of the
AR-N20 antibody, localized in the extreme N-terminal side of
AR. Interestingly, C-terminally truncated fragments of AR
may be toxic to motoneurons by initiating the transcription of
specific genes in the absence of hormonal control (38), a possibility presently investigated in our laboratory.
Cell morphology. An initial careful examination of the stably
transfected clones, grown in standard conditions, did not reveal
significant differences in cell morphology; however, when

cells were plated at low density (<15 000 cells/cm2), morphological changes were evident in NSC/AR.Q46. Figure 3A and
B shows NSC/AR.Q0 observed at two different magnifications. Cells were adherent to the substrate showing a motoneuronal-like morphology with multipolar long neurites. The
morphology of NSC/AR.Q23 (Fig. 3C and D) was very similar
to that observed for NSC/AR.Q0. When NSC/AR.Q46 cells
were plated at low density, cell morphology was markedly
altered. Cells (Fig. 3E) tended to clump together forming
anchorage-independent aggregates, with very few processes
extending from the body. At higher magnification (Fig. 3F),
the cells showed no signs of neurite formation in the first 2–3
days in culture. NSC/AR.Q46 cells were significantly less
adherent to the substrate than NSC/AR.Q0 and NSC/AR.Q23.
Interestingly, after reaching higher cell density, they began to
differentiate acquiring a more pronounced neuronal-like
morphology, with an appearance of extending processes, and
becoming more similar to NSC/AR.Q0 or NSC/AR.Q23.
To directly demonstrate that AR.Q46 was responsible for
altered morphology, NSC34 cells were co-transfected with
AR.Q(n) and with the pEGFP-N1 plasmid to identify the
AR.Q(n)-positive cells. Transfected cells were detected by
fluorescence microscopy (transfection efficiency was esti-
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Figure 4. Cell morphology of NSC34 cells transiently transfected with pEGFP-N1 and the vectors expressing AR.Q(n). (A) Control NSC34 expressing AR.Q0;
(B) NSC34 expressing AR.Q0 treated with 1 M testosterone; (C) control NSC34 expressing AR.Q23; (D) NSC34 expressing AR.Q23 treated with 1 M testosterone; (E) control NSC34 expressing AR.Q46; (F) NSC34 expressing AR.Q46 treated with 1 M testosterone.

mated to range from 40 to 60%). Three days after transfection,
many NSC34 cells expressing AR.Q46 (and pEGFP-N1)
displayed short and dumpy neurites (Fig. 4E). The percentage
of AR.Q46-containing cells showing aberrant phenotype was
estimated to range between 25 and 30% of the total transfected
fluorescent cells. In contrast, cells transfected with AR.Q0
(Fig. 4A) and AR.Q23 (Fig. 4C) showed the typical motoneuronal-like phenotype. Several cells were multipolar with
long, well extended neurites. A 3 day treatment with testosterone did not modify neurite extension of control NSC34
(Fig. 4B and D, AR.Q0 and AR.Q23, respectively), but
improved the ability of NSC34-expressing SBMA AR (Fig.
4F) to produce long, well extended neurites and a phenotype
similar to that observed in control cells. NSC/AR.Q46 grown
in the absence of testosterone showed a progressive increase in
neurite damage. After 5 days, short neurites became dystrophic
in a higher percentage of cells (30–40% of total transfected
cells).
Mechanism of aggregate formation. To analyse whether
altered cell morphology might be related to different intracel-

lular localizations of the mutated AR protein, either in the presence or in the absence of testosterone, we analysed NSC34
cells transiently transfected with a chimeric protein composed
of the green fluorescent protein (GFP) fused at the N-terminus
of the AR. The constructs utilized are schematically represented in Figure 1, and have been already fully characterized in
HeLa cells (52). In our motoneuronal model, similarly to HeLa
cells, in the absence of testosterone, all types of receptor (wildtype and mutated) were found to be localized in the perinuclear
region of the cytoplasm of motoneuronal cells (Fig. 5A, C and
E, GFP–AR.Q0, GFP–AR.Q22 and GFP–AR.Q48, respectively), and no aggregates were present. After addition of testosterone, in the case of GFP–AR.Q0 and GFP–AR.Q22, the
receptor moved into the nucleus (Fig. 5B and D, respectively).
Conversely, after testosterone treatment GFP–AR.Q48-transfected cells showed intracellular aggregate formation, and in
the aggregate-positive cells a small increase in the nuclear
localization of the receptor protein was detectable (Fig. 5F).
Identical results were obtained in electron microscopy (EM)
analysis using NSC/AR.Q(n) (data not shown); the aggregates
found by EM in NSC/AR.Q46 treated with testosterone (data

Human Molecular Genetics, 2000, Vol. 9, No. 1

137

Figure 5. Aggregate formation in NSC34 transiently transfected with GFP–AR.Q(n). (A) Control NSC34 expressing GFP–AR.Q0; (B) NSC34 expressing GFP–
AR.Q0 treated with 1 M testosterone; (C) control NSC34 expressing GFP–AR.Q22; (D) NSC34 expressing GFP–AR.Q22 treated with 1 M testosterone;
(E) control NSC34 expressing GFP–AR.Q48; (F) NSC34 expressing GFP–AR.Q48 treated with 1 M testosterone.

not shown) displayed a morphology similar to those found in
HeLa cells (52) and to those found in related diseases (see
below). The number of motoneuronal cells expressing GFP–
AR.Q48 showing aggregates after testosterone treatment was
estimated to range from 40 to 60% of the total transfected
cells. Testosterone-treated/aggregate-negative NSC34(GFP–
AR.Q48) cells showed a marked nuclear localization of the
fluorescence, similar to that found in NSC34 cells expressing
wild-type AR. The aggregates were predominantly localized in
the cell cytoplasm and, in some cells, also in the neurite
processes (Fig. 6A and B). Two types of aggregate were noted:
‘small’ aggregates diffusely localized throughout the cytoplasm and ‘large’ aggregates generally confined to the perinuclear region of the motoneurons. Inclusions in the neurite
processes were generally similar in size to the ‘small’ aggregates (Fig. 6B). Occasionally, some aggregates were also
detectable (5–10% of transfected cells) in GFP–AR.Q22-

transfected motoneurons, in agreement with previous reports
obtained in HeLa cells for the wild-type receptor (52). Figure
6C and D shows the results on immunolabelling studies
utilizing antibodies to ubiquitin and the highly homologous
NEDD8. Following extensive screening of multiple ubiquitin
antisera, the GFP–AR.Q48 aggregates were shown to be
weakly positive for ubiquitin (Fig. 6C) as are other polyGln
expanded proteins such as huntingtin and ataxins (for a review
see ref. 56). Aggregate-positive GFP–AR.Q48-expressing
HeLa cells were readily NEDD8 positive (Fig. 6D) (52).
Studies on cell viability. Cell viability tests were also
performed to determine the effects of the elongated polyGln
tract on motoneuronal cell survival. The NSC/AR.Q46 cells
showed a reduced growth/survival rate when compared with
both NSC/AR.Q0 (P < 0.01) and NSC/AR.Q23 (P < 0.05) cells
(Fig. 7A). After 6 days the cell viability of NSC/AR.Q46 was
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Figure 6. Aggregate formation in NSC34 transiently transfected with GFP–AR.Q48 treated with 1 M testosterone. (A) ‘Small’ and ‘large’ aggregates in the cell
cytoplasm of NSC34; (B) inclusions in the neurite elongations in NSC34; (C) ubiquitin profile of GFP–AR.Q48 aggregates; (D) ubiquitin-like (NEDD8) profile
of GFP–AR.Q48 aggregates. Transiently transfected HeLa cells were used in conjunction with antisera to ubiquitin and NEDD8. GFP–AR.Q48 aggregates (green)
in the cytoplasm were of various sizes and shown to be both ubiquitin [(C), red] and NEDD8 [(D), red] -positive. DAPI (blue) was used to counterstain DNA.
Images were obtained with a wide-field fluorescence microscope and deconvolved.

reduced to 50% of that of NSC/AR.Q0 (P < 0.01), indicating
that the elongated polyGln tract alters motoneuronal behaviour
in culture. Testosterone treatment (Fig. 7B) generally
increased the basal cell viability indicating that it may have a
trophic effect on AR-transfected motoneurons. However, the
effect of this hormone on NSC/AR.Q0 and NSC/AR.Q23 was
not significant, whereas it significantly counteracted the
decrease of survival in NSC/AR.Q46 (P < 0.01); interestingly,
testosterone also induced the intracellular aggregation of the
mutated protein (see above).
Cell viability tests were also performed on transiently transfected cells. The elongated polyGln tract of SBMA AR (Q46)
exerted an adverse effect on motoneuronal cell viability (Fig.
8). The survival, measured in NSC34 expressing AR.Q46, was
50% lower than that of cells expressing AR.Q0 (P < 0.05) in
the absence of testosterone. Again, cells expressing AR.Q23
had an intermediate behaviour. Interestingly, testosterone
significantly increased survival of NSC34 expressing AR.Q46
(an increase of 8.27  0.09%, P < 0.05, over untreated cells;

unpaired Student’s t-test). The most potent testosterone metabolite, DHT, which is synthesized in motoneurons (7,55,57),
was even more potent in this regard, inducing an increased
survival of 10.01  0.09% (P < 0.01; unpaired Student’s t-test)
(data not shown); however, the two treatments were not significantly different.
In order to induce a more pronounced motoneuronal phenotype, the proliferative capability of the hybrid NSC34 cells
(which is due to the neuroblastoma component of the hybrid)
was abolished by treating the cultures with hydroxyurea, which
inhibits DNA replication, produces cell cycle arrest between
the G1 and S phases, and blocks the mitotic process. Under
these conditions the survival rate of NSC/AR.Q46 was greatly
affected, with a significant decrease in survival ratio after 3
days of treatment with hydroxyurea (NSC/AR.Q0, 79  16%
survival; NSC/AR.Q46, 56  10% survival; NSC/AR.Q0
versus NSC/AR.Q46, P < 0.05); after 6 days in culture approximately two-thirds of NSC/AR.Q46 cells (35  9% survival)
had died, whereas only one-third (63  11% survival) of NSC/
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Figure 7. Cell viability of stably transfected NSC/AR.Q(n). (A) Growth/survival rate of NSC/AR.Q(n) at different times in culture (*P < 0.01, NSC/AR.Q46 versus NSC/AR.QO; #P < 0.05, NSC/AR.Q46 versus NSC/AR.Q23; P < 0.01, NSC/AR.Q23 versus NSC/AR.Q0); (B) comparison between control and testoteronetreated cells: growth/survival rate measured after 6 days in culture in the absence (grey bar) or presence (hatched bar) of 1 M testosterone (*P < 0.01, NSC/
AR.Q46 plus testosterone versus NSC/AR.Q46 untreated; control versus testosterone-treated groups; unpaired Student’s t-test).

AR.Q0 cells were lost (NSC/AR.Q0 versus NSC/AR.Q46,
P < 0.001).
DISCUSSION
SBMA is an inherited form of lower motoneuron degeneration
caused by the expansion of a CAG repeat in the AR gene,
which results in an elongation of the polyGln tract normally
present in the AR protein.
In order to clarify the mechanism(s) of motoneuronal death
occurring in SBMA, we have designed new cellular models by
transfecting a mouse spinal cord motoneuron  neuroblastoma
hybrid cell line (NSC34) with human AR cDNAs with CAG
repeats of different sizes (AR.Q0, AR.Q23 and AR.Q46).
NSC34 are known to be very valuable in testing neurotoxicity
(53,54). Using our model we have shown, in essence, that
neurodegeneration may occur directly in isolated motoneuronal cells, and that the adverse effect(s) exerted by the
mutated SBMA AR is apparently distinct from the appearance
of intracellular aggregates brought about by the mutated
protein. Indeed, the presence of aggregates may have a protective effect (56,58).
The transfected motoneuronal cells produced an SBMA AR
protein and retained the polyGln repeat of the expected size,
even after repeated subcultures; this result differs from those
found in other artificial in vivo systems (59,60), in which instability (either elongation or contraction) of the polyGln tract has
been described (60). In stable clones, the levels of SBMA
AR.Q46 expression gradually decreased after several platings
(20–30 passages), indicating that the potential toxicity of the
mutated receptor may induce selection of low expressing
AR.Q46 clones; this finding may explain the decreased intracellular levels of mutated AR (with respect to wild-type AR)
observed in other motoneuronal cell lines (50). When the
proliferative capability of the hybrid NSC34 cells was abolished with hydroxyurea, NSC/AR.Q46 showed a dramatic

Figure 8. Cell viability of NSC34 transiently transfected with AR.Q(n) after
4 days in culture in the absence (grey bar) or presence (hatched bar) of 1 M
testosterone (P < 0.05, NSC34 expressing AR.Q46 testosterone-treated
versus NSC34 expressing AR.Q46 untreated; *P < 0.05 NSC34 expressing
either AR.Q46 or AR.Q23 untreated versus NSC34 expressing AR.Q0
untreated; #P < 0.05 NSC34 expressing AR.Q46 untreated versus NSC34
expressing AR.Q23 untreated; comparison between untreated groups, Scheffé
test; control versus testosterone-treated groups, unpaired Student’s t-test).

decrease in their survival rate; the appearance of the intrinsic
toxicity of the elongated polyGln tract in these postmitotic
motoneurons suggests that the process of motoneuronal degeneration occurring in Kennedy’s disease is not secondary to
other degenerative phenomena.
Cell morphology in NSC34 cells expressing AR.Q46 was
markedly altered. Neurite dimension, number and extension
was abnormal in cells growing at low density. NSC/AR.Q46
cells were poorly adherent, but were able to replicate and to
grow; by increasing density levels they acquired a neuronallike morphology. This agrees with the survival data,
suggesting that the cells might produce putative adhesion
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molecules and/or growth factors acting through autocrine/
paracrine mechanisms. The factor(s) may partially overcome
the toxicity of the elongated polyGln tract in NSC/AR.Q46
cells.
In transient co-transfection experiments, the neurites in cells
containing AR.Q46 also appeared affected, being short and
dystrophic, and producing abnormal branching after prolonged
time in culture. Dystrophic neurites, as a consequence of the
expression of elongated polyGln tracts, have also been
reported in vivo, since axonopathies have also been detected in
SBMA patients (22). Altered neurites have also been described
in transgenic animal models for Huntington’s disease (45,61).
These observations indicate that an initial insult in motoneurons may occur in the neurites; the loss of connection with
other cells in the spinal cord and/or with the target muscle
finally results in the loss of motoneuronal cell body.
Testosterone treatment in this model markedly reversed the
adverse effect of the polyGln expansion on neurite extension,
and motoneuronal cells acquired a fairly normal phenotype.
Testosterone also significantly increased survival of motoneuronal cells expressing SBMA AR. Whether both of these
effects can be ascribed to the trophic effect that this hormone
exerts on motoneurons (62,63) remains to be determined.
Motoneurons in the spinal cord are androgen-sensitive; in adult
male rats, androgen deprivation decreases the somatic size and
the dendritic length of the motoneurons, as well as the number
of chemical and electrical synapses (gap junctions). This
phenomenon is reversed by androgen replacement therapy
(62). In motoneurons, androgens are also involved in the regulation of their own receptors, and of structural proteins like
actin, -tubulin and those of the gap junction channels (62).
Preliminary observations performed in our laboratory, using
differential display-PCR analysis, indicate that testosterone
induces the gene expression of a protein responsible for neurite
extension (i.e. neuritin) in NSC34 transfected with the mouse
AR. All these data support the hypothesis of a trophic effect of
androgens on NSC34 cells.
Despite the numerous data appearing in recent years on the
various types of CAG-related disorder, the mechanism of
neurodegeneration remains obscure. A large body of evidence
has very recently emerged indicating the formation of neuronal
intracellular aggregates that may be toxic for long-living postmitotic cells like neurons (33–46,61,64). This hypothesis has
been put forward mainly because of the close similarity of
these insoluble intracellular inclusions to those found in other
neurodegenerative disorders (such as Alzheimer’s disease,
prion disorders and Parkinson’s disease). Proteolytic fragments of mutated proteins may be important in initiating the
process of aggregate formation (45), which apparently takes
place in the cell nucleus (47). However, aggregation also
seems to involve the neuronal processes. Why aggregates are
formed only when the CAG repeat reaches a critical size (>40)
is still a matter of discussion. It is known that in vitro synthetic
peptides containing poly-L-Gln are insoluble and tend to
acquire a -pleated sheet structure, stabilized by hydrogen
bonds between their main- and side-chain amides; because of
this, they form polar zippers (65–67); the structure is generally
unstable with <40 Gln, but becomes more stable with >40 Gln,
because of an entropy gain. The notion that aggregates are
formed as an abnormal cell response to the presence of
polyGln of unusual length is supported by the observation that

aggregates are ubiquitin or NEDD8 positive, possibly blocking
the proteolytic pathway (49,52,68).
In our study, aggregation did not occur in NSC34 cells
expressing SBMA GFP–AR.Q48 under basal conditions;
inclusions were formed after activation of the receptor by
testosterone. Our data agree with those already obtained in
several types of cell (52). In fact, it has been shown that SBMA
AR forms predominantly cytoplasmic aggregates in
transfected mammalian cells (COS cells, mouse neuroblastoma NB2a/d1 cells, MN-1 neuronal cells, glioma–
neuroblastoma hybrid cells, NG108-15 cells) (48,49,69,70),
with few intranuclear inclusions (38,49,52,70,71). The
structure of the AR aggregates has been extensively
characterized, and found to be comparable with that observed
in other CAG-related disorders; AR.Q46 or GFP–AR.Q48
aggregates formed in HeLa cells, after testosterone treatment,
included NEDD8 (52) and ubiquitin. The difficulty in
obtaining positive ubiquitin labeling (52) is likely more than
just a technical issue (e.g. antibody affinity/specificity), since
studies with polyGln-expanded ataxin-1 done in parallel
experiments using various ubiquitin antibodies all were
positive (unpublished data). Whether nuclear translocation of
AR, which normally occurs with hormone binding, is
important for the formation of aggregates is unknown (49), but
their cytoplasmic localization in cell culture appears to
contradict this hypothesis. Some inclusions are also clearly
detectable in the cell processes, where they may be responsible
for axonal or dendritic transport alterations. In our model,
neuronal processes of cells expressing elongated polyGln
tracts appeared to be dystrophic (see above). The kinetics of
aggregate formation in NSC34 cells (and in HeLa cells) clearly
differed from the rate of survival. In fact, cell death occurred in
motoneuronal cells expressing SBMA AR in the absence of
testosterone when inclusions were not detectable. On the other
hand, cell survival was increased by hormone addition, a
treatment which induces formation of large intracellular
aggregates. Cell survival and aggregate formation were
inversely correlated, suggesting that these inclusions were not
involved in cell death observed in our motoneurons. Recently,
it has been postulated that nuclear (or cytoplasmic) inclusions
are not necessarily toxic to the cells; Sisodia (72) has proposed
that those structures can even be beneficial for cell survival,
mainly by removing toxic proteins from the soluble cell
compartments. On the basis on these data, and of the most
recent experimental observations showing a lack of correlation
between polyGln-induced apoptosis and the formation of
nuclear aggregates in vivo (56,58,73), and in particular the
results presented in this paper, it appears that the whole topic
should be re-evaluated. In particular, attention should be
devoted to the apoptotic process, since it has been shown
recently that the AR of SBMA may serve as a substrate for the
cysteine protease cell death executioners, the caspases.
Caspase cleavage is a critical step in cytotoxicity; in fact, the
AR is cleaved by a caspase-3 subfamily protease at Asp146,
and this cleavage is increased during apoptosis indicating an
involvement in neural cell death in CAG-related disorders
(51). The existence, in basal conditions, of microaggregates
that may alter some important cell function (e.g. mitochondrial
functions, neurite transports, etc.) remains to be determined.
These might be derived from the AR proteolytic fragments,
observed in our motoneuronal cells by western analysis; since
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these lack the hormone-binding domain they might be active in
a hormone-independent fashion. This hypothesis is now under
study in our laboratory. The microaggregates might also be
responsible for the formation of the big inclusions seen in the
presence of testosterone in NSC34 cells expressing SBMA AR
since, on hormone addition, they may clump together and be
removed from the site where their adverse effect takes place,
thus decreasing their potential toxicity.
In conclusion, transfected NSC34 cells are a good model in
which to study neurodegeneration occurring in Kennedy’s
disease. The lack of correlation between cell death and aggregate formation suggests that other mechanisms may be responsible for neurodegeneration. Finally, motoneuronal cells
transfected with the mutated AR identified in Kennedy’s
patients, may be useful to seek new drugs able to counteract
neurodegeneration occurring in all CAG-related diseases.
MATERIALS AND METHODS
Reagents
AR(N-20), an affinity-purified rabbit polyclonal antibody
raised against a synthetic peptide reproducing an amino acid
sequence located in the N-terminal region of the human AR,
was obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Defined fetal bovine serum (FBS) was obtained from
Hyclone (Logan, UT). All the tissue culture reagents were
from Seromed, Biochrom (Berlin, Germany). Charcoal
stripped fetal bovine serum (CS-FBS) was prepared as previously described (74) and used in all experiments in which
steroid hormone treatments were utilized. Chemicals were
obtained from Sigma (St Louis, MO). NSC34 cells were kindly
provided by Dr Neil R. Cashman (McGill University,
Montreal, Canada).
Plasmids
The plasmid expressing the wild-type AR (here named
pCMV.AR/Q23) was obtained by subcloning the full-length
AR cDNA in pCMV3, and has been described previously (17);
The pCMV.AR/Q46 vector, expressing the SBMA AR, was
prepared by subcloning the CAG repeat of a patient with
proven Kennedy’s disease into the backbone of the AR cDNA
in the restriction sites NarI and AflII, which surround the CAG
repeat. For the construction of the pCMV.AR/Q0 vector, an
NarI–AflII fragment containing zero CAG repeats was generated by PCR utilizing the following primers: Gln0, 5-CGC
AGC ACC TCC CGG CGC CAG TTT GCT GCT GCT
GGG TGA GGA TGG TTC TCC CCA AGC C, and Gln0, 3CTG CTT AAG CCG GGG AAA GTG GGG CCC. The 5oligonucleotide contained nucleotides located immediately
upstream (nt 300–333, bold) and downstream (nt 394–420,
italic) of the CAG repeat coding for the polyGln tract, and
incorporated the unique NarI site of the AR sequence (underlined). The 3-oligonucleotide was derived from nt 680–654 of
the AR cDNA, and incorporated the unique AflII site of the
sequence. A Gln0 fragment was amplified by PCR using the
wild-type AR as a template and these two primers (annealingextension at 68C for 90 s, and denaturing at 95C for 60 s for
33 cycles using vent polymerase). The resulting band was
subcloned as an NarI–AflII fragment in the AR cDNA. The
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absence of additional mutations and the of Gln-coding
sequence was verified by sequence analysis. A schematic
representation of the coded proteins is provided in Figure 1.
The GFP–AR fusion protein expression vectors were generated by insertion of the AR cDNA in the multiple cloning site
of pEGFP-C1, as has been described previously (52). In the
chimeric proteins, the GFP protein was linked to the Nterminal region of the wild-type and mutated AR proteins. The
length of the CAG in these constructs was modified by
repeated amplification in bacteria, and was determined by
sequence to be 22 CAGs in the wild-type and 48 CAGs in the
SBMA AR.
Cell cultures
NSC34 are hybrid cell lines obtained by fusion of mouse
motoneuron-enriched embryonic day 12–14 spinal cord cells
(from GD 14–16) with mouse motoneuronal cells (53); the
hybrid displays a multipolar neuron-like phenotype and
possesses most of the motoneuronal properties. The cells were
initially tested by RT–PCR (data not shown) and were found
not to express endogenous mouse AR. The motoneurons were
routinely maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% defined FBS, 1 mM
glutamine and antibiotics (penicillin G K-salt, Squibb, 100 UI/
ml and streptomycin sulphate, Squibb, 100 g/ml), and grown
at 37C in a humidified atmosphere (5% CO2– 95% air) in 25
cm2 flasks (Corning, Cambridge, MA) changing the medium
every 2–3 days. Every week the cells were detached from the
plate by mechanical dissociation in culture medium and
replated at a density of 5  104 cells/flask. When cells were
treated with steroid hormones, FBS was always replaced with
CS-FBS (5%) to eliminate endogenous steroids. Cells stably
transfected with the AR.Q(n) cDNAs were routinely maintained in the same medium containing 6 l/ml of geneticin
(G148, 25 mg/ml). In the series of experiments performed on
transfected cells differentiated towards the motoneuronal
phenotype, the cell cycle was blocked with 500 M hydroxyurea (for up to 6–9 days).
Transfection of NSC34 cells
The cells were either transiently or stably transfected. In the
first case, Lipofectamine Plus (Gibco BRL, Gaithersburg, MD)
was used; in the second case Lipofectin (Gibco BRL) was
selected as transfectant. In both procedures, the day before
transfection, the cells were plated in 25 cm2 flasks at 40–50%
of confluence. On the day of transfection, the medium was
replaced with serum-free, antibiotic-free DMEM and then the
cells were transfected according to the manufacturer’s
protocol. In transient transfections, cells were transfected for
3 h, then the medium was replaced with standard growth
medium containing CS-FBS. Cells were allowed to grow in
these conditions for 2 or 3 days, and were then used for single
point 3-[4,5-dimethyl(thiazol-2-yl)-3,5-diphenyl] tetrazolium
bromide tetrazolium salt (MTT, Fluka Biochemika, Switzerland) assays [AR.Q(n) expression vector experiments],
fluorescent microscope evaluation of cell morphology
[co-transfection of AR.Q(n)-expressing plasmids with pEGFPN1 plasmid; plasmid DNA used at 5:1 ratio] or aggregate
formation [with GFP–AR.Q(n)-expressing plasmids]. For each
stable cell line (NSC/AR.Q0, NSC/AR.Q23 and NSC/
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AR.Q46) utilized in this study, the following amounts of plasmids were used in the transfection procedure: 2 g of Ar
cDNA expressing plasmid DNA in combination with 0.2 g of
pSV2neo DNA (10:1 ratio). The cells were transfected overnight in serum-free, antibiotic-free DMEM; the medium was
then replaced with standard growth medium. Cells were
allowed to grow in these condition for 3 days and then 12 l/ml
of G148 (25 mg/ml) was added to select stably transfected
clones; after 1 week the cells were mechanically detached,
replated in new flasks and maintained in a high concentration
of geneticin for another 7 days, then utilized for RT–PCR
screening of AR (wild-type or mutated) mRNA expression
using RT–PCR according to the procedure described previously (75)
Western blot and immunocytochemistry analyses
Transfected cells were harvested and homogenized in TE
buffer (10 mM Tris–HCl pH 7.5, 1 mM EDTA) using a sonicator. The homogenate was centrifuged at 10 000 g for 30 min
and the supernatants constituted the cell cytosols. Protein
concentration was determined using the Bradford assays (76).
Western immunoblot analysis was done by resolving the
samples obtained from NSC/AR.Q0, NSC/AR.Q23 and NSC/
AR.Q46 cells on 7.5% SDS–PAGE [0.1% SDS, 7.5% polyacrylamide gel containing 0.075% N,N-methylenebisacrylamide (BioRad, Hercules, CA)] (77). Approximately 50 g of
protein was loaded in each lane, separated, blotted using a
liquid transfer apparatus (BioRad) and analysed using
AR(N-20) (1:500). Immunoreactive bands were visualized
using the enhanced chemiluminescence detection kit reagents
(Amersham, Milan, Italy).
HeLa cells were transiently transfected with GFP–AR.Q(n)
vectors and subsequently processed for immunolabelling as
described (52). Anti-NEDD8 (a kind gift from E. Yeh, Department of the University of Texas at Houston Health Science
Center, Houston, TX) routinely showed positive results as
described previously (52). A monoclonal ubiquitin antibody
(Accurate Chemical, Westbury, NY) was found that marked
GFP–AR.Q48 aggregates in transiently transfected HeLa cells.
DNA was counterstained with DAPI. Routine FITC filters
were used to detect GFP and a Texas Red-conjugated
secondary antibody was used for ubiquitin and NEDD8.
Microscopy
To analyse cell morphology on living stably transfected clones,
a Leitz microscope was used. Images were obtained at either
10 or 20 magnification. In the studies performed using the
EGFP protein/AR co-transfection or the GFP–AR chimera
studies in living NSC34 cells, a Zeiss Axiovert microscope has
been used. The instrument was equipped for fluorescence analysis with the sets of filters necessary to detect GFP emissions.
Images were obtained at 20 or 32 magnification. AntiNEDD8 and ubiquitin fluorescence images were obtained with
a deconvolution-based Zeiss Axiovert system (Applied Precision, Issaqua, WA).
Cell proliferation and survival
MTT analysis. The MTT assay was used either on transiently
or stably transfected cells. The assay was performed in sextu-

plicate after 72 h of transfection, in the presence or absence of
1 M testosterone or DHT. In stably transfected cells, a more
complex experimental design was utilized. Briefly, stably
transfected NSC/AR.Q0, NSC/AR.Q23 and NSC/AR.Q46
cells were plated in 24-well culture dishes (Corning, Corning,
NY) at densities ranging from 8  103 (low density) to >15 
103 (high density) cells/cm2, and maintained in complete
DMEM containing N2 supplement (Gibco BRL). Samples
were analysed at various time intervals (see Results) and each
point was obtained using six different replicates. On the day of
the assay, the medium was replaced with MTT stock solution
(1.5 mg MTT/ml DMEM without phenol red).
A fresh MTT stock solution was prepared for all the assays
required to obtain a single growth/survival curve in order to
avoid experiment variability. Prefiltered MTT solution (300
l) was added to each well and incubated at 37C for 1 h. The
formazan derivative formed from conversion of MTT was
solubilized using 500 l of isopropanol by mechanical resuspension, followed by incubation at room temperature for 10
min on a rocking platform. The amount of purple formazan
derivative formed was determined by measuring the absorbance at 550 nm. In the case of the assays performed in the presence of hydroxyurea to determine cell survival, the values at
different time intervals were compared with the initial absorbance values taken as a reference. Hormone treatments were
performed using a final concentration of 1 M testosterone or
DHT in complete DMEM containing 5% CS-FBS. Statistical
analysis has been performed using an unpaired Student’s t-test
or the Scheffé test for comparisons (see figure legends).
ACKNOWLEDGEMENTS
The technical support of M.G. Mancini and K. Patel is gratefully appreciated. The authors wish to thank Dr Neil R.
Cashman for providing the NSC34 cells. The financial support
of Telethon—Italy (grant no. A.096) is gratefully acknowledged. This work was also supported in part by MURST and
CNR (CT96.03105.CT04).
REFERENCES
1. Sobue, G., Hashizume, Y., Mukai, E., Hirayama, M., Mitsuma, T. and
Takahashi, A. (1989) X-linked recessive bulbospinal neuronopathy. A
clinicopathological study. Brain, 112, 209–232.
2. La Spada, A.R., Wilson, E.M., Lubahn, D.B., Harding, A.E. and Fischbeck, K.H. (1991) Androgen receptor gene mutations in X-linked spinal
and bulbar muscular atrophy. Nature, 352, 77–79.
3. Ikonen, T., Palvimo, J.J. and Janne, O.A. (1997) Interaction between the
amino- and carboxyl-terminal regions of the rat androgen receptor modulates transcriptional activity and is influenced by nuclear receptor coactivators. J. Biol. Chem., 272, 29821–29828.
4. Zhou, Z.X., Wong, C.I., Sar, M. and Wilson, E.M. (1994) The androgen
receptor: an overview. Rec. Prog. Horm. Res., 49, 249–274.
5. Fischbeck, K.H. (1997) Kennedy disease. J. Inherit. Metab. Dis., 20, 152–
158.
6. Brooks, B.P. and Fischbeck, K.H. (1995) Spinal and bulbar muscular atrophy: a trinucleotide-repeat expansion neurodegenerative disease. Trends
Neurosci., 18, 459–461.
7. Poletti, A. (1999) CAG expansion in androgen receptor gene and neuronal
cell death. Rec. Res. Dev. Neurochem., in press.
8. Choong, C.S. and Wilson, E.M. (1998) Trinucleotide repeats in the human
androgen receptor: a molecular basis for disease. J. Mol. Endocrinol., 21,
235–257.

Human Molecular Genetics, 2000, Vol. 9, No. 1

9. Gao, T., Marcelli, M. and McPhaul, M.J. (1996) Transcriptional activation
and transient expression of the human androgen receptor. J. Steroid Biochem. Mol. Biol., 5, 9–20.
10. Nazareth, L.V. and Weigel, N.L. (1996) Activation of the human androgen receptor through a protein kinase A signaling pathway. J. Biol. Chem.,
271, 19900–19907.
11. Spencer, T.E., Jenster, G., Burcin, M.M., Allis, C.D., Zhou, J., Mizzen,
C.A., McKenna, N.J., Onate, S.A., Tsai, S.Y., Tsai, M.J. and O’Malley,
B.W. (1997) Steroid receptor coactivator-1 is a histone acetyltransferase.
Nature, 389, 194–198.
12. Mhatre, A.N., Trifiro, M.A., Kaufman, M., Kazemi-Esfarjani, P.,
Figlewicz, D., Rouleau, G. and Pinsky, L. (1993) Reduced transcriptional
regulatory competence of the androgen receptor in X-linked spinal and
bulbar muscular atrophy. Nature Genet., 5, 184–188.
13. Chamberlain, N.L., Driver, E.D. and Miesfeld, R.L. (1994) The length and
location of CAG trinucleotide repeats in the androgen receptor N-terminal
domain affect transactivation function. Nucleic Acids Res., 22, 3181–
3186.
14. Nakajima, H., Kimura, F., Nakagawa, T., Furutama, D., Shinoda, K.,
Shimizu, A. and Ohsawa, N. (1996) Transcriptional activation by the
androgen receptor in X-linked spinal and bulbar muscular atrophy. J. Neurol. Sci., 142, 12–16.
15. MacLean, H.E., Warne, G.L. and Zajac, J.D. (1995) Defects of androgen
receptor function: from sex reversal to motor neurone disease. Mol. Cell.
Endocrinol., 112, 133–141.
16. McPhaul, M.J., Marcelli, M., Zoppi, S., Griffin, J.E. and Wilson, J.D.
(1993) Genetic basis of endocrine disease. 4. The spectrum of mutations
in the androgen receptor gene that causes androgen resistance. J. Clin.
Endocrinol. Met., 76, 17–23.
17. Zoppi, S., Wilson, C.M., Harbison, M.D., Griffin, J.E., Wilson, J.D.,
McPhaul, M.J. and Marcelli, M. (1993) Complete testicular feminization
caused by an amino-terminal truncation of the androgen receptor with
downstream initiation. J. Clin. Invest., 91, 1105–1112.
18. Sar, M., Lubahn, D.B., French, F.S. and Wilson, E.M. (1990) Immunohistochemical localization of the androgen receptor in rat and human tissues.
Endocrinology, 127, 3180–3186.
19. Bakker, J., Pool, C.W., Sonnemans, M., van Leeuwen, F.W. and Slob,
A.K. (1997) Quantitative estimation of estrogen and androgen receptorimmunoreactive cells in the forebrain of neonatally estrogen-deprived
male rats. Neuroscience, 77, 911–919.
20. Poletti, A., Melcangi, R.C., Negri-Cesi, P., Maggi, R. and Martini, L.
(1994) Steroid binding and metabolism in the luteinizing hormone-releasing hormone-producing neuronal cell line GT1-1. Endocrinology, 135,
2623–2638.
21. McAbee, M.D. and DonCarlos, L.L. (1998) Ontogeny of region-specific
sex differences in androgen receptor messenger ribonucleic acid expression in the rat forebrain. Endocrinology, 139, 1738–1745.
22. Li, M., Sobue, G., Doyu, M., Mukai, E., Hashizume, Y. and Mitsuma, T.
(1995) Primary sensory neurons in X-linked recessive bulbospinal neuronopathy: histopathology and androgen receptor gene expression. Muscle
Nerve, 18, 301–308.
23. The Huntington’s Disease Collaborative Research Group (1993) A novel
gene containing a trinucleotide repeat that is expanded and unstable on
Huntington’s disease chromosomes. Cell, 72, 971–983.
24. Orr, H.T., Chung, M.Y., Banfi, S., Kwiatkowski, T.J.J., Servadio, A.,
Beaudet, A.L., McCall, A.E., Duvick, L.A., Ranum, L.P. and Zoghbi,
H.Y. (1993) Expansion of an unstable trinucleotide CAG repeat in spinocerebellar ataxia type 1. Nature Genet., 4, 221–226.
25. Kawaguchi, Y., Okamoto, T., Taniwaki, M., Aizawa, M., Inoue, M.,
Katayama, S., Kawakami, H., Nakamura, S., Nishimura, M., Akiguchi, I.
et al. (1994) CAG expansions in a novel gene for Machado-Joseph disease
at chromosome 14q32.1. Nature Genet., 8, 221–228.
26. Koide, R., Ikeuchi, T., Onodera, O., Tanaka, H., Igarashi, S., Endo, K.,
Takahashi, H., Kondo, R., Ishikawa, A. and Hayashi, T. (1994) Unstable
expansion of CAG repeat in hereditary dentatorubral-pallidoluysian atrophy (DRPLA). Nature Genet., 6, 9–13.
27. Nagafuchi, S., Yanagisawa, H., Sato, K., Shirayama, T., Ohsaki, E.,
Bundo, M., Takeda, T., Tadokoro, K., Kondo, I., and Murayama, N.
(1994) Dentatorubral and pallidoluysian atrophy expansion of an unstable
CAG trinucleotide on chromosome 12p. Nature Genet., 6, 14–18.
28. Imbert, G., Saudou, F., Yvert, G., Devys, D., Trottier, Y., Garnier, J.M.,
Weber, C., Mandel, J.L., Cancel, G., Abbas, N. et al. (1996) Cloning of
the gene for spinocerebellar ataxia 2 reveals a locus with high sensitivity
to expanded CAG/glutamine repeats. Nature Genet., 14, 285–291.

143

29. Lindblad, K., Savontaus, M.L., Stevanin, G., Holmberg, M., Digre, K.,
Zander, C., Ehrsson, H., David, G., Benomar, A., Nikoskelainen, E. et al.
(1996) An expanded CAG repeat sequence in spinocerebellar ataxia type
7. Genome Res., 6, 965–971.
30. Pulst, S.M., Nechiporuk, A., Nechiporuk, T., Gispert, S., Chen, X.N.,
Lopes-Cendes, I., Pearlman, S., Starkman, S., Orozco-Diaz, G., Lunkes,
A. et al. (1996) Moderate expansion of a normally biallelic trinucleotide
repeat in spinocerebellar ataxia type 2. Nature Genet., 14, 269–276.
31. Sanpei, K., Takano, H., Igarashi, S., Sato, T., Oyake, M., Sasaki, H.,
Wakisaka, A., Tashiro, K., Ishida, Y., Ikeuchi, T. et al. (1996) Identification of the spinocerebellar ataxia type 2 gene using a direct identification
of repeat expansion and cloning technique, DIRECT. Nature Genet., 14,
277–284.
32. Zhuchenko, O., Bailey, J., Bonnen, P., Ashizawa, T., Stockton, D.W.,
Amos, C., Dobyns, W.B., Subramony, S.H., Zoghbi, H.Y. and Lee, C.C.
(1997) Autosomal dominant cerebellar ataxia (SCA6) associated with
small polyglutamine expansions in the alpha 1A-voltage-dependent calcium channel. Nature Genet., 15, 62–69.
33. Ordway, J.M., Tallaksen-Greene, S., Gutekunst, C.A., Bernstein, E.M.,
Cearley, J.A., Wiener, H.W., Dure, L.S.T., Lindsey, R., Hersch, S.M.,
Jope, R.S. et al. (1997) Ectopically expressed CAG repeats cause intranuclear inclusions and a progressive late onset neurological phenotype in
the mouse. Cell, 91, 753–763.
34. Martindale, D., Hackam, A., Wieczorek, A., Ellerby, L., Wellington, C.,
McCutcheon, K., Singaraja, R., Kazemi-Esfarjani, P., Devon, R., Kim,
S.U. et al. (1998) Length of huntingtin and its polyglutamine tract influences localization and frequency of intracellular aggregates. Nature
Genet., 18, 150–154.
35. Lieberman, A.P., Robitaille, Y., Trojanowski, J.Q., Dickson, D.W. and
Fischbeck, K.H. (1998) Polyglutamine-containing aggregates in neuronal
intranuclear inclusion disease. Lancet., 351, 884.
36. Singhrao, S.K., Thomas, P., Wood, J.D., MacMillan, J.C., Neal, J.W.,
Harper, P.S. and Jones, A.L. (1998) Huntingtin protein colocalizes with
lesions of neurodegenerative diseases: an investigation in Huntington’s,
Alzheimer’s, and Pick’s diseases. Exp. Neurol., 150, 213–222.
37. Igarashi, S., Koide, R., Shimohata, T., Yamada, M., Hayashi, Y., Takano,
H., Date, H., Oyake, M., Sato, T., Sato, A. et al. (1998) Suppression of
aggregate formation and apoptosis by transglutaminase inhibitors in cells
expressing truncated DRPLA protein with an expanded polyglutamine
stretch. Nature Genet., 18, 111–117.
38. Butler, R., Leigh, P.N., McPhaul, M.J. and Gallo, J.M. (1998) Truncated
forms of the androgen receptor are associated with polyglutamine expansion in X-linked spinal and bulbar muscular atrophy. Hum. Mol. Genet., 7,
121–127.
39. Davies, S.W., Beardsall, K., Turmaine, M., DiFiglia, M., Aronin, N. and
Bates, G.P. (1998) Are neuronal intranuclear inclusions the common neuropathology of triplet-repeat disorders with polyglutamine-repeat expansions? Lancet, 351, 131–133.
40. Davies, S.W., Turmaine, M., Cozens, B.A., DiFiglia, M., Sharp, A.H.,
Ross, C.A., Scherzinger, E., Wanker, E.E., Mangiarini, L. and Bates, G.P.
(1997) Formation of neuronal intranuclear inclusions underlies the neurological dysfunction in mice transgenic for the HD mutation. Cell, 90, 537–
548.
41. Paulson, H.L., Perez, M.K., Trottier, Y., Trojanowski, J.Q., Subramony,
S.H., Das, S.S., Vig, P., Mandel, J.L., Fischbeck, K.H. and Pittman, R.N.
(1997) Intranuclear inclusions of expanded polyglutamine protein in
spinocerebellar ataxia type 3. Neuron, 19, 333–344.
42. Scherzinger, E., Lurz, R., Turmaine, M., Mangiarini, L., Hollenbach, B.,
Hasenbank, R., Bates, G.P., Davies, S.W., Lehrach, H. and Wanker, E.E.
(1997) Huntingtin-encoded polyglutamine expansions form amyloid-like
protein aggregates in vitro and in vivo. Cell, 90, 549–558.
43. Yagishita, S. and Inoue, M. (1997) Clinicopathology of spinocerebellar
degeneration: its correlation to the unstable CAG repeat of the affected
gene. Pathol. Inter., 47, 1–15.
44. Onodera, O., Burke, J.R., Miller, S.E., Hester, S., Tsuji, S., Roses, A.D.
and Strittmatter, W.J. (1997) Oligomerization of expanded-polyglutamine
domain fluorescent fusion proteins in cultured mammalian cells. Biochem.
Biophys. Res. Commun., 238, 599–605.
45. DiFiglia, M., Sapp, E., Chase, K.O., Davies, S.W., Bates, G.P., Vonsattel,
J.P. and Aronin, N. (1997) Aggregation of huntingtin in neuronal intranuclear inclusions and dystrophic neurites in brain. Science, 277, 1990–
1993.

144

Human Molecular Genetics, 2000, Vol. 9, No. 1

46. Jones, A.L., Wood, J.D. and Harper, P.S. (1997) Huntington disease:
advances in molecular and cell biology. J. Inherit. Metab. Dis., 20, 125–
138.
47. Moulder, K.L., Onodera, O., Burke, J.R., Strittmatter, W.J. and Johnson,
E.M.J. (1999) Generation of neuronal intranuclear inclusions by polyglutamine–GFP: analysis of inclusion clearance and toxicity as a function
of polyglutamine length. J. Neurosci., 19, 705–715.
48. Abdullah, A.A.R., Trifiro, M.A., Panetraymond, V., Alvarado, C.,
Detourreil, S., Frankel, D., Schipper, H.M. and Pinsky, L. (1998) Spinobulbar muscular atrophy—polyglutamine-expanded androgen receptor is
proteolytically resistant in vitro and processed abnormally in transfected
cells. Hum. Mol. Genet., 7, 379–384.
49. Li, M., Nakagomi, Y., Kobayashi, Y., Merry, D., Tanaka, F., Doyu, M.,
Mitsuma, T., Hashizume, Y., Fischbeck, K.H. and Sobue, G. (1998) Nonneural nuclear inclusions of androgen receptor protein in spinal and bulbar
muscular atrophy. Am. J. Pathol., 153, 695–701.
50. Brooks, B.P., Paulson, H.L., Merry, D.E., Salazar-Grueso, E.F., Brinkmann, A.O., Wilson, E.M. and Fischbeck, K.H. (1997) Characterization of
an expanded glutamine repeat androgen receptor in a neuronal cell culture
system. Neurobiol. Dis., 3, 313–323.
51. Ellerby, L.M., Hackam, A.S., Propp, S.S., Ellerby, H.M., Rabizadeh, S.,
Cashman, N.R., Trifiro, M.A., Pinsky, L., Wellington, C.L., Salvesen,
G.S. et al. (1999) Kennedy’s disease: caspase cleavage of the androgen
receptor is a crucial event in cytotoxicity. J. Neurochem., 72, 185–195.
52. Stenoien, D.L., Cummings, C.J., Adams, H.P., Mancini, M.G., Patel, K.,
DeMartino, G., Marcelli, M., Weigel, N.L. and Mancini, M.A. (1999)
SMBA androgen receptors form hormone- and glutamine-dependent
aggregates that sequester chaperones, proteasome components and SRC1. Hum. Mol. Genet., 8, 731–741.
53. Cashman, N.R., Durham, H.D., Blusztajn, J.K., Oda, K., Tabira, T., Shaw,
I.T., Dahrouge, S. and Antel, J.P. (1992) Neuroblastoma  spinal cord
(NSC) hybrid cell lines resemble developing motor neurons. Dev. Dyn.,
194, 209–221.
54. Durham, H.D., Dahrouge, S. and Cashman, N.R. (1992) Evaluation of the
spinal cord neuron X neuroblastoma hybrid cell line NSC-34 as a model
for neurotoxicity testing. Neurotoxicology, 14, 387–395.
55. Poletti, A., Coscarella, A., Negri-Cesi, P., Colciago, A., Celotti, F. and
Martini, L. (1998) The 5alpha-reductase isozymes in the central nervous
system. Steroids, 63, 246–251.
56. Paulson, H.L. (1999) Protein fate in neurodegenerative proteinopathies:
polyglutamine diseases join the (mis)fold. Am. J. Hum. Genet., 64, 339–
345.
57. Celotti, F., Negri-Cesi, P. and Poletti, A. (1997) Steroid metabolism in the
mammalian brain: 5alpha-reduction and aromatization. Brain Res. Bull.,
44, 365–375.
58. Klement, I.A., Skinner, P.J., Kaytor, M.D., Yi, H., Hersch, S.M., Clark,
H.B., Zoghbi, H.Y. and Orr, H.T. (1998) Ataxin-1 nuclear localization and
aggregation—role in polyglutamine-induced disease in SCA1 transgenic
mice. Cell, 95, 41–53.
59. La Spada, A.R., Peterson, K.R., Meadows, S.A., McClain, M.E., Jeng, G.,
Chmelar, R.S., Haugen, H.A., Chen, K., Singer, M.J., Moore, D. et al.
(1998) Androgen receptor YAC transgenic mice carrying CAG 45 alleles
show trinucleotide repeat instability. Hum. Mol. Genet., 7, 959–967.
60. Schweitzer, J.K. and Livingston, D.M. (1998) Expansions of CAG repeat
tracts are frequent in a yeast mutant defective in Okazaki fragment maturation. Hum. Mol. Genet., 7, 69–74.

61. Cooper, J.K., Schilling, G., Peters, M.F., Herring, W.J., Sharp, A.H.,
Kaminsky, Z., Masone, J., Khan, F.A., Delanoy, M., Borchelt, D.R. et al.
(1998) Truncated N-terminal fragments of huntingtin with expanded
glutamine repeats form nuclear and cytoplasmic aggregates in cell culture.
Hum. Mol. Genet., 7, 783–790.
62. Matsumoto, A. (1997) Hormonally induced neuronal plasticity in the adult
motoneurons. Brain Res. Bull., 44, 539–457.
63. Brooks, B.P., Merry, D.E., Paulson, H.L., Lieberman, A.P., Kolson, D.L.
and Fischbeck, K.H. (1998) A cell culture model for androgen effects in
motor neurons. J. Neurochem., 70, 1054–1060.
64. Ross, C.A. (1997) Intranuclear neuronal inclusions: a common pathogenic
mechanism for glutamine-repeat neurodegenerative diseases? Neuron.,
19, 1147–1150.
65. Perutz, M.F. (1994) Polar zippers: their role in human disease. Protein
Sci., 3, 1629–1637.
66. Perutz, M.F., Johnson, T., Suzuki, M. and Finch, J.T. (1994) Glutamine
repeats as polar zippers: their possible role in inherited neurodegenerative
diseases. Proc. Natl Acad. Sci. USA, 91, 5355–5358.
67. Altschuler, E.L., Hud, N.V., Mazrimas, J.A. and Rupp, B. (1997) Random
coil conformation for extended polyglutamine stretches in aqueous soluble monomeric peptides. J. Peptide Res., 50, 73–75.
68. Cummings, C.J., Mancini, M.A., Antalffy, B., Defranco, D.B., Orr, H.T.
and Zoghbi, H.Y. (1998) Chaperone suppression of aggregation and
altered subcellular proteasome localization imply protein misfolding in
SCA1. Nature Genet., 19, 148–154.
69. Merry, D.E., Kobayashi, Y., Bailey, C.K., Taye, A.A. and Fischbeck,
K.H. (1998) Cleavage, aggregation and toxicity of the expanded androgen
receptor in spinal and bulbar muscular atrophy. Hum. Mol. Genet., 7, 693–
701.
70. Li, M., Miwa, S., Kobayashi, Y., Merry, D., Yamamoto, M., Tanaka, F.,
Doyu, M., Hashizume, Y., Fischbeck, K.H. and Sobue, G. (1998) Nuclear
inclusions of the androgen receptor protein in spinal and bulbar muscular
atrophy. Ann. Neurol., 44, 249–254.
71. Warrick, J.M., Paulson, H.L., Gray-Board, G.L., Bui, Q.T., Fischbeck,
K.H., Pittman, R.N. and Bonini, N.M. (1998) Expanded polyglutamine
protein forms nuclear inclusions and causes neural degeneration in Drosophila. Cell, 93, 939–949.
72. Sisodia, S.S. (1998) Nuclear inclusions in glutamine repeat disorders—are
they pernicious, coincidental, or beneficial? Cell, 95, 1–4.
73. Saudou, F., Finkbeiner, S., Devys, D. and Greenberg, M.E. (1998) Huntingtin acts in the nucleus to induce apoptosis but death does not correlate
with the formation of intranuclear inclusions. Cell, 95, 55–66.
74. Poletti, A., Negri-Cesi, P., Melcangi, R.C., Colciago, A., Martini, L. and
Celotti, F. (1997) Expression of androgen-activating enzymes in cultured
cells of developing rat brain. J. Neurochem., 68, 1298–1303.
75. Poletti, A., Negri-Cesi, P., Rabuffetti, M., Colciago, A., Celotti, F. and
Martini, L. (1998) Transient expression of the type 2 5alpha-reductase isozyme in the brain of the late fetal and early post-natal life. Endocrinology,
139, 2171–2178.
76. Bradford, M.M. (1976) A rapid and sensitive method for the quantitation
of microgram of protein utilizing the principle of protein-dye binding.
Ann. Biochem., 72, 248–254.
77. Laemmli, U.K. (1970) Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature, 227, 680–685.

