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Spinocerebellar ataxia type 7 (SCA7) is a neurodegenerative disease caused by expansion of a CAG repeat
encoding a polyglutamine tract in ATXN7, a component of the SAGA histone acetyltransferase (HAT) com-
plex. Previous studies provided conflicting evidence regarding the effects of polyQ—ATXN7 on the activity
of Genb, the HAT catalytic subunit of SAGA. Here, we report that reducing Gen5 expression accelerates
both cerebellar and retinal degeneration in a mouse model of SCA7. Deletion of Gen5 in Purkinje cells in
mice expressing wild-type (wt) Atxn7, however, causes only mild ataxia and does not lead to the early lethal-
ity observed in SCA7 mice. Reduced Gcnb expression strongly enhances retinopathy in SCA7 mice, but does
not affect the known transcriptional targets of Atxn7, as expression of these genes is not further altered by
Gcen5 depletion. These findings demonstrate that loss of Gen5 functions can contribute to the time of onset
and severity of SCA7 phenotypes, and suggest that non-transcriptional functions of SAGA may play a role in
neurodegeneration in this disease.

INTRODUCTION

Spinocerebellar ataxia type 7 (SCA7) is one of 29 inherited SCAs,
and features not only progressive spinocerebellar degeneration,
but also a unique manifestation of retinal degeneration. Neurode-
generation in SCA7 patients leads to abnormal gait, uncoordinated
movements, dysarthia, dysphagia and visual loss, usually followed
by early lethality. SCA7 is dominantly inherited and is caused by
expansion of a CAG repeat in the ATAXIN7 gene that is translated
into a poly-glutamine (polyQ) tract in ATAXIN7 (ATXN?7).
SCA7 pathogenic expansion mutations range from 37 to more
than 200 repeats (1—4). The length of the expanded CAG
repeats correlates inversely with the onset of symptoms and direct-
ly with disease progression (2,5).

Genetic and biochemical studies have provided conflicting
views as to the underlying causes of neurotoxicity associated

with polyQ expansions in ATXN7 or other affected genes in
spinocerebellar ataxias. Insertion of polyQ tracts into heterol-
ogous proteins or expression of a polyQ peptide alone in mice
leads to neurological phenotypes and aggregation of the polyQ
protein or peptide (6,7). These studies suggest that the
expanded polyQ tract itself is toxic. However, more recent
studies indicate that the native functions of the disease pro-
teins are required for the development of neurological symp-
toms. For example, polyQ expansions in the androgen
receptor (AR) are associated with spinobulbar muscular
atrophy (SBMA) (8). Both ligand binding and nuclear trans-
location of polyQ—AR are required for manifestation of
SBMA, and disrupting AR interactions with transcriptional
coregulators suppresses SBMA neurodegeneration in a Dros-
ophila model (9—11). These data indicate that the normal
functions of AR are required for disease development, as
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further supported by the observation that over-expression of
wt AR causes mild neurodegeneration, even in the absence
of a polyQ expansion. Similarly, wt functions of the
Ataxin-1 protein, particularly interactions with its native part-
ners, are required for the development of SCA1 phenotypes in
mice, and a SCA1-like phenotype can be induced by over-
expression of Ataxin-1-lacking polyQ expansion (12—14).

SCAT7 neuropathology has been proposed to be linked to the
functions of ATXN7-interacting proteins within the multi-
component SAGA complex (15) (also known as STAGA or
TFTC in mammalian cells). SAGA plays an evolutionarily
conserved role in transcriptional coactivation, mediated
through its two histone-modifying activities—histone acetyl-
transferase (HAT) via Gen5 (16), and deubiquitinase (DUB)
via Usp22 (17,18). ATXN7 in itself has no enzymatic activity,
but it resides within the DUB submodule of SAGA and may
serve to anchor this module to the main complex (18,19).
Loss of GenS function displaces the DUB module from
SAGA, compromising its enzymatic functions (20).
However, the role of Atxn7 or the DUB module in SAGA
during mammalian development has not yet been defined.

In a polyQ—Atxn7 knock-in mouse model, transcriptional
downregulation was demonstrated to be an early event
leading to photoreceptor dysfunction, retinal degeneration
and visual impairment (21). These data are consistent with
diminished transcriptional coactivator functions of SAGA in
the presence of polyQ—Atxn7. Multiple studies indicate that
polyQ—Atxn7 is incorporated into SAGA (22-24), and two
of these studies indicate that it adversely affects the HAT ac-
tivity of the complex (22,23). These studies point to a loss of
function in Gen5 and SAGA triggered by polyQ—Atxn7 in
SCA7. In direct contrast to these results, Helmlinger et al.
(25) reported that SAGA complexes isolated from SCA7
mouse models exhibited wt levels of HAT activity, and that
polyQ—Atxn7 led to increased recruitment of SAGA to
target promoters, resulting in hyperacetylation of histone H3.
In this case, the wt functions of Atxn7 and SAGA would
appear to be necessary for SCA7 disease, resembling the
recent results reported for SCA1 and SBMA described above.

To gain further insights into the importance of GenS and
SAGA in SCA7, we examined the effects of GenS mutations
in mice bearing polyQ—Atxn7. Our previous work demon-
strated that Gen5 functions are essential for mouse embryo
survival, as well as for multiple events during embryonic de-
velopment, including neural tube closure and anterior—poster-
ior patterning of the ribs (26—29). Here, we report that partial
loss of Gen5 functions accelerates neuronal dysfunction and
pathology in an SCA7 mouse model. Interestingly, however,
complete deletion of GcenS5 in Purkinje cells, the neuronal
cells most affected in SCA7, is not sufficient to induce
severe ataxia in the presence of wt Atxn7. Further, we show
that in the SCA7 retina, this acceleration in pathogenesis is
not accompanied by changes in the expression of known
Atxn7 target genes, and so may involve non-transcriptional
functions of SAGA. Together, these data demonstrate that
Gen5 loss-of-function can contribute to SCA7, further indicat-
ing that polyQ—Atxn7-interacting proteins within SAGA are
important for development of this disease.
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RESULTS

CAG repeat length inversely correlates with lifespan
of polyQ—Atxn7 knock-in mice

To assess the role of Gen5 in the neurodegeneration observed
in a mouse model of SCA7, we introduced different mutant
alleles of Gcen5 into polyQ—Atxn7 knock-in mice that
express polyQ—Atxn7 from the endogenous Atxn7 locus. We
predicted that if reduced GenS function contributes to SCA7
pathogenesis, reducing Gcn5 expression would enhance
disecase progression. Although the é)reviously reported
polyQ—Atxn7 knock-in line, Arxn7°%°97€  nicely recapitulates
the infantile form of SCA7 (21), disease progression in these
mice occurs rapidly, making it difficult to observe an enhance-
ment of the already severe SCA7 phenotypes. Therefore, to
better characterize the role of Gen5 loss-of-function, we uti-
lized SCA7 mouse lines that have a more moderate disease
progression.

The length of the CAG repeat in the Atxn7 gene correlates
inversely with the timing of disease-onset, and directly with
severity, so we characterized the disease progression and the
age of lethality in Azxn7 mutant mice bearing shorter polyQ
tracts (2,4,5,30). Specifically, we compared the life span of
mice bearing no expansion in Atxn7 (Atxn7°279) to those
bearing 100 CAG repeats (Atxn7'%%?°?) or 230 CAG
repeats (Axn73%979) in one allele of Amxn7. Both
Atxn7'%9979 and  Atxn77°979 mice develop previously
described symptoms of SCA7 mouse models including
weight loss, kyphosis, ataxia, ptosis, tremors, gradual loss of
mobility [data not shown; (21)]. We recorded the age at
which these animals died or became moribund up to 24
months. Wt Atxn7°?°? mice (Fig. 1A) had a lifespan of
more than 24 months, whereas Atxn7/?°?”? mice had a sig-
nificantly shorter lifespan (P < 0.001), averaging 18.7
months. Axxn772%2°€ mice died at a very early age, with a life-
span averaging only 3.5 months (Fig. 1A). The shorter lifespan
of the animals bearing longer repeats confirms the correlation
between repeat length and lethality in these mouse models of
SCA7. Disease progression was accelerated by the presence of
a second polyQ-expanded allele of Atxn7, as Atxn7'?091009
mice died at an earlier age than did the Axn7’'?’?°9 mice
(P < 0.001), with a lifespan averaging 12.1 months (Fig. 1A
and B).

Reducing GenS levels enhances the lethality of SCA7
mouse models

GenS null mice are embryonic lethal (29). Therefore, to assess
the role of partial loss-of-function of GenS in SCA7 pathogen-
esis, we introduced a hypomorphic allele of Gen5, which
reduces the level of Gcen5 expression and activity, into
Atxn7'°279 mice. The hypomorphic Gen5™ allele contains
an intronic neomycin cassette insertion that lowers GenS ex-
pression to ~20% of wt levels in the homozygous state
(27). Mice homozygous for this allele can survive to adult-
hood, albeit at 8% of expected frequency (28). We created
Atxn 7199979 Gen5™" mice and found that the combination
of these alleles resulted in lethality at postnatal day 1 (P1)
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Figure 1. GenS mutation reduces lifespan of 100Q-Atxn7 mice. (A) Survival rate of wt (thin black line), Atxn 77309559 (plue line), Axn7'%7979 (gray line) and
Atxn71%972; Gen5A (green line), until 24 months of age (wt, n = 10; Atxn772%2°C, n = 10; Atxn7'9°9°C, n = 34; Axn7'%°979; Gen54*, n = 12; *P < 0.05
between Atxn7'%?°C and Arxn7'%°979; Gen54, Kaplan—Meier analysis). Survival rate of Arxn7’%°?72; Gen5™ (dark red line) until 24 months of age is also
shown (n = 31; *P < 0.05 between Atxn7'"?° and Atxn7'%%972; Gen5™, Kaplan—Meier analysis). (B) Survival rate of wt (thin black line), Arxn 7’72100
(thick black line) and Anxn7/%791%92; Gen54+ (red line), until 24 months of age (wt, n = 10; Atxn7'%°2199C 1 = 18; Atxn7'%%?19°C; Gens¥™*, n = 12; Kaplan—

Meier analysis).

(data not shown). This early lethality indicated that concomi-
tant diminishment of both Gen5 and Atxn7 functions is dele-
terious, but it also prohibited us from determining the effects
of altered GenS functions in mature neurons.

We therefore introduced single copies of either the
Gen5 hypomorphic allele (Gen5™™), or a deletion allele
(Gen54™), resulting in a 50% reduction of Gen3 expression,
into Atxn7'%97C or Atxn7'97919%C mice (28). In contrast to
the PI lethality of Ann7'%%9°2 Gen5™™  animals,
Atn7'99°0, Gen5sA* and Aten7'%°279; Gen™* mice
were born alive at expected Mendelian frequencies and had
indistinguishable cage behaviors from those of wt littermates
until the time of weaning, at 3 weeks of age.

The survival of Gen5 mutant heterozygotes was no different
from that of wt mice (Fig. 1 and data not shown), but the life
span of Atxn7'%%97C: Gen5Y* and Atxn7'%°979; Gens™*
mice were significantly reduced relative to Ann7'%?79
mice (P < 0.01, Fig. 1A). Partial loss of Gen5 function also
reduced the survival of Anmxn7’%°?7%C mice (average life
span of 10.7 + 7.5 months in Atxn710oQ/m{)Q; Gen5YT mice
when compared with 12.1 + 2.9 months in Anxn 70021000

mice). Interestingly, while 22% of the Anxn7'?"?"%%9 mice
lived over 1.5 years, none of the Atxn 7100 mOQ; Gens4*
mice survived more than 1 year (Fig. 1B). These data strongly
suggest that decreased GenS levels accelerate the early adult
lethality of mice bearing Atxn7’?’? alleles, supporting the hy-
pothesis that Gen5 loss-of-function may contribute to SCA7
pathogenesis.

GcenS partial loss-of-function hastens the onset
of progressive ataxia in SCA7 mouse models

Since ataxia (uncoordinated locomotion) is one of the major
neurological symptoms of SCA7 patients and mouse models
(1,2,5,21,31), we next asked if reducing Gen5 function contri-
butes to the progression of ataxia in our SCA7 mouse model.
We first examined mouse hind limb coordination using a tail
suspension test (32). Wt and Gen5YF mice were able to coord-
inate stretching of their hind limbs when suspended by their
tails (to prepare for landing if dr(;}pged). By 7-8 months of
age, 100% (12 out of 12) of Atxn 71002100 mice also stretched
their hind limbs normally upon tail suspension, while only
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orwt mice at 9 month of age during tail suspension. (B) Representative traces of the gait of wt, 4txn 7’279 and Atxn 7991999, Gens A% mice recorded by footprint
analysis, with red and blue footprints representing fore- and hind-paws, respectively. Uncoordinated gait of Atxn7’ 0001000 o Apxp 710091000,
Gen54F mice at 9 months of age. Paired distance (PD) measures the distance between the prints of fore- and hind-paw on the same side. Hind-base width (HW)
measures the distance between the prints of the two hind-paws. (C) Quantified HW or PD indicates Anxn7’?091002; Gen54* mice have more uncoordinated
walking gaits than Atxn7'%92199C mice at 9 months of age (wt, n=3; Atxn 710091000y — 4 Apxn7'0%9100; Gen5AF, n=3; *P < 0.05 between wt and
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25-75%; circles, < 10 or >90%; lines, median).

33.3% (two out of six) of Arxn7'02/1002, Gen5YF mice were
able to perform normallg. Interestingly, one of the four unco-
ordinated Atxn7'%?1%%C. GensY* mice developed a severe
clasping phenotype (Fig. 2A), and the gait of this mouse dete-
riorated over time into a severe stagger, causing the mouse to
frequently fall to one side (Supplementary Material,
Movie S1) up until its death at 8 months of age. Conversely,
92% (11 out of 12) of Atxn7'?’?'%%C mice were able to nor-
mally coordinate stretching of their hind limbs, and no clasp-
ing phenotype was observed in these 12 Amxn7%791%%9 mice
throughout their life.

To further evaluate the progression of ataxic gaits, we used
a footprint test to guantify changes in the gait of Ann7'%%
1000 gpxn7! 000/100 ; Gen5** and wt mice at 4 months and
8—9 months of age. At 4 months, we found no significant dif-
ferences between the gaits of Atxn 710091000 - g1y 710001000,
Gen5*" and control mice (data not shown). However at
8—9 months of age, both Atxn 710021000 and Apxn7'009/1000,
Gen54 mice walked with a significantly wider hind stance
(wt, n=235, Atxn7100Q/IOOQ; n=>5, Atxn7100Q/10()Q; Gcn5A/+;
n=3, P <0.05 for hindbase width) and dispersed fore- and
hind-steps (P < 0.05, for paired distance) relative to wt mice

(Fig. 2B-D). Moreover, this uncoordinated walking ;ait was
significantly worse in  Anxn7'7%2109; Gen5Yt  and
n 71009 Q; Gen5Y* mice than in Ann7'%%27%C and
Atxn7'%°979 mice, respectively (P < 0.05; Fig. 2B and C
and Supplementary Material, Fig. S2). To assess motor
balance, Arxn7/%91%C Apn 70991900 GepsA* and control
wt mice were subjected to rotating rod, dowel and wire hang
tests. Although Amxn7'%°27%%C and Anxn7'079"0%C, GensYT
mice showed a trend of dysfunction, the differences
observed were not statistically significant (Supplementary
Material, Fig. S3). These results indicate that Ann7/%979
and Anxn7/97919% mice progressively develop mild ataxia, and
that GcnS partial loss-of-function accelerates the onset and
progression of this ataxia in these SCA7 mouse models.

Gen5 partial loss-of-function worsens cerebellar
degeneration in SCA7

Since cerebellar degeneration occurs in human SCA7 patients
at moderate/late stages of the disease and strongly correlates
with uncoordinated movement, we next asked whether more
severe cerebellar atrophy occurred in Anxn7/%°27%% mice
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Figure 3. Cerebellar degeneration is more severe in Anxn7'%%9%% animals in a background of Gen5*. (A) Severe atrophy of molecular layer (ML) in lobule
VI and X of mid-saggital cerebellar vermis of Anxn7'%°?199; Gens54+, Representatlve images showing morphology of mid-sagittal cerebellar vermis of
9-month-old wt, Axn7'%°?1%2 and Atxn7'%°?%°2; Gen5A* mice (n > 3 mice of each genotype). Boxes of areas in lobule VI and X of 5- and 9-month-old
mice were enlarged for detailed comparison. Thlckness of ML was marked. (B) Anti-Calbindin 28K and Glial fibrillary acidic protein (GFAP) antibody
immunofluorescent-labeled Purkinje cells and Bergmann glia, respectively, in cerebellar lobule VI of mice of indicated genotype. Areas containing soma of
Purkinje cells were enlarged in the insets. (C) Area size frequen g of Purklnje cell soma shows Anxn7'%%?7%C and Apxn7'%°219%9; Gen5* mice have
smaller soma (wt, n =3 mice; Atxn7'%%?19C 1 =3; Apxn7'9°91%9C; Gen5T, = 2; *P < 0.05 between wt and Ancn7'%°2%%C or wt and Ann7'9091002;
Gen54*, Student’s t-test). (D) Purkinje cell number is significantly less in lobule X of Axn7'%%9"%%C and Arxn7'%7919%2. Ge 5A/ " mice (wt, n =5 mice;
Atxn7IUOQ/]00Q n=4; Atxn7'%°21%°9; Gen5A*, 0 =3; *P < 0.05 between wt and Atxn7'??7%°C or wt and Atxn710()g/100Q Gen5Y™*, or Atxn7'9°9199Q and
Atxn710%91 UOQ Gcn5N ", Student’s t-test). Data are presented as mean + SEM. PCL, Purkinje cell layer.

haploinsufficient for Gen5. The cerebellar vermis showed double mutants (Fig. 3A and Supplementary Material, Fig.
mild cortical atrophy spec1ﬁca11y in the molecular layer S4). Since the ML spans the dendrites or processes of Purkinje
(ML) of lobules VI, VII and X in both Arxn7/%%97%%C and  cells and Bergmann glia, and both of these cell types are
Atxn7'0091000, " GensAt mice at 8—9 months of age; affected in SCA7 patients and mouse models (31,33), we per-
however, the atrophy was noticeably more severe in the formed a more detailed analysis of these cells in the mutant
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Figure 4. Purkinje cell-specific loss of Gen5 causes mild ataxia and cerebellar degeneration. (A) In situ hybridization for Gen5 transcripts shows decreased Gen5
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mice. In particular, we focused on lobule VI of the cerebellar
vermis, in which Purkinje and glial cell activities are impli-
cated in motor coordination of the limb (34—36). For further
comparison, we next stained Purkinje cells and Bergmann
glia with cell-specific markers, Calbinin 1 and Glial fibrillary
acidic protein (GFAP), respectively. Immunofluorescent stain-
ing revealed that Purkinje cells have weaker Calbindin 1 ex-
pression and significantly smaller soma size in both
Atxn 710091000 and Apen77009" 000. Gen5Y* relative to wt
control mice (wt, 263 + 42 pumz, n=73; Atxn 71009 IOOQ,
228 + 34 um% n=23; Awxn7'%919C.  Gen5At, 226 +
50 ;,Lmz, n=2; P <0.01; Fig. 3B and C). However, although
no statistical difference was found for overall average soma
size of the Purkin&'e cells between Ann7/%9199C. Gen5d/*
and Atn7'%727%C mice, 9% of the Purkinje cells had

uncommonly small soma in Arxn7'%?7%C; Gen5Y™ mice.
We next asked whether there is a loss of Purkinje cells in
these cerebella. The development of Purkinje cells has no Ai;-
nificant defects in Arcn7/%%9109C or Apen7'009! OUQ; Gens&™
cerebellum, since mice of all genotypes have similar number
of Purkinje cells when 5 months old (data not shown). At 9
months, no significant loss of Purkinje cells occurred in
Atxn7'772199Q (pyrkinje cell count of all ten lobules per 6 pm
sections in wt, 540 + 34, n = 5; in Arxn7/2219% 514 + 36,
n=4; P=0.15). However, Arxn7'%?%: Gcn54* mice
had significantly fewer Purkinje cells (489 + 23, n = 3) when
compared with wt mice (P < 0.05) at 9 months. Among all
lobules, Purkinje cell loss was significantly worse in lobule X
of Atxn7'%%?1%99; Gen5YT mice compared with A7/
1000 mice (Atxn7'00Q/mOQ; Gen5A*,22 +2,n=3; Axn7'%?
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IUOQ, 27 + 2,n=4; P <0.05; Fig. 3D). In contrast, Bergmann
glia exhibited similar elevated levels of GFAP in both
Atxn7'09190Q and Atxn7'%°91%%0; Gen5A* mice compared
with control mice (Fig. 3B). Together, these data suggest that
partial loss of GenS function accelerates cerebellar and Purkinje
cell degeneration, but does not further distort Bergmann glia in
SCA7 mice.

GcenS5 loss-of-function in Purkinje cells is not sufficient
to cause severe cerebellar ataxia

In the above experiments, GenS expression was decreased uni-
formly in all cell types. However, in SCA7 patients, the most
affected neurons in the cerebellum are Purkinje cells (37—40).
Therefore, to determine whether Gen5 loss in Purkinje cells is
sufficient to cause an SCA7 phenotype, we generated
Gcen5-conditional knockout mice using a transgenic Cre
allele expressed specifically in Purkinje cells, Pcp2-cre™
(41), and a ‘floxed’ allele of GcnJ together with our deletion
allele (Gen5“Y). Cre-mediated recombination removes exons
3-18 in Gend, resulting in a null allele (42). The resulting Pur-
kinje cell-specific Gcn5-conditional knock-out mice were
present at Mendelian ratios at the time of weaning. Using
RNA in situ hybridization, only minimal levels of Gen5
transcripts were detected in Purkinje cells in these
GcenS-conditional mice (Fig. 4A). These mice exhibited
normal hind limb extension in tail suspension assays, but by
11 months of age developed a mildly uncoordinated gait
with wider paired distance (Fig. 4B and C). The cerebellar
vermis in the conditional nulls appeared to be smaller than
in wt mice (Fig. 4D). Since GenS functions as a transcriptional
coactivator, we also determined whether loss of Gen5 affects
Purkinje cell-specific transcripts. By quantitative realtime
RT-PCR, we found that Calbindin 1 expression was mildly
decreased in Purkinje cell-specific GenS null cerebella, to
74.7 + 5% of that in wt animals (n =3, P < 0.05). These
data suggest that loss of Gen5 in Purkinje cells mildly
affects Purkinje cell and cerebellar morphology, as well as
cerebellar functions, but is not sufficient to induce a SCA7
phenotype. These data are consistent with the primary role
of ATXN7 mutations in SCA7 disease and suggest that some
other ATXN7-mediated interactions, beyond those mediated
by GCNS, contribute to cerebellar pathology.

Reducing Gen5 accelerates progression of retinal
degeneration in the SCA7 mouse

Since the retina is another major site of neural degeneration in
SCA7 patients (1,2), we next asked whether reducing GenS
levels affects the progression of retinal degeneration in the
SCA7 mouse model. We examined the morphology of the
retinas of control and Atxn7'?’?%%? mice with or without
Gcen5 deletion allele at postnatal day 14 (P14) at 1, 2, 4 or 8
months of age. At P14, when all cell types are formed in the
retina, Atxn7'%%?1%%C and  Apen7'%99719%; GensAt had
retinal morphologies similar to those of control mice (Fig. 5
and Supplementary Material, Fig. S5), indicating that normal
retinal development had occurred. However, by the age of 2
months, the retina of Amn 710001 OOQ; Gen5Y* mice had
thinner inner (IS) and outer segment layers (OS) when

Atxn7
Gens

5Q/5Q 100Q/100Q

+/+

100Q/100Q
A+

GoL [Mbepmiam [N, [r g

)
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Figure 5. Reducing Gen5 worsens retinal degeneration in Atxn7/%°9%%€ mice.
Representative images show progressively thinner retina in Anxn7’%?7%02;
Gen54* mice at 2, 4 and 8 months of age, whereas mice of all genotypes have
similar retinal structures at P14 using H&E staining (» = 3 mice each genotype).
OS, outer segment; IS, inner segment; ONL, outer nuclear layer; INL, inner
nuclear layer; GCL, ganglion cell layer.

compared with those of control or Amn7’%°?7%%C mice
(Fig. 5 and Supplementary Material, Fig. S6), indicating
photoreceptor degeneration. Further thinning of the outer
nuclear layer (ONL) and inner nuclear layer (INL) was
observed in Ancn7!0%9" 000, Gen5Y* retinas at 4 months of
age, whereas only mild thinning of the ONL was observed
in retinas of Arxn7’%7271%% mice (Fig. 5). By the age of 8
months, retinal ONLs in both Arxn7/%%91%9 and Arxn 7'
1009 Gen54* mice were dramatically thinner when compared
with those of the controls. The OS appeared to be completely
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Figure 6. Gradual decrease of SCA7 target transcripts in both Arxn7/%°27%°C and A1xn7'%°21999; Gen54 mice. Relative transcript levels to wt (dotted line) in
the retinas of Gen54* (blue line), Atxn7'°91%%2 (red line) and Anxn7'%09/1702; Gen54+ (purple line) mice at P14, 1, 1.5 and 4 months of age (n = 3 mice of

each genotype, *P < 0.05 between wt and Atxn7' %9199 or wt and Atxn7'""

gone in Atxn7!?091009, Gen5Y" mice at this time (Fig. 5).
In summary, both Atxn 710001000 3nq Apen7'09" OOQ; Gens&t
mice developed retinal atrophy. However, this retinal
atrophy occurred earlier in Anxn7'%?7%C: Gen54* mice
(first observed at 1.5—2 months in Arxn7/%97%%; Gens*
mice compared with 4 months in Arxn7/%%?%%C mice), indi-
cating that partial loss of function of Gen5 enhances retinal
degeneration.

Given that transcriptional deregulation is strongly asso-
ciated with photoreceptor dysfunction and dystrophy in
SCA7 mouse models (21,24,25), we next asked whether
decreased GenS5 expression induces transcriptional changes
that accelerate retinal degeneration in SCA7 mice. We
focused on eight transcripts (Opnlsw, Opnlmw, Rho, Gnatl,
Roml, Grk, Rbp3 and Cnga3) that were found previously to
be decreased in early degenerating retinas of SCA7 mouse
models, and one non-SCA7 target (Crx) as a control
(21,24,25). RNAs were quantified after extraction from
retinas of Amn7'%09! OOQ, Atxn 710091 OOQ; Gen5Y*  and
control mice at P14 at 1, 1.5 and 4 months of age. Consistent
with our histological results, expression of all of the SCA7
targets examined was similar in all genotypes at Pl4;
however, expression of these genes progressively decreased
from 1.5 to 4 months in the SCA7 mice (Fig. 6). The
pattern of transcriptional decrease was consistent with that
previously reported for Arxn7°°%9”€ mice (21). While levels
of Crx transcript remained steady, a gradual decrease of cone-
specific transcripts (Opnlsw, Opnlmw), followed by rod-
specific (Rho, Gnatl, Roml) and cone—rod-shared (Grk,
Rbp3) transcripts was detected in both Ann7/79"%%C and

1000. Gens4™*; Student’s t-test). Data are presented as mean + SD.

Atxn7'0%91090;  Gep5A* retinas. Transcript levels were
decreased to a similar degree in both Ann7'?%?7%%C and
Atxn 71009 IOOQ; Gen5*™* retinas from 1 to 1.5 months. This
trend continued to 4 months of age, except that the level of
Gnatl was lower in Aon7'%91%9C.  Gen5* than in
Atxn7'0791090  mice (Fig. 6). Although Apxn7'0%210%,
Gen5Y* mice undergo accelerated retinal degeneration, the
finding that transcript deregulation remains similar during
early retinal degeneration in Asxn7/0%7002; Gen54t and
Atxn7'0%219Q mice suggests that reducing Gen5 exacerbates
retinal atrophy by mechanisms other than affecting the
expression of known SCA7 target genes.

DISCUSSION

Previously, two independent studies using different SCA7
transgenic mouse models provided conflicting evidence
regarding the effects of polyQ—Atxn7 on the functions of
GenS and SAGA complex (24,25). Specifically, one study
pointed to a loss of function of GenS and SAGA triggered
by polyQ—Atxn7 (24), while the other showed that polyQ—
Atxn7 led to increased recruitment of SAGA to target promo-
ters, resulting in hyperacetylation of histone H3, arguing for
enhanced SAGA function in pathogenesis (25). Data presented
here demonstrate that decreased expression of Gen5 worsens
the severity of the two major neurological phenotypes of
SCA7 mice (Figs 2-5), strongly indicating that loss of func-
tion of the SAGA complex contributes to polyQ—Atxn7
neurotoxicity.
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GenS5 itself appears to be necessary for normal Purkinje cell
functions as GenS depletion in these cells leads to mild ataxia
(Fig. 4), which is similar to that observed in transgenic mice
that express polyQ—Atxn7 only in Purkinje cells (33). To
some degree, then, GenS loss-of-function mimics the effects
of the polyQ insult. The relatively mild phenotypes associated
with Purkinje cell-specific polyQ—Atxn7 or Gen5 deletion
also suggest that other cell types may contribute to SCA7.
Consistent with this idea, a non-cell autonomous effect from
Bergmann glia has been linked previously to SCA7 neurotox-
icity (31). Altered GenS or SAGA functions in this cell type,
then, might also contribute to SCA7 cerebellar degeneration.
No further morphological distortion of Bergmann glia
(Fig. 3B) was observed upon reduction of GenS in
Atxn 710091000 mice beyond that caused by polyQ—Atxn7
alone, but it remains possible that the functions of Bergmann
glia are altered upon GenS depletion.

Another key finding reported here is that GenS
loss-of-function exacerbates retinal degeneration in SCA7
mice without affecting the transcription of several previously
defined polyQ—Atxn7-dependent genes [Fig. 6 and (21)].
This finding suggests that lower levels of Gen5 accelerate
retinal degeneration in SCA7 mice either by affecting other,
yet to be defined transcriptional targets or by affecting
non-transcription-related SAGA functions. This point may
provide further insight into the discordant results obtained
by prior studies, which focused solely on the transcriptional
role of GenS and its alteration in SCA7 pathogenesis. Since
Atxn7 is part of the SAGA DUB module (18,19), the more
severe g)henot pe we observe upon depletion of GenS in our
Atxn 70021090, Gen 54 mice may reflect combined diminish-
ment of both the DUB and HAT modules of SAGA. As in Alz-
heimer’s, Parkinson’s and polyQ neurodegenerative diseases,
abnormal accumulation of proteins is one feature of SCA7
neurons. One substrate of Usp22, ubiquitinated H2A, also
accumulates in the nuclear inclusions of 100Q-Atxn7
neurons as indicated by immunostaining (Chen and Dent, un-
published data). Our previous work demonstrated that the
DUB module in SAGA affects protein stability by regulating
ubiquitination of proteins not involved in transcription (20),
raising the possibility that accumulation of polyubiquitinated
proteins upon crippling of the SAGA DUB module may dir-
ectly contribute to SCA7. Future work with Usp22 mutant
mice will test this idea.

Clinical features of adult-onset SCA7 include progressive
spinocerebellar and retinal degeneration, and these neurologic-
al symptoms are recapitulated in Atxn7'?’?%’? mice after the
age of weaning (>3 weeks). In SCA7 patients, cortical cere-
bellar atrophy, Purkinje cell loss and increased gliosis are fre-
quently reported (37,39,40,43). Our Atxn7'?°?79 mice also
exhibited these features of adult-onset SCA7, in distinction
to Atxn7°%?”¢ mice, which have phenotypes that more re-
semble those of infantile SCA7 disease (21). The inverse cor-
relation between repeat length and disease-onset, and direct
relationship with the progression in SCA7 patients suggests
differential neurotoxicity from polyQ—ATXN?7 proteins with
different polyQ lengths (5,30). Consistent with these observa-
tions, we found that the length of the polyQ in Atxn7 inversely
correlates to lifespan in Atxn7 knock-in mice, which provides
a read-out of both disease-onset and progression.

Although our data clearly support a role for the loss of
SAGA functions in SCA7, it is important to note that we
have not ruled out the possibility that the polyQ—Atxn7
causes a gain of function in some SAGA components.
Recent studies of SBMA and SCA1 indicate that the polyQ ex-
pansion can have differential effects on the functions of the
affected protein, and in some cases can cause both gain- and
loss-of-function, depending on post-translational modifica-
tions and interacting proteins (9,12,13,44—50). Additional
studies examining the functions of SAGA components in
SCA7 models are needed to address this question.

In conclusion, our data highlight the potential importance of
considering the non-transcriptional functions of SAGA, par-
ticularly the SAGA DUB module, in disease development,
as we demonstrate that polyQ—Atxn7 has additional toxic
effects that are probably mediated by other proteins, independ-
ent of GenS5. It will be crucial to identify these other functions
as we work towards developing ways to intervene in this dev-
astating disease.

MATERIALS AND METHODS

Generation of Gen5;Atxn7 and Purkinje cell-specific Gen5
mutant mouse models

Atxn7 230Q and A#xn7 100Q alleles were naturally occurring
contracted mutations of the 266Q tract in Atxn7 obtained
when maintaining Atxn 72972 mouse line (21). Atxn7'%?
30 GenS™* or Aben7'9°9°9; Gen5Y* mice were generated
by crossing Gen5™™* or Gen543T1YF mice (42) with
Atxn 719972 mice. Atxn7'9%979; Gen5™" mice were gener-
ated bly crossing Gen5™+ and Atxn7'%?79; GenS™ T mice.

xn7'01000. " Gen 54t mice were generated by crossing
Atxen7'%°9°2. GensA* and Aten7'%°?2°2 mice.

Purkinje cell-specific GenS-conditional nulls were obtained
from crossing Gen54" mice carries Pep2-cre'® (41,51) with
Gen5™% mice. Genotyping for Gen5 and Atxn7 alleles
was performed using PCR primers as previously described
(21,27). Pcp2-cre genotype was assessed following the proto-
col for generic Cre by JAX laboratory. All procedures were
performed in accordance with the approved IACUC protocols
at MDAnderson Cancer Center.

Survival analysis

PolyQ—Atxn7 mutant mice were housed with control litter-
mates and given ad libitum supply of moist food upon ataxia
as diagnosed. Moribund was defined by losing body weight
of more than 20%, or loss of mobility. Statistical significant
differences were determined by Kaplan—Meier test.

Histological analyses

Deeply anesthetized animals were transcardially perfused with
phosphate-buffered saline followed by 4% paraformaldehyde.
Isolated organs were fixed in 4% paraformaldehyde overnight.
Fixed tissues were then preserved in paraffin or cryo-blocks.
For hematoxylin and eosin Y staining (H&E), 6 pm sections
of paraffin-embedded mid-sagittal brain or eye were stained
with H&E staining protocol (Fisher). Pictures were taken



using Olympus SZX12 or Leica DM4000 microscope. For im-
munofluorescent staining, 20 wm sections of cryo-preserved
tissues were used. Briefly, sections were boiled in 10 mm
sodium citrate to retrieve antigen. PBST 0.2% was used for
permeablizing and washing prior to incubation in
anti-Calbindin (1:1000, Sigma) and anti-GFAP antibody
(1:600, Dako). Signals were visualized using Alexa
555-conjugated donkey anti-mouse or Alexa 488-conjugated
donkey—anti rabbit antibody (all 1:750, Invitrogen). DAPI
(Roche) counterstains the nucleus. All pictures were obtained
using FV1000 Olympus confocal microscope.

Purkinje cell counts were done by counting nuclei of Pur-
kinje cells in pictures of H&E-stained 6 pm mid-sagittal cere-
bellar sections (three sections per mouse) from three to four
mice of each genotype using Image J software (National Insti-
tutes of Health). Samples were renumbered to avoid bias. Stat-
istical significance was determined using Student’s 7-tests.

Quantification of Purkinje cell soma size. Purkinje cell peri-
karyons were manually outlined from 12 wm z-stacked images
of Calbindinl-labeled mid-sagittal cerebellums (three to four
images of each mouse) using Image J software (National Insti-
tutes of Health). A total of 135 cells in lobule VI from two to
three animals were analyzed for each genotype.

Footprint analyses

Behavior tests were performed between 2 and 6 pm with
animals maintained on a C57BL/6J:129/SvEv mixed back-
ground at F3 or F4 backcrossing to C57BL/6J.

Footprint analysis was done as previously described (52).
Briefly, fore- and hind-paws of mouse were painted with non-
toxic red and blue paints. Then the mouse was allowed to walk
through a tunnel (17 in.-long, 3 in.-wide, 3 in.-height) lined
with a fresh paper at the bottom of each test. Statistical differ-
ence was first tested using one-way ANOVA between males
and females. Data were only pooled together when there is
no difference between genders. Statistical significant differ-
ence was determined by Kruskal—Wallis test.

Quantitative RT—PCR and primers

All tissues were dissected and snap-frozen in liquid nitrogen at
5-8 pm after overdose anesthesia. Total RNA was prepared
using TRIZOL Reagent (Invitrogen) according to the instruc-
tions of manufacturer followed by on-column DNase I
(Qiagen) treatment. cDNA were generated using 200 ng of
total RNA by SuperScript III reverse transcriptase (Invitrogen)
with poly dT primers following the instructions of manufactur-
er. cDNA were quantified using specific primers and SYBR
Green PCR Master Mix (Applied Biosystems). Triplicates
were performed. B-actin cDNA was quantified as normalizing
control. The mean value for three animals was used for the
level of each genotype. Statistical difference was calculated
using Student’s #-test. Primers used: Gen5-f: 5'-CAGTGGTGG
AGGGGTCTCTA-3’; Gen5-r: 5-AAACATTGTCTGGCGC
TCTC-3';  Actb-f:  5-GGCTGTATTCCCCTCCATCG-3;
Actb-1: 5-CCAGTTGGTAACAATGCCATGT-3’; S-opsin-f:
5'-CAGCCTTCATG GGATTTGTCT-3' ; S-opsin-r: 5'-CAA
AGAGGAAGTATCCGTGACAG-3'; M-opsin-f:  5-ATG
GCCCAAAGGCTTACAGG-3; M-opsin-r:  5-CCACAAG
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AATCATCCAGGTGC-3’; rhodopsin-f:  5-CCCTTCTCC
AACGTCACAGG-3’; rhodopsin-r: 5-TGAGGAAGTTGA
TGGG GAAGC-3; Grk-f:  5-CGGGGCAGTTTTGA
CGGAA-3'; Grk-r: 5-AGCTGAGGTTGTCACGGAGA-3';
Roml-f: 5-CTCCAACCCCGT ATCCGTTTG-3’; Roml-r:
5-GAGCAGGGAATGAACAAGAGG-3'; Cnga3-f: 5-TC
GACCAC GTAGAGAACGG-3’; Cnga3-r: 5-TGGAG
GGGTCCACCACAAT-3’; Rbp3-f: 5-ATGAGAGAATG
GGTCCTGGTT-3’;  Rbp3-r:  5-GCCCAGAATCTCGT
GACTC  TTC-3';  Gnatl-f: 5-GATGCCCGCACTG
TGAAAC-3'; Gnatl-r: 5-CCAG CGAATACCCGTCCTG-3';
Crx-f: 5-GTTCAAGAATCGTAGGGCGAA-3'; Crx-r: 5'-TG
AGATGCCCAAAGGATCTGT-3'.
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