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Preventing polyglutamine-induced activation of c-Jun delays
neuronal dysfunction in a mouse model of SCA7 retinopathy
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We have approached the role of cellular stress in neurodegenerative
diseases caused by polyglutamine expansion (polyQ) in the context of
Spinocerebellar ataxia type 7 (SCA7) that includes retinal degenera-
tion. Using the R7E mouse, in which polyQ-ataxin-7 is specifically
over-expressed in rod photoreceptors, we previously showed that rod
dysfunction correlated to moderate and prolonged activation of the
JNK/c-Jun stress pathway. SCA7 retinopathy was also associated with
reduced expression of rod-specific genes, including the transcription
factor Nrl, which is essential for rod differentiation and function. Here,
we report that R7E retinopathy is improved upon breeding with the
JunAA knock-in mice, in which JNK-mediated activation of c-Jun is
compromised. Expression of Nrl and its downstream targets, which are
involved in phototranduction, are partially restored in the JunAA-
R7E mice. We further show that c-Jun can directly repress the
transcription of Nrl. Our studies suggest that polyQ-induced cellular
stress leads to repression of genes necessary for neuronal fate and
function.
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Introduction

Nine autosomal dominant neurodegenerative disorders, char-
acterized by dysfunction and/or degeneration of distinct neurons,
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are caused by expansion of CAG trinucleotide repeats. This
expansion results in a longer polyQ-track, which in turn leads to
toxic gain-of-function and increased propensity of the expanded
protein to aggregate (Scherzinger et al., 1997; Ross and Poirier,
2004). Consequently, the hallmarks of polyQ disorders are nuclear
inclusions (NIs) containing aggregated mutant proteins in affected
neurons (Di Figlia et al., 1997; Paulson et al., 1997; Skinner et al.,
1997). Although toxicity of NIs per se can be debated, a number of
studies suggest deregulation of cellular components involved in
folding and/or degradation of proteins as a possible mechanism of
disease pathogenesis (Warrick et al., 1999; Bence et al., 2001;
Miller et al., 2005; Vacher et al., 2005; Waza et al., 2005). Protein
misfolding is expected to induce cellular stress response, including
the activation of the INK/ cJun/AP-1 signaling pathway (Sherman
and Goldberg, 2001; Nishitoh et al., 2002; Merienne et al., 2003;
Garcia et al., 2004). In addition, excitotoxicity, energy impairment,
defects in calcium homeostasis and oxidative stress, which are also
stress responses associated with activation of JNK/ AP-1 pathway,
are implicated in polyQ expansion diseases (Browne et al., 1997;
Lin et al., 2000; Wyttenbach et al., 2002; Li et al., 2003; Seong
et al., 2005).

Activator protein 1 (AP-1) is a key transcriptional regulator of
diverse cellular events, including those implicated in cell survival,
death, proliferation and differentiation (Shaulian and Karin, 2001).
Depending on the context, intensity, duration of the stimulus, stage
of differentiation and cell type, AP-1 can promote one path or
another. In mature neurons, activation of AP-1 causes death in
response to short and acute stress (Yang et al., 1997; Behrens et al.,
1999; Whitfield et al., 2001). PolyQ expansion induces moderate
but sustained activation of AP-1 in mouse models (Merienne et al.,
2003); however, the contribution of AP-1 to pathogenesis of polyQ
diseases has not yet been elucidated.

Spinocerebellar ataxia type 7 (SCA7) is unique among polyQ
diseases since the clinical phenotype also includes retinal degenera-
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tion and eventually blindness. The retina is relatively less complex
yet most approachable part of the central nervous system (Dowling,
1987). Photoreceptors account for over 70% of retinal cells in
humans and mice; of these, 95-97% are rods. Mutations in
phototransduction genes and their transcriptional regulators are
associated with photoreceptor degeneration, thus allowing direct
correlations between gene mutation and cell function (Molday,
1998; Rattner et al., 1999; Pacione et al., 2003). To decipher the
molecular basis of polyQ toxicity, we developed a SCA7 transgenic
mouse model-R7E—to specifically target rod photoreceptors using
the rhodopsin promoter (Yvert et al., 2000). This mouse model
reproduced the primary features of SCA7 pathology, including
progressive functional alteration, followed by rod degeneration.
Other SCA7 models with retinopathy include the transgenic mice
expressing polyQ-ataxin-7 using a prion protein promoter (La Spada
et al., 2001) and the SCA7 knock-in mice (Yoo et al., 2003).

Recent studies have revealed that ataxin-7 is an integral
component of the TFTC transcriptional complex (Helmlinger et al.,
2004c). Although the transcriptional function of ataxin-7 in SCA7
disease remains to be elucidated, molecular clues of retinal
pathology have been provided by the SCA7 mice. Accumulation
of polyQ-ataxin-7 in the retina of these mice results in decreased
expression of phototransduction genes [e.g., rhodopsin (Rho), rod
transducin (Gnatl) and phosphodiesterase p (Pdeb)] (Yoo et al.,
2003; Helmlinger et al., 2004b). The expression of rod-specific
transcriptional regulators, including cone-rod homeobox (Crx) and
neural retina leucine zipper (Nr/), is also reduced (La Spada et al.,
2001; Chen et al., 2004b; Abou-Sleymane et al., 2006). As
mutations in CRX and NRL lead to human retinal dystrophies
(Freund et al., 1997; Sohocki et al., 1998; Bessant et al., 1999;
Nishiguchi et al., 2004), SCA7 retinopathy may probably be a
consequence of the reduced expression of phototransduction genes.

Using R7E transgenic mice, we have earlier shown that
expression of polyQ-ataxin-7 in rods results in the activation of
INK/c-Jun/AP-1 stress signaling pathway (Merienne et al., 2003).
Here, we have investigated the underlying mechanism of SCA7
retinopathy and the role of c-Jun/AP-1 by using a genetic
approach. We show that the SCA7 retinopathy is modulated when
R7E mice are mated with c-Jun deficient knock-in mice (JunAA),
carrying a mutant Jun allele with alanine substitutions at serines
63 and 73, which can be phosphorylated by JNK (Behrens et al.,
1999). We also demonstrate that Nr/ and its target gene Pdeb,
which are severely reduced in the R7E mice, are partially restored
in the JunAA-R7E mice. Further biochemical studies suggest that
AP-1 exerts a direct transcriptional control on Nr/, which is a
bZIP transcription factor essential for rod photoreceptor differ-
entiation and function (Swaroop et al., 1992; Mears et al., 2001).
We propose that the cellular stress induced by polyQ expansion
and mediated by AP-1 contributes to neurodegeneration by
altering the expression of genes, which are required for neuronal
function.

Materials and methods
Animals

Heterozygous R7E transgenic mice maintained in a C57BL/6
background (Yvert et al., 2000) were crossed with homozygous or
heterozygous JunAA knock-in mice of mixed 129xC57BL/
6 x CBA background (kindly provided by E.F. Wagner). In JunAA
mice, serine 63 and 73 of c-Jun are mutated to alanines. For

genotyping, mouse tail DNA was screened by PCR as described
(Behrens et al., 1999; Yvert et al., 2000). The matings were
designed to generate litters for different groups to be compared (i.e.
we crossed Junaa/aa with Junaa/wt-R7E and Junaa/wt with Junaa/
wt-R7E animals). The experiments were approved by the ethical
committee C.R.E.M.E.A.S (Comite Regional d'Ethique en Matiere
d’Experimentation Animale de Strasbourg).

ERG

We conducted ERG testing as described (Helmlinger et al.,
2002). Briefly, dark-adapted mice were anesthetized. Pupils were
dilated, and the cornea was locally anesthetized. Scotopic rod
ERGs were recorded in a Ganzfeld bowl, with light stimuli
increasing from —4 to 1.4 log cd s m-2. Similarly, photopic cone
ERGs were elicited with increasing light stimuli from —2 to 1.4 log
cd s m-2, on a rod suppressing background after 6 min light
adaptation. The duration of the light stimulus was constant.
Responses were digitized using a data acquisition labmaster board.
Responses were computer averaged at all intensities.

Immunohistofluorescence

Enucleated eyes were dissected to remove lens and cornea and
fixed in fresh 4% paraformaldehyde for 2 h at 4°C. Fixed retinas
were placed for 1 h in 30% sucrose, 1x PBS and frozen in OCT
compound. Cryostat sections (10 um) were permeabilized for
5 min with 0.1% Triton X-100, 1x PBS, blocked for 15 min with
0.5% bovine serum albumin, 0.1% Tween-20, 1% PBS. Primary
antibodies used were rabbit polyclonal affinity-purified anti-ataxin-
7 1261 at 1:100 (Yvert et al., 2000) and mouse monoclonal anti-
rhodopsin 1D4 at 1:1000 (gift of D. Hicks). Primary and secondary
antibodies (diluted to 1:200; anti-mouse CY3 and anti-rabbit
Oregon green conjugated; Jackson ImmunoResearch Laboratories)
were diluted in the blocking solution for 2 h at room temperature.
Nuclei were counterstained with 0.5 pg/ml DAPI for 5 min.
Quantification of segment thickness was performed by using
Metamorph software (Universal Imaging). Briefly, retinal sections
were cut from 4 WT, 4 JunAA, 3 CT-R7E and 3 JunAA-R7E mice.
Sections cut at the same level within the retina were compared as
follows: for each section, 3 measurements of segment thickness
(always at the same level between the different sections) were
performed and averaged.

Real-time RT-PCR analysis

Reverse transcription was performed on 1 pg of total retinal
RNA wusing SuperScriptll (Invitrogen) and random hexamers
according to the manufacturer instructions. We performed PCR
amplifications of ¢cDNA on a Light-Cycler instrument. PCR
primers for detection of Nr/, Crx, Rho, Gnatl, Pdeb, RhoK,
Cyclophilin, 36B4 and recombinant SCA7 mRNA are available
upon request.

Western blotting analysis

Retinas were dissected and homogenized in lysis buffer
containing 50 mM Tris-HCI1 pH 8.0, 10% glycerol, 5 mM EDTA,
150 mM KCI, 1 mM Pefabloc, a cocktail of protease inhibitors,
1 mM sodium fluorure, 1 mM sodium orthovanadate and 1% NP-
40. They were incubated for 15 min on ice and centrifuged for
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20 min at 13000 rpm and 4°C. Supernatants were collected and
analysed on SDS-PAGE gels. To recover insoluble fractions,
pellets were solubilized with formic acid, lyophilised, resuspended
in SDS buffer (final concentration of 2% SDS, 5% p-mercap-
toethanol, 15% glycerol) and analysed on SDS-PAGE, as described
(Lunkes et al., 2002). Primary antibodies, rabbit polyclonal anti-
Nrl (Swain et al., 2001), rabbit polyclonal anti-cJun sc45 (Santa
Cruz Biotechnology), rabbit polyclonal anti-phospho-ser63-c-Jun
antibody (Cell Signalling), rabbit polyclonal anti-phospho-JNK
antibody (Cell Signalling), mouse monoclonal anti-polyQ 1C2
(Trottier et al., 1995), mouse monoclonal anti-ataxin-7 1C1 (Yvert
et al., 2000), mouse monoclonal anti-rhodopsin 4D2 (gift from D.
Hicks) and mouse monoclonal anti-B-tubulin (Chemicon), were
used at 1:1000 dilutions and revealed with appropriate anti-mouse
or anti-rabbit peroxidase-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories) and the ECL chemiluminescent
reaction (Pierce).

Plasmid constructs

Site-directed mutagenesis was performed to create the JunAA
mutant in pcDNA3.1, and the coding region of the JunAA construct
was sequenced to establish that no additional changes had been
introduced. The primers used for the mutagenesis were S63Afor 5’
cteggacctectcaccgegeccgacgtggggctge-3’, S63Arev 5'-gcagecccacg-
tcgggcgeggtgaggaggtecgag-3’, S73Afor 5'-ggcetgetcaagetggeg-
gegecegagetggagegee-3’, and S73Arev 5'-ggegctecagetegggegecge-
cagcttgagcagee-3'. Gene fragments of 2.4 kb (N1) from the 5 flanking
region of the mouse Nrl promoter were amplified and cloned into
pGL3-basic vector (Madison, WI) in-frame with the luciferase reporter
gene. Site-directed mutants of the mouse Nrl promoter, pGL3-NI-
mAPI1A (removes TGATCTCA at position —50 to —43) and pGL3-NI-
mAPI1B (removes TCATCTTATTGGA at position —83 to —71) were
generated from pGL3NI using the QuickChange site-directed muta-
genesis kit (Stratagene) and were sequence-verified. Primers used to
generate the mutant Nrl promoter constructs are: mAP1AFor 5'-gctcg-
aggaccacagagggaaccagtccttta-3’, mAP1ARev 5'-taaaggactggttcccte-
tgtggtcctcgage-3’, mAP1BFor 5’-aR7Ecaaataagcccttgaggctcgaggac-
3/, and mAP1BRev 5’-gtcctegagectcaagggcttatttgeat-3'.

Luciferase assays

The reporter activity assays were performed by the published
method (Bessant et al., 1999) with minor alterations. Briefly,
human embryonic kidney 293 (HEK-293) cells (from American
Type Culture Collection, CRL-1573) were seeded at 4x 10* cells
per well in 24-well plates and 0.33 pg of Jun or JunAA were
transfected with pGL3-NI-mAP1B. Empty pcDNA4 vector and
cytomegalovirus-beta-galactosidase vector were included to con-
trol for the amount of transfected DNA and transfection efficiency,
respectively. Transfections were performed using FuGENE 6
(Roche Diagnostics). Cells were harvested after 48 hours.
Luciferase assays (Luciferase Assay System, Promega) were
repeated in triplicate three times and calculated as a fold change
from the baseline (empty pcDNA4 expression vector).

Footprinting
Bovine retinal nuclear extract (RNE) was prepared as described

(Lahiri and Ge, 2000), except that 400 mM KCI was used instead
of NaCl. Solid phase DNase I footprinting (Sandaltzopoulos and

Becker, 1994) was performed using 100 mg RNE. Nrl-I-EGFP
plasmid was used as template for region I. A sequencing reaction
was loaded on the gel next to the footprinting reactions to identify
the exact location of footprints. Results were analyzed by
Transcription Element Search System (http://www.cbil.upenn.
edu/tess/) and Alibaba2 (http://www.alibaba2.com/).

Results
C-Jun phosphorylation modulates rod photoreceptor activity

The R7E mice over-express full-length ataxin-7 with 90 Q in
rods and exhibit a progressive retinopathy, which is characterized
by an early functional and morphological alteration of rod cells
(Yvert et al., 2000). To investigate the role of JNK/c-Jun stress
signaling pathway, the R7E mice were bred to JunAA knock-in
mice, in which JNK-mediated activation of c-Jun is compromised,
through Alanine replacement of Serine 63 and 73. In contrast to the
Jun knock-out mice, which are embryonic lethal, JunAA mice are
healthy, fertile and resistant to excitotoxic stress (Behrens et al.,
1999). As predicted, JNK-mediated phosphorylation of c-Jun is
abolished in JunAA-R7E transgenic mice (JunAA-R7E) (Fig. 1a).
To evaluate the functional effect of c-Jun phosphorylation on
SCAT retinopathy, we recorded the rod electroretinograms (ERGs)
for R7E, Junaa/wt-R7E, Junaa/aa-R7E, wild-type, Junaa/wt and
Junaa/aa mice, at 3 months of age when rod dysfunction is
prominent (Fig. 1b). R7E and Junaa/wt-R7E mice exhibited
similarly altered rod activity, but the rod response of Junaa/aa-R7E
(JunAA-R7E) mice was improved. The rod function of Junaa/aa
mice (JunAA) was also increased, when compared to that of wild-
type and Junaa/wt animals. We therefore pooled the R7E and
Junaa/wt-R7E animals, whose rod activities were not statistically
different, and referred to them as CT-R7E. Similarly, the control
animals (called CT) included both wild-type and Junaa/wt mice,
which also show no difference at the histological level (not shown).
At 3 months, a-wave amplitude of CT-R7E mice was reduced by
65% when compared to CT animals while it was lower by 40% in
JunAA-R7E mice, and the rod response of JunAA mice was
increased by 17% when compared to CT mice (Fig. 1¢). Thus, the
function of rod photoreceptors seems to have improved when
amino-terminal phosphorylation of c-Jun is abolished.

The JunAA mutation slows down segment flattening by
polyQ-ataxin-7

Histologically, in agreement with a previous report (Grimm et al.,
2001), retinas of JunAA mice were indistinguishable from CT
retinas (Fig. 2, and data not shown). The number and composition
(cone/rod ratio) of photoreceptors was comparable in two groups, as
revealed with lectin PNA, which specifically labels cone-associated
matrix (Fig. 2a). However, a few differences were apparent between
JunAA-R7E and CT-R7E retinas at 3 months. Rod dysfunction in
R7E mice is characterized by progressive disorganization of
photoreceptors, including the outer nuclear layer (ONL), which
acquires a “wavy” shape, and segments whose thickness is
dramatically reduced (Yvert et al., 2000; Helmlinger et al., 2002).
NIs, which contain aggregated and cleaved polyQ-ataxin-7,
progressively appear throughout the ONL (Yvert et al., 2000).
Immunofluorescence studies revealed that, although the “wavy”
shape and NIs of the ONL remained prominent, the thickness of the
segments as stained with an anti-rhodopsin antibody appeared less
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reduced in JunAA-R7E than in CT-R7E mice at 3 months (Fig. 2b).
This suggested that at 3 months, the JunA A mutation slows down the
pathological process. At early stages of R7E pathology (i.e., up to 6
months of age), histological analyses revealed no significant
reduction of the ONL, and no obvious signs of cell death were
evident ((Helmlinger et al., 2004b) and data not shown), indicating
that c-Jun phosphorylation modulates rod photoreceptor activity
rather than survival.

Expression levels of Nrl and its target genes are enhanced when
c-Jun phosphorylation is compromised

Rod photoreceptor activity is controlled by specific transcrip-
tion factors, including Nrl and Crx (Rehemtulla et al., 1996; Chen
et al., 1997; Furukawa et al., 1999; Mears et al., 2001). We asked
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whether the expression of these transcription factors is enhanced in
the absence of c-Jun phosphorylation. Quantitative real-time PCR
using retinal RNA from JunAA and CT mice showed that Nr/
expression was increased by 2-fold in JunAA mice (Fig. 3a).
Western-blotting experiments using retinal extracts validated Nr/
upregulation at the protein level (Fig. 3c). In contrast, the
expression of Crx was unaltered (Fig. 3a). Nrl is essential for the
optimal expression of various rod phototransduction genes,
including Rho, Gnatl and Pdeb (Mears et al., 2001; Yoshida et
al., 2004); expression of these genes was augmented in JunAA
mice (Fig. 3a). Consistently, Rho protein was also increased in
JunAA mice (Fig. 3d). In contrast, the expression of rhodopsin
kinase, which does not appear to be regulated by Nrl, did not reveal
any change. We confirmed that Nr/ expression was strongly
downregulated in transgenic retinas, reaching 20% of the control
expression (Fig. 3b, and (Abou-Sleymane et al., 2006)). Crx
expression was also reduced though to a lesser extent (Fig. 3b). As
a consequence, the expression of Rho, Gnatl and Pdeb were
dramatically impaired (Fig. 3b). In R7E animals, the JunAA
mutation led to a significant increase of Nrl, both at the level of
mRNA and protein, while it did not modify Crx mRNA expression
(Figs. 3b and c). Expression of Pdeb was significantly increased in
JunAA-R7E mice, and that of Rho and Gnatl showed a tendency
to increase (Figs. 3b and d).

Results from knock-out studies have shown that N/ and Crx
are both required for Rho and Gnatl expression (Furukawa et al.,
1999; Mears et al., 2001). Indeed, in the absence of one or the
other, expressions of Rho and Gnatl are negligible. Notably, Nrl is
required for Pdeb expression, while Crx is not (Furukawa et al.,
1999; Lerner et al., 2001; Mears et al., 2001). Since in JunAA-R7E
mice Crx expression is as impaired as in CT-R7E mice, we
hypothesized that Nr/ primarily promotes Pdeb expression in our
context. Our results thus showed that amino-terminal phosphoryla-
tion of c-Jun repressed expression of N7/ transcripts. By preventing
c-Jun phosphorylation of R7E mice, the expression of Nr/ and its
downstream effector Pdeb could be partially restored, thereby
providing a molecular mechanism for functional improvement of
rod photoreceptor function in JunAA-R7E mice.

Fig. 1. c-Jun phosphorylation modulates rod photoreceptor activity. (a) INK-
mediated phosphorylation of c-Jun is abolished in SCA7 transgenic mice
expressing mutated c-Jun. Western-blotting analysis of whole cell protein
extracts from 3 month old retinas of JunAA transgenic (JunAA-R7E), R7E
and control (CT) animals, using anti-phospho-cJun and anti-phospho-JNK
antibodies. Antibody against 3-tubulin was used as a loading control. (b)
The JunAA mutation induces an increase in rod photoreceptor activity.
Intensity-response curves of the dark-adapted ERG a-wave at 3 months of
age for three R7E mice, 5 R7E mice heterozygous for the JunAA mutation
(Junaa/wt-R7E), 6 R7E mice homozygous for the JunAA mutation (Junaa/
aa-R7E), three wild-type mice (WT), 10 mice heterozygous for the JunAA
mutation (Junaa/wt) and 8 mice homozygous for the JunAA mutation
(Junaa/aa). (c) Comparison of the rod response between JunAA-R7E (Junaa/
aa-R7E) and CT-R7E (Junaa/wt-R7E and R7E were pooled to constitute the
CT-R7E group), and between JunAA (Junaa/aa) and CT (Junaa/wt and WT
were pooled) at 3 months of age. Junaa/wt-R7E and R7E, as well as Junaa/wt
and WT animals were not statistically different. Each bar represents the
amplitude value calculated by averaging the last 4 dark-adapted ERG
amplitudes measured at maximum light intensities and represented on panel
b (JunAA-R7E: 96.99 pv +/-3.84 pv, n=6; CT-R7E: 63.59 nuv+/-7.32,
n=8; JunAA: 201.00 puv+/-16.15, n=8; CT: 169.75 pv+/-8.22, n=13).
Statistical analyses were performed using Kruskal-Wallis test followed by
Wilcoxon test for post-hoc comparisons; *, p<0.05.
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Fig. 2. The JunA A mutation slows thinning of photoreceptor segments in R7E animals. Immunofluorescence microscopy of retinal cryosections of JunAA-R7E,
CT-R7E, JunAA and CT mice. (a) Sections were stained with the lectin PNA. (b) sections were double stained with anti-rhodopsin antibody (red) and anti-ataxin-
7 antibody (green). Nuclei are revealed with DAPIL. S, segments; ONL, outer nuclear layer; INL, inner nuclear layer. Thickness of the segments had a tendency to
be less reduced in JunAA-R7E than in CT-R7E mice (p=0.08), and no obvious difference was observed between JunAA and CT mice (JunAA-R7E: 21.45 pm+/
—4.50, n=3; CT-R7E: 14.97 um+/-3.66, n=3; CT: 30.63 um+/-2.12, n=4; JunAA: 32.85 um+/=5.51, n=4). Statistical analyses were performed using
Kruskal-Wallis test followed by Wilcoxon test for post-hoc comparisons.
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PolyQ-ataxin-7 transgene expression is upregulated in
JunAA-R7E mice

To evaluate whether the partial rescue observed in JunAA-R7E
mice may be the consequence of decreased transgene expression, we
compared polyQ-ataxin-7 expression levels of JunAA-R7E and CT-
R7E mice. Quantitative real-time PCR showed that transgene
expression was significantly upregulated in JunAA-R7E mice (Fig.
4a). Expression of polyQ-ataxin-7 is under the control of the
rhodopsin promoter in SCA7 transgenic mice. The JunAA mutation
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had a minor effect on Rho expression (Fig. 3b), suggesting that
activities of endogenous and transgene rhodopsin promoters are
modulated by their respective chromatin environments. In R7E
mice, NIs formation is associated with progressive cleavage of
polyQ-ataxin-7 protein (Yvert et al., 2000; Helmlinger et al., 2004a).
By fractionation and western-blotting experiments, a cleaved
product of about 37 kDa was revealed with both the 1C1, an anti-
ataxin-7 antibody raised against the N-terminus part of ataxin-7, and
the 1C2 antibody, which preferentially reveals extended polyQ
(Supplementary Fig. a). Over time, polyQ-ataxin-7 is primarily
composed of this cleaved, aggregated and insoluble fragment
((Yvert et al., 2000) and data not shown). Western-blotting analyses
of insoluble protein fractions confirmed that increased amounts of
polyQ-ataxin-7 accumulated in 3-month old JunAA-R7E mice,
compared to CT-R7E animals (Fig. 4b). This may finally lead to
enhanced toxicity in JunAA-R7E animals. Indeed, at 4.5 months, the
expression of Nr/ and Pdeb was similar in JunAA-R7E and CT-R7E
mice (Fig. 4c) and the rod activity was comparable in JunAA-R7E
and CT-R7E mice, although at that age it was increased in JunAA
mice when compared to the control animals (Fig. 4d). At4.5 months,
the expression of the transgene was also similar between JunAA-
R7E and CT-R7E animals, although polyQ-ataxin-7 protein
remained more abundant in JunAA-R7E mice (Supplementary Figs.
b and c), indicating that degradation of mutant protein is a slow
process. Our data provided evidence that increased accumulation of
polyQ-ataxin-7 in JunAA-R7E mice induces a secondary level of
toxicity, which eventually prevents the benefit of the JunAA
mutation. This secondary effect should be however considered as a
model artifact, probably caused by an Nrl-dependent promoter.

C-Jun can directly regulate Nrl expression

We then asked whether c-Jun/AP-1 could directly regulate Nr/
expression. To address this, footprinting experiments were

Fig. 3. c-Jun phosphorylation contributes to the regulation of Nrl expression.
(a) Real-time RT-PCR analysis of total RNA extracted from adult (4.5
months) JunAA and CT retinas, using primers specific for Nrl, Crx, Rho,
Gnatl, Pdeb and RhoK. Primers amplifying 36B4 or cyclophilin were used
as internal controls. JunAA mRNA levels are quantified as a percentage of
CT mRNA, after normalization to internal control level. Each bar represents
the mean valuet/—SEM (JunAA: n=3; CT: n=5). Nrl, Rho, Gnatl and Pdeb
expressions were significantly increased in JunAA mice. Stastistical analysis
was performed using a Student’s #-test. *, p<0.05. Similar results were
obtained at 3 months (not shown). (b) Real-time RT-PCR analysis of total
RNA extracted from 3 month JunAA-R7E and CT-R7E retinas. JunAA-R7E
and CT-R7E mRNA levels were expressed as a percentage of CT mRNA,
after normalization to internal control level (JunAA-R7E: n=7; CT-R7E:
n=>5, CT: n=2). Nrl and Pdeb expressions were significantly increased in
JunAA-R7E mice, compared to CT-R7E. **, p<0.01, Student’s #-test.
(c and d) Western-blotting analysis of whole cell protein extracts from 3
month JunAA-R7E, CT-R7E, JunAA and CT retinas, using anti-Nrl
antibody (c) and anti-rhodopsin antibody (d). Anti-B-tubulin antibody was
used as control. The anti-Nrl antibody detected multiple bands, the upper
bands corresponding to phosphorylated forms of Nrl. Fold-change of Nrl
and Rho levels were calculated from 3 to 6 retinas for each mouse genotype.
Nrl and Rho are increased in JunAA, when compared to CT mice (p<0.001
and p<0.05, respectively). Nrl is also increased in JunAA-R7E, when
compared to CT-R7E mice (p<0.05), while Rho is not statistically different
between JunAA-R7E and CT-R7E mice (p=0.16). Statistical analyses were
performed using Kruskal-Wallis test followed by Wilcoxon test for post-hoc
comparisons.
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performed using the proximal promoter region of Nr/ (Fig. 5a). We
show that this region upstream of the Nrl transcription start site
contains one AP-1/CRE site (TGATCTCA) proximal to the TATA-
box of the gene (Farjo etal., 1997) and a second that overlaps a Ret1/
PCEI element (Fig. 5b). To investigate the role of these putative AP-
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1 elements in c-Jun-mediated inhibition of Nrl, we measured the
luciferase activity in HEK-293 cells transfected with constructs
containing the entire promoter of Nrl (Fig. 5c, and data not shown).
Co-transfection with c-Jun modestly but reproducibly decreased the
expression of the reporter luciferase gene. A similar result was
obtained when the first AP-1-like/CRE element was removed from
the promoter (data not shown). On the other hand, transcriptional
activity experiments with reporter constructs carrying a deletion in
the Retl/PCEI/API region indicated that c-Jun repression may be
mediated through this site (Fig. 5¢).

Amino-terminal phosphorylation of c-Jun stimulates transacti-
vation but not DNA binding (Karin, 1995). In SCA7 transgenic
mice, the increase of amino-terminal phosphorylation of c-Jun
correlated with increased expression of c-Jun, both at the protein
and the mRNA level (Fig. 5d and data not shown), likely because
c-Jun is autoregulated (Angel et al., 1988). Conversely, the JunAA
mutation resulted in decreased expression of c-Jun (Fig. 5d). We
suggest that activation of c-Jun by polyQ-ataxin-7 induces c-Jun
expression, which in turn promotes the binding of c-Jun to the Nrl
promoter thereby repressing the expression of Nrl. In agreement
with this hypothesis, the luciferase activity generated from the Nr/
promoter is equally altered by overexpression of c-Jun or by the
unphosphorylatable version of c-Jun (cJunAA) (Fig. 5¢). The AP-1
site identified here overlaps with a Ret1/PCEI site, which is present
in several retinal genes (Farjo et al., 1997; Mathers et al., 1997),
indicating that binding of c-Jun/AP-1 to Nr/ promoter may
compete with the binding of the protein bound to this site, thus
preventing maximal transcription.

Discussion

Deciphering pathophysiological mechanisms implicated in
polyQ expansion disorders is an important step towards better
design of therapeutics. To address the in vivo relevance of JINK/c-
Jun stress pathway in polyQ toxicity, we investigated the genetic
interaction between c-Jun phosphorylation and polyQ-ataxin-7 in
the mouse retina. We used a transgenic mouse model of SCA7 that
restricts polyQ-ataxin-7 expression to rod photoreceptors. This
model recapitulates rod dystrophy observed in SCA7 patients.

Fig. 4. PolyQ-ataxin-7 expression, which is regulated by an Nrl-dependent
promoter, is upregulated in JunAA-R7E mice. (a) Real-time RT-PCR analysis
of total RNA extracted from 3 month JunAA-R7E and CT-R7E animals,
using primers specific for recombinant SCA7 and 36B4, as an internal
control. JunAA-R7E SCA7 mRNA level was quantified as a percentage of
CT-R7E mRNA level. PolyQ-ataxin-7 expression was two-fold increased in
JunAA-R7E mice (JunAA-R7E: n=7; CT-R7E: n=5; *, p<0.01, Student’s
t-test). (b) Western-blotting analysis of insoluble fractions prepared from 3
month CT, JunAA-R7E and CT-R7E retinas, using the 1C2 antibody which
detects polyQ. PolyQ-ataxin-7 accumulated as a cleaved insoluble fragment.
Accumulation of polyQ-ataxin-7 was more prominent in JunAA-R7E than in
CT-R7E animals. (c) Real-time RT-PCR analysis of total RNA extracted from
4.5 month JunAA-R7E and CT-R7E animals, using primers specific for Nrl,
Crx, Rho, Pdeb and 36B4, as an internal control. JunAA-R7E and CT-R7E
mRNA levels were expressed as a percentage of CT level (JunAA-R7E:
n=4; CT-R7E: n=5; CT: n=2). Expressions of Nrl, Crx, Rho and Pdeb
were not different in JunAA-R7E and CT-R7E animals. (d) Analysis of the
rod response of JunAA, CT, JunAA-R7E and CT-R7E animals at 4.5 months
(JunAA: 175.42 pv+/—11.11, n=6; CT: 144.52 pv+/=8,93, n=11, including
7 Junaa/wt and 4 WT, JunAA-R7E: 62.05 pv+/=3.11, n=7; CT-R7E:
62.91 pv +/—8.83, n=10, including 7 Junaa/wt-R7E and 3 R7E; *, p<0,05,
Kruskal-Wallis followed by Wilcoxon test).
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Fig. 5. DNase footprinting and reporter assays of the Nrl promoter. (a) DNase I footprinting of the proximal mouse Nrl promoter using bovine retinal nuclear
extract. Footprints are marked by lines and numbered I-1 through I-7. (—), no RNE; (+) with RNE. The footprints corresponding to the EboxAP1/CRE site and
the Retl/PCEI AP-1 site are I-5 and I-6 respectively. (b) DNA sequences of the proximal mouse Nrl promoter. Boxed regions indicate DNase footprints and
brackets show presumed binding sites for transcription factors. The location of the putative AP1 sites TGATCTCA and TCATCTTATTGGA are denoted by the
letters ‘A’ and ‘B’, respectively. (c) Luciferase experiments testing the effect of Jun or JunAA on wildtype (Nrl-1) and mutant (Nrl-l-mAP1B) promoter. Nrl-I-
mAP1B lacks the putative AP1 site TCATCTTATTGGA. Addition of Jun (Jun Nrl-1) or JunAA (JunAA Nrl-1) slightly decreased luciferase activity of the Nrl
promoter. Mutation of the putative AP site eliminated the repressive effect of Jun (Jun Nrl-l mutB) and JunAA (JunAA Nrl-l mutB). Activities that are
statistically different from controls (Student’s #-test, p<0.001) are marked with an asterisk. (d) Western-blotting analysis of whole cell protein extracts from 3
month JunAA-R7E, CT-R7E and CT retinas, using anti-c-Jun antibody. The anti-B-tubulin antibody was used as loading control. C-Jun protein is increased in
SCA7 transgenics, compared to wild-type mice, and the JunA A mutation results in decreased levels of c-Jun protein in retinas of SCA7 animals. Fold-change of

c-Jun levels were calculated from 2 to 3 retinas for each mouse genotype.

Interestingly, the Huntington's disease (HD) transgenic R6/2 mouse
model, in which expression of a polyQ fragment of the HD protein —
huntingtin— is under the control of its own promoter, also displays a
retinopathy comparable to that observed in retinal SCA7 mice, at
physiological, morphological and molecular levels (Helmlinger
et al., 2002; Abou-Sleymane et al., 2006). Although the retina is
not affected in HD patients, these observations support the
hypothesis that the retina represents a valuable paradigm to decipher
molecular mechanism(s) implicated in polyQ-induced toxicity. Here
we show that improvement of rod function in JunAA-R7E mice
correlates with upregulation of Nr/ and its target gene Pdeb, which is
a critical regulator of phototransduction, We further show that c-Jun
can directly repress Nr/, thus providing a mechanistic clue to the
beneficial effect of c-Jun phosphorylation inhibition on SCA7
retinopathy.

Over time, the expression of Rho and the transgene, which is
under the control of the Rho promoter (a target of Nrl), are both
downregulated in R7E mice (Helmlinger et al., 2004b and
Supplementary Fig. d). Conversely, expressions of Nri, Pdeb and
the transgene are increased in 3-month old JunAA-R7E retinas.
Increasing concentration and incubation duration of polyQ proteins

or peptides result in more cellular toxicity (Yang et al., 2002). Thus,
we suggest that the mechanism contributing to the correction of the
molecular defects—increased expression of Nr/-also promotes
toxicity, through increasing the expression of polyQ-ataxin-7. Our
data (Fig. 4 and Supplementary Fig.) suggest that the beneficial
effect of the JunAA mutation on Nr/ expression might finally be
prevented by the deleterious effect resulting from increased polyQ-
ataxin-7 protein. The balance between the two opposing effects
might actually determine the outcome. PolyQ-ataxin-7 protein
remains more abundant in JunAA-R7E than in CT-R7E mice at 4.5
months, as shown in the Supplementary Figure. We propose that the
slow turnover of the highly prone to aggregation polyQ-ataxin-7
protein is responsible for the increased accumulation of polyQ-
ataxin-7 protein in the 4.5-month old JunAA-R7E mice, which
might finally favor the artifact toxic effect of the JunAA mutation.

Modelling of SCA7 disease in the mouse using either
transgenic or knock-in approaches leads to impairment of various
rod phototransduction genes, including Rho, Gnatl and Pdeb (Yoo
et al., 2003; Helmlinger et al., 2004b; Abou-Sleymane et al., 2006).
Expressions of Nrl and Crx, which are primary transcriptional
regulators of phototransduction genes, are decreased by 5- and 2.5-
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fold, respectively, in R7E mice (Fig. 3b, and (Abou-Sleymane et
al., 2006)). Interestingly, Nrl and Crx are known to co-regulate Rho
and Gnatl (Chen et al., 1997), suggesting that downregulation of
Nrl or Crx may compromise the expression of both Rho and Gnatl,
which are reduced by 10-fold in R7E mice (Fig. 3b). In contrast,
we find that the expression of Pdeb is decreased by 4-fold.
Previous studies have shown that Nrl but not Crx is required for
Pdeb expression (Furukawa et al., 1999; Mears et al., 2001),
indicating that downregulation of Pdeb directly correlates to the
downregulation of Nrl. Consistent with this hypothesis, a 2-fold
upregulation of Nrl in the JunAA mouse background correlates
with a 2-fold upregulation of Pdeb, whereas expressions of Rho
and Gnatl are less enhanced. As Pdeb is a critical rate-limiting
enzyme in phototransduction, we propose that upregulation of Nr/
causes upregulation of Pdeb, which contributes to amelioration of
rod function in 3-month old JunAA-R7E mice.

In humans, loss of function mutations in the NRL gene leads to
severe rod photoreceptor dystrophy, while blue cone function is
preserved (Nishiguchi et al., 2004). The NI/~ mice present a similar
phenotype, characterized by complete loss of rod function and
super-normal cone function (Mears et al., 2001). Rod photoreceptor
function is also impaired in SCA7 patients and in mouse models.
However, SCA7 patients suffer from a cone-rod dystrophy. SCA7
knock-in mice and transgenic mice expressing polyQ-ataxin-7
controlled by prion promoter recapitulate degeneration of both cone
and rod photoreceptors (La Spada et al., 2001; Yoo et al., 2003). In
addition, cone function of R7E transgenic mice is impaired,
although to a lesser extent than rod function, as revealed by ERGs
(data not shown). Lastly, expression of a number of cone genes,
including blue and green cone opsins is decreased in R7E mice
(Abou-Sleymane et al., 2006). Crx, which is reduced in R7E mice,
acts as a critical regulator of both cone and rod photoreceptor genes.
Its transcriptional activity was decreased in another SCA7
transgenic mouse model (Chen et al., 2004b), although it was not
impaired in the SCA7 knock-in mice (Yoo et al., 2003). Thus, altered
Crx expression may contribute to functional changes in both rod and
cone photoreceptors in SCA7 disease. DNA microarray analyses
revealed that Nr2e3, ErrB and Mef2C were also deregulated in R7E
mice (Abou-Sleymane et al., 2006), indicating that a network of
transcriptional regulators involved in photoreceptor function and
fate are likely impaired in SCA7 retinopathy.

JNK/c-Jun pathway is activated in response to various stresses and
controls both cell life and death programs (Shaulian and Karin, 2001).
Mice deficient for JNK3, the brain specific isoform of JNK, are
normal but resistant to neuronal death caused by excitotoxic stress
(Yang et al., 1997). Indeed, kainate-treated hippocampal neurons of
Jnk3—/— mice are protected against cell death. Interestingly, JunAA
mice display a similar phenotype (Behrens et al., 1999), indicating
that JNK/c-Jun-mediated neuronal degeneration requires transcrip-
tional-dependent processes. We show here that the R7E phenotype is
modulated by the JunAA mutation, suggesting that polyQ-ataxin-7-
induced activation of JNK/c-Jun pathway is a component of the
pathological process. At 3 months, the R7E phenotype is improved by
mutations in c-Jun phosphorylation sites. Interestingly, at that age,
photoreceptor dysfuntion is prominent but death is not evidenced
(Helmlinger et al., 2004b). Thus, our data implicate that polyQ-ataxin-
7-induced activation of AP-1 promotes photoreceptor dysfunction
rather than death. We had shown that the JNK/c-Jun pathway was
persistently but moderately activated in R7E retinas (Merienne et al.,
2003). The transcriptional effects induced by moderate activation of c-
Jun might differ from those obtained by kainate, which induces robust

activation of c-Jun and leads to rapid neuronal death. Alternatively,
the function of c-Jun/AP-1 might be different between hippocampal
neurons and retinal photoreceptors.

We show here that c-Jun can directly inhibit expression of Nr/,
which is required for rod function. Interestingly, repression of AP-1
dependent target genes has been proposed to account for light-
induced apoptosis of photoreceptors (Grimm et al., 2001; Wenzel et
al., 2002). Indeed, despite its lack of transactivation domains, Fra-1
can substitute for c-Fos in light-induced photoreceptor apoptosis,
suggesting that AP-1, which usually activates genes, acts as a
suppressor of anti-apoptotic or survival photoreceptor genes
(Wenzel et al., 2002). AP-1 has further been shown to negatively
regulate specific genes. For instance, binding of c-Jun to the AP-1
element within the mdr-1 promoter results in repression of mdr-1, a
gene activated in certain multi-drug resistance (MDR) tumor cells
(Miao and Ding, 2003; Chen et al., 2004a). In MDR cells, treatment
with salvicine induces activation of JNK and c-Jun, enhancement of
c-jun expression and its DNA binding activity, and finally repression
of mdr-1. The series of events we describe in R7E mice, leading to c-
Jun-mediated Nrl repression, appear to be very similar. Furthermore,
c-Jun/AP-1 has been shown to repress expression of tissue-specific
genes, including osteocalcin, a bone-specific marker and the
pituitary-specific transcription factor (Pit-1/GHF-1) (Owen et al.,
1990; Delhase et al., 1996). Interestingly, in both cases, the
repression mechanism involves a mutually exclusive occupancy of
AP-1 and tissue-specific transcription factors. Similarly, we show
that c-Jun/AP-1 inhibits expression of the rod-specific gene Nr/
through an AP-1 site overlapping a tissue-specific Retl-PCEI
element (Mathers et al., 1997).

DNA microarray analyses performed on R7E retinas have
suggested that polyQ-ataxin-7 induces a global cellular response
resulting in dysfunction through alteration of photoreceptor
differentiation program (Abou-Sleymane et al., 2006). Interestingly,
Stat3 transcription factor, which inhibits photoreceptor differentia-
tion through downregulation of Crx expression (Ozawa et al., 2004;
Zhang et al., 2005), was overexpressed and hyperphosphorylated in
R7E mice. Like c-Jun, Stat3 is a sensor of cellular stress, suggesting
that stress-induced activation of c-Jun and Stat3 by polyQ-ataxin-7
might converge to alteration of photoreceptor fate and function, via
downregulation of primarily N7/ and probably Crx.
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