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Abstract
Spinocerebellar ataxia type 6 (SCA6) belongs to the family of CAG/polyglutamine (polyQ)-dependent neurodegenerative
disorders. SCA6 is caused by abnormal expansion in a CAG trinucleotide repeat within exon 47 of CACNA1A, a bicistronic gene
that encodes α1A, a P/Q-type calcium channel subunit and a C-terminal protein, termed α1ACT. Expansion of the CAG/polyQ
region of CACNA1A occurs within α1ACT and leads to ataxia. There are few animal models of SCA6. Here, we describe the
generation and characterization of the first Drosophila melanogaster models of SCA6, which express the entire human α1ACT
protein with a normal or expanded polyQ. The polyQ-expanded version of α1ACT recapitulates the progressively degenerative
nature of SCA6 when expressed in various fly tissues and the presence of densely staining aggregates. Additional studies
identify the co-chaperone DnaJ-1 as a potential therapeutic target for SCA6. Expression of DnaJ-1 potently suppresses α1ACT-
dependent degeneration and lethality, concomitant with decreased aggregation and reduced nuclear localization of the
pathogenic protein.Mutating thenuclear importer karyopherin α3 also leads to reduced toxicity frompathogenic α1ACT. Little is
known about the steps leading to degeneration in SCA6 and the means to protect neurons in this disease are lacking.
Invertebrate animal models of SCA6 can expand our understanding of molecular sequelae related to degeneration in this
disorder and lead to the rapid identification of cellular components that can be targeted to treat it.

Introduction
Spinocerebellar ataxia type 6 (SCA6) is one of the nine currently
incurable diseases that comprise the polyglutamine (polyQ) fam-
ily of age-related neurodegenerative disorders, including Hun-
tington’s disease (HD), dentatorubral-pallidoluysian atrophy,
spinobulbar muscular atrophy and six SCAs (1, 2, 3, 6, 7 and 17)
(1,2). PolyQ diseases are rooted in anomalous CAG triplet repeat
expansion in the genes that encode nine otherwise-unrelated
proteins. SCA6 is a dominantly inherited ataxia that manifests
later in life as a ‘pure’ gait ataxia accompanied by dysarthria, vis-
ual symptoms, episodic vertigo and tremors. The CAG repeat that
is linked to SCA6 resides in the gene CACNA1A (3,4), which is

bicistronic (5). The normal CAG repeat is between 4 and 18,
whereas the SCA6-causing allele shows an expansion between
19 and 33 repeats (4). CACNA1A encodes two proteins: the α1A
P/Q type calcium channel subunit and the transcription factor
α1ACT. α1ACT contains the polyQ region (Fig. 1A). Recently, it
was demonstrated that polyQ expansion within α1ACT is suffi-
cient to cause SCA6-like degeneration in mice (5).

As with all of the other polyQ diseases, SCA6 is incurable and
symptomatic treatments are not very effective. There are pres-
ently few animal models for SCA6 (5–7), and none employs the
potency and flexibility of Drosophila genetics. The fruit fly has
proved to be a powerful tool to model various polyQ diseases
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and to identify potential therapeutic targets for them (8–11). We
reasoned that fruit fly models of SCA6 that are based on the tar-
geted expression of the complete, human α1ACT protein with a
normal or expanded polyQ repeat would serve as versatile plat-
forms for investigating mechanisms of neuroprotection for
SCA6. Here, we describe the generation and biochemical, histo-
logical and physiological characterization of newDrosophilamod-
els of SCA6, and their use to identify suppressor genes.

Compared with the expression of α1ACTwith a normal polyQ
repeat, expression of a polyQ-expanded version of this protein
causes developmental lethality when it is expressed through-
out the organism, or reduced motility and longevity when it is
expressed in neuronal, glial or muscle cells. Expression of a
pathogenic version of α1ACT in fly eyes causes progressive de-
generation and the presence of densely staining aggregates. We
subsequently used a panel of candidate suppressors to demon-
strate the utility of these new lines for the identification of poten-
tial therapeutic targets of SCA6. We found that the expression
of the co-chaperone DnaJ-1, and mutation or knockdown of the
nuclear importin karyopherin α3, suppress degeneration caused
by pathogenic α1ACT without eliminating the toxic protein, but
by reducing aggregation and nuclear localization. Our studies
highlight the versatility ofDrosophila as a usefulmodel to identify
and characterize therapeutic strategies for α1ACT-dependent
degeneration.

Results
New fly models of SCA6

We generated new transgenic fly lines that express the entire
human sequence of α1ACT through the Gal4-UAS system
(12,13) (Fig. 1B and Supplementary Material, Fig. S1) using the
phiC31 targeted integration system that allows unidirectional,
site-specific, single construct integration (14). This method en-
ables homogeneous expression among lines because constructs
are integrated at precisely the same chromosomal site. In our
case, this site is attP2 on the third chromosome. AttP2 allows
high Gal4-induced expression with minimal background (15).

The α1ACT construct that we cloned into the targeting vector
[pWalium10(moe)] comprises the complete mRNA sequence of
human α1ACT with its native start and stop codons and without
any exogenous tags. We were concerned that the introduction of
non-native sequences could perturb the localization and handling
ofα1ACT in vivo. For thenon-pathogenic,wild-type version,weuti-
lized a polyQ of 11 repeats, whereas for the polyQ-expanded ver-
sion we utilized a repeat of 70Q. We selected a hyper-expanded
repeat for the pathogenic version, even though it is outside of
what is observed in SCA6 patients. Our reasoning was that this
line would likely prove severely and consistently pathogenic,
and that it would enable us to identify strong suppressors of the
disease. Studies conducted in mice have highlighted the utility

Figure 1. New transgenic fly lines that express human α1ACT. (A) Diagrammatic representation of the α1A protein, including its C-terminal portion (α1ACT) where the

polyQ region resides. α1ACT is expressed independently of α1A through an internal ribosomal entry site in the gene CACNA1A. For our new fly lines, we cloned the

complete α1ACT into the pWalium expression vector. (B) Diagram of α1ACT with native start and stop codons that was cloned into pWalium10(moe) and inserted into

the site attP2 on the third chromosome of Drosophila (Supplementary Material, Fig. S1) for Gal4-UAS-dependent expression. (C) Western blots from dissected fly heads

homogenized in boiling SDS lysis buffer. Each lane represents an independent transformant line. Driver: gmr-Gal4 (eye-specific). The (no α1ACT) lane was

homozygous for both gmr-Gal4 and the empty targeting vector inserted into attP2. All other flies were also homozygous for all transgenes. Asterisks: non-specific

bands. (D) Subcellular fractionation of dissected fly heads expressing the noted versions of α1ACT, or its empty targeting vector (Ctrl), driven by gmr-Gal4. Flies were

heterozygous for all transgenes. Dotted line indicates where the lower boundary of the expanded version of α1ACT would run in the cytoplasmic fraction. Oblong

smear underneath the dotted line on the cytoplasmic portion of the membrane for Q70 is a blotting artifact.
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of a hyper-expanded CAG repeat within CACNA1A as a suitable
choice to model degeneration in animals (6,7).

As shown in Supplementary Material, Figure S1, we obtained
several founders for both Q11 and Q70 transgenic lines, all of
which were integrated into the attP2 site and in the correct orien-
tation. In Figure 1C, we show that α1ACT with 11Q or 70Q is ex-
pressed in Drosophila at the expected molecular weight. These
western blots were from dissected fly heads where α1ACTwas ex-
pressed in the compoundeye. Ashighlighted,withQ11weobserve
a single prominent band, whereas with Q70 we observe a band as
well as a smear in the upper portion of the gel, towhichwe refer as
SDS-soluble and SDS-resistant species, respectively (Fig. 1C). We
have described similar SDS-soluble and -resistant species with
other polyQ peptides that have toxic properties in Drosophila (16).
The homogenization protocol that we utilized for Figure 1C and
in similar panels in later figures was chosen based on its ability
to provide us with the most prominent SDS-soluble species (16).
All of the studies described subsequently in this report were con-
ductedwith both the lines shown in Figure 1C for Q11 andQ70 ver-
sions, with similar results within both groups.

In mice, α1ACT is a transcriptional protein with a nuclear
presence (5). Consequently, we examined whether exogenously
expressed α1ACT localizes in nuclei in Drosophila. We expressed
α1ACT in fly eyes and dissected intact fly heads soon after adults
emerged from the pupal case. Subcellular fractionation showed

that both the normal and polyQ-expanded α1ACT localize in nu-
clei (Fig. 1D). The pathogenic version of α1ACT is predominantly
found in nuclear fractions rather than cytoplasmic ones, com-
pared with α1ACT(Q11) (Fig. 1D). In some cases, we observe no
α1ACT(Q70) in the cytoplasm (Fig. 1D), and in others we notice
a signal from this species outside of the nucleus (Fig. 7C shows
an example). Ultimately, both species can be found in the nucleus
and the cytoplasm, and the polyQ-expanded version of α1ACT is
predominantly in the nucleus.

Expression of polyQ-expanded α1ACT causes toxicity
in Drosophila

To investigate the toxicity of α1ACT in different cell types, we ex-
pressed α1ACT(Q11) and α1ACT(Q70) using a series of Gal4 drivers:
ubiquitous, pan-neuronal, muscle cell-specific and glial cell-spe-
cific (17). As summarized in Figure 2A, widespread expression of
α1ACT(Q70) is lethal in late pharate stages and during the eclosion
of adults from the pupal case; no adults eclose successfully.

Expression of α1ACT(Q70) pan-neuronally leads to earlier
adult lethality (Fig. 2A and B) and progressively reduced motility
(Fig. 2C). Similarly, expression of α1ACT(Q70) in glial cells leads to
earlier adult death and progressive loss of climbing ability
(Fig. 2A, D and E). Finally, when α1ACT(Q70) is expressed only in
muscle cells, adults die soon after eclosion (Fig. 2A and F).

Figure 2. Effect of α1ACT expression in various fly tissues. (A) Summary of effects observed when α1ACT with Q11 or Q70 is expressed in the noted tissues. Flies were

heterozygous for all transgenes. Controls consisted of the noted Gal4 driver in trans with the empty targeting vector inserted into attP2. (B, D and F) Longevity data

from at least 200 flies per group. Flies were heterozygous for all transgenes. (C and E) Negative geotaxis results from 50 or more flies per group, from experiments

repeated at least three times. Flies were heterozygous for all transgenes. P-values are from ANOVA with Tukey’s post-hoc correction comparing no α1ACT empty vector

controls with α1ACT-expressing lines. Shown are means ± standard deviations.
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Overall, expression of α1ACT(Q11) ubiquitously or in the select
tissues mentioned above does not lead to deleterious effects,
compared with fly lines that contain the targeting expression
vector (pWalium), but without including α1ACT (Fig. 2). Based
on these collective results, we conclude that α1ACT(Q70) is pro-
gressively toxic in Drosophila.

Retinal degeneration caused by α1ACT

Drosophila eyeshavebeenused extensively tomodel neurodegen-
eration caused by various toxic proteins (11,18–23) and to identify
genes thatmodify toxicity from polyQ diseases such as HD, SCA1
and SCA3 (8,18,24,25). As summarized in Figure 3A, expression of
either form of α1ACT does not cause clear anomalies in the exter-
nal portion of the retina early on in adults. By 4 weeks of age, we
notice very light pigmentary aberration of the external retina
when α1ACT(Q70) is expressed. Dyspigmentation is sufficiently
mild that it is difficult to image; a representative example is
shown in the bottom row of Figure 3A.

Conversely, histological sections of adult retinae showdegen-
eration of the ommatidial array as flies age into 4 weeks, high-
lighted by separation of retinal structures (arrowheads in

Fig. 3B), the disappearance of the ommatidial boundaries in the
presence of α1ACT(Q70) (red bracketed line in Fig. 3B) and, in
some cases, a restriction of the retinal depth (white bracketed
lines, Fig. 3B). Also presentwith age are densely staining punctate
structures when α1ACT(Q70) is expressed in fly eyes (red boxes in
Fig. 3B, and in Fig. 6C and D). Aggregates have been observed in
SCA6 patients and in mouse models of this disease (7,26,27). Be-
cause our α1ACT antibody reagents are only useful for immuno-
blotting, and not for immunohistochemistry, we do not know the
precise subcellular localization of these densely staining struc-
tures in the adult retina. Qualitatively, expression of α1ACT
(Q11) does not lead to clear anomalies in the external or internal
portions of the retina, compared with controls that do not ex-
press α1ACT (Fig. 3).

We recently reported a rapid and highly sensitive method for
identifying modulators of degeneration in Drosophila eyes in vivo
(28). We reasoned that this platform, which is GFP-based and re-
ports eye integrity reliably and quantitatively, could be utilized to
identify suppressors of α1ACT-dependent degeneration as po-
tential therapeutic targets for SCA6. Consequently, we assayed
retinal degeneration in α1ACT-expressing eyes by examining
the fluorescence from membrane-targeted CD8-GFP. Healthy fly

Figure 3. Effect of α1ACTexpression inflyeyes. External retinal photos (A) andhistological sections (B) offlyeyes expressing the empty targeting vector (Ctrl) or α1ACT infly

eyes, driven by gmr-Gal4. Flies were heterozygous for all transgenes. In (B), red boxes highlight some densely staining punctate structures, white bracketed lines indicate

retinal depth, empty arrowheads highlight separation of retinal structures and red bracketed line demarcates ommatidial boundaries.
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eyes show uniform GFP fluorescence, whereas diseased eyes
show progressive loss of GFP fluorescence and increased mosai-
cism as retinal cells degenerate (Fig. 4A (Ctrl)) (28).

As shown in photos and quantitative measurements in Fig-
ure 4A and B, expression of both α1ACT(Q11) and α1ACT(Q70)
leads to a reduction of mean GFP fluorescence, a phenomenon
that is particularly noticeable and progressive for α1ACT(Q70).
With the expanded version of α1ACT, GFP fluorescence is barely
above background by 2 weeks of age. It is somewhat surprising
that expression of α1ACT(Q11) also leads to some loss of GFP fluor-
escence, especially since we did not notice anomalies from this
form of α1ACT when it was expressed in other tissues or in histo-
logical sections from fly eyes. However, the GFP-based method is
more sensitive than retinal histology (28). In other models of
polyQ SCAs, overexpression of the wild-type form of various SCA
proteins has led to toxicity (9,29). Our results that α1ACT(Q11) is
also mildly toxic to fly eyes should serve as a reminder of its im-
portance to normal physiological processes, and suggest that
α1ACT-dependent toxicity may stem, at least in part, from gain-
of-function processes, as observed with other polyQ SCAs (1,2).

Collectively, the data in Figures 3 and 4 demonstrate toxicity
caused by α1ACT in fly eyes and highlight the use of mem-
brane-targeted GFP as a potential investigative tool to identify
suppressors of α1ACT-dependent phenotypes.

α1ACT(Q11) does not suppress toxicity from the Q70
version

We examined whether wild-type α1ACT modulates toxicity
caused by the expanded counterpart. We reasoned that if α1ACT
(Q70) is toxic due to a loss-of-function effect in the fruitfly, expres-
sion of the Q11 form of this protein may alleviate toxicity.

Co-expression of α1ACT(Q11) together with Q70 does not affect
the stage at which the polyQ-expanded allele causes lethality;
whether Q11 was co-expressed or not, expression of α1ACT(Q70)
throughout developing flies is lethal at pharate stages and during
eclosion from the pupal case (Supplementary Material, Fig. S2A).
Similarly, based on the membrane-bound GFP reporter, α1ACT
(Q11) does not appear to affect toxicity by the Q70 version in fly
eyes (Fig. 5). Together, these data suggest a toxic gain-of-function
aspect for α1ACT(Q70)-related degeneration in Drosophila.

DnaJ-1 and karyopherin α3 suppress α1ACT-dependent
toxicity

A primary goal for the generation of the α1ACT transgenic lines is
their utilization to isolate modulators of SCA6 in vivo. Conse-
quently, we examined the ability of specific proteins to suppress
α1ACT(Q70)-dependent loss of GFP fluorescence in fly eyes. We
chose the following proteins: DnaJ-1, which is a co-chaperone
of the HSP40 family, shown to suppress polyQ-dependent tox-
icity in an HD model in Drosophila (18); ataxin-3, a polyQ protein
(SCA3) and deubiquitinase that suppresses toxicity in fly models
of HD, SCA1 and SCA3 (16,28,30); karyopherin α3 (kap-α3), a pro-
tein involved in nuclear shuttling, which we selected based on
previous work showing that nuclear localization of α1ACT is
toxic inmammalian cell culture (29,31); and the deubiquitinases,
trbd and the fly orthologue to OTUB1 (CG4968 in flies) (17), which
suppress toxicity from expression of a nearly pure polyQ tract in
flies (Tsou and Todi, unpublished data).

Results are summarized in photos and quantitative data in
Figure 6. We find that expression of DnaJ-1, a mutation in kap-
α3 or RNAi targeting its gene have a marked suppressive effect
on α1ACT(Q70) throughout the period of observations (Fig. 6A

Figure 4. Progressive loss of GFP fluorescence when α1ACT is expressed in fly eyes. (A) Membrane-targeted GFP fluorescence photos from flies of the specified ages

expressing, or not, α1ACT driven by gmr-Gal4. Ctrl: gmr-Gal4 in trans to empty targeting vector inserted into attP2. Flies were heterozygous for all transgenes

(including gmr-Gal4, UAS-α1ACT, UAS-CD8-GFP, empty targeting vector control). All photos were taken using the same exposure and collection parameters, which

were chosen to enable viewing of minimal fluorescence [e.g. 14-day α1ACT(Q70)] as well as maximal signal (e.g. Ctrl) while avoiding saturation. (B) Quantification of

data from (A) and other images. Asterisks: P < 0.05, from ANOVA with Tukey’s post-hoc correction comparing no α1ACT empty vector controls with α1ACT-expressing

lines. Shown are means ± standard deviations.
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and B). Whereas membrane-targeted GFP fluorescence is
lost when α1ACT(Q70) is present in fly eyes, co-expression of
DnaJ-1, or a mutation or RNAi targeting kap-α3, significantly
suppresses this phenotype. Additionally, as shown in Figure 6C,
co-expression of DnaJ-1, or a mutation in kap-α3, together with
α1ACT(Q70) leads to improved ommatidial morphology in histo-
logical sections: the boundaries among retinal units are clear and
the separation of the ommatidial array from the underlying layer
is no longer present. The importance of DnaJ-1 in protecting
against retinal degeneration caused by α1ACT(Q70) is also sup-
ported by a substantial increase in toxicity from the polyQ-
expanded version of this protein when DnaJ-1 is knocked down
through RNAi (Fig. 6D). Knockdown of DnaJ-1 leads to marked
α1ACT(Q70)-dependent ommatidial degeneration and retinal

structure separation in adults as young as 2 weeks old—a time
point when we do not observe clear structural anomalies by hist-
ology—when compared with α1ACT(Q70) expression by itself
(Figs 3B and 6D).

We then examined whether these two suppressors can also
protect against lethality caused by α1ACT(Q70) when it is ex-
pressed in all fly tissues. Expression of DnaJ-1 is even able to
suppress lethality in the new model of SCA6, whereas mutating
kap-α3, even though it has a protective role in fly eyes, is unable
to rescue lethality (Supplementary Material, Fig. S2B and C).

Some of the other potential modifiers have suppressive ef-
fects, or exacerbate α1ACT(Q70)-dependent loss of GFP fluores-
cence (Fig. 6A and B). Knockdown of the fly orthologue of
OTUB1 (CG4968) by RNAi leads to increased GFP signal. Knock-
down of trbd seems to have a suppressive role on Day 7, but
this effect is no longer statistically significant by 14 days
(Fig. 6A and B). Expression of ataxin-3, which has been shown
to reduce retinal toxicity caused by other polyQ proteins (16,30)
does not seem to repress the decline of GFP signal in the presence
of α1ACT(Q70). Indeed, exogenous expression of this deubiquiti-
nase appears to exacerbate the phenotype (Fig. 6A and B). This
finding suggests that the new SCA6 model recapitulates aspects
of this disease that are specific to α1ACT and that are not neces-
sarily shared with other polyQ proteins.

Modifiers reduce α1ACT(Q70) nuclear localization in
fly eyes

Based on the suppressive effect of DnaJ-1 and kap-α3 against
α1ACT(Q70)-dependent toxicity, we sought to gain somemolecu-
lar insight into the protective role of these two proteins. We first
examined whether the co-chaperone or the importin affect over-
all protein levels of α1ACT(Q70). As shown in Figure 7A, co-ex-
pression of DnaJ-1 together with α1ACT(Q70) does not eliminate
the protein. Instead, we notice a larger amount of SDS-soluble
α1ACT(Q70) in the presence of the co-chaperone, concomitant
with a reduction of the SDS-resistant portion of the SCA6 protein
(Fig. 7B).When α1ACT(Q70) is expressed in the background ofmu-
tated kap-α3, we do not observe significant differences in SDS-
soluble or -resistant species of α1ACT(Q70) (Fig. 7A and B).

We next investigated the effect of DnaJ-1 and kap-α3 on the
subcellular distribution of the toxic protein. We conducted nu-
clear/cytoplasmic fractionation of dissected fly heads and exam-
ined the sub-compartmentalization of α1ACT(Q70) when it is
expressed selectively in fly eyes. We noticed a marked increase
in the cytoplasmic fraction of the SCA6 protein when DnaJ-1 is
present, accompanied by a reduction of the nuclear fraction,
compared with the control group (Fig. 7C and D). Mutating kap-
α3 has a milder, though still statistically significant, effect on
the nuclear and cytoplasmic distribution of this polyQ protein
(Fig. 7C and D). Collectively, these data indicate that DnaJ-1 sup-
presses degeneration caused by α1ACT(Q70) not by eliminating
this protein, but by decreasing its aggregating propensity and
by limiting its nuclear localization; they also suggest kap-α3 as
a potential nuclear shuttling factor for the SCA6 protein.

Discussion
Several animal models of SCA6 have been generated and have
provided critical insight into the biology of this disease (5–7).
We add to this collection a Drosophila system with which to rap-
idly investigate potential therapeutic options for this neurode-
generative disorder. We report the generation of a fly model of
SCA6 that utilizes tissue-specific expression of the disease

Figure 5. α1ACT(Q70)-dependent toxicity is not suppressed by co-expressing

α1ACT(Q11). (A) GFP fluorescence photos of fly eyes expressing α1ACT(Q70)

without or with α1ACT(Q11), driven by gmr-Gal4. Flies were heterozygous for all

transgenes. Ctrl: isogenic control for α1ACT(Q11). (B) Quantification of data from

(A) and other images. Overall means of fluorescence readings from (Q70 + Q11)

flies were normalized to readings from the (Q70 + Ctrl) group in each day cohort.

P-values are based on Student’s T-tests with two tails comparing (Q70 +Q11) flies

to (Q70 + Ctrl) flies in each day cohort. Shown are means -/+ standard deviations.
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protein α1ACT with a wild-type or expanded polyQ repeat, and
the discovery of suppressors of α1ACT-dependent toxicity,
which provides critical clues into protective pathways that can
be utilized for SCA6 therapy. We find that widespread expression
of polyQ-expanded α1ACT throughout the fly or in select neuron-
al and non-neuronal tissues is lethal during development, or
causes reducedmotility and premature death in adults. The phe-
notypes that we observed are consistently progressive. We also
find a degenerative phenotype when α1ACT(Q70) is expressed
in fly eyes, characterized by retinal disruption and the presence
of densely staining structures that are reminiscent of aggregates
reported in SCA6 post-mortem tissue (26,27,32).

Through a membrane-targeted GFP reporter, we identified
genes/proteinswith a suppressive effect on α1ACT(Q70). Especially

notable is the co-chaperone DnaJ-1, which markedly protects
against α1ACT(Q70) when this protein is expressed only in eyes,
or throughout the fly. DnaJ-1 is a member of the family of J/
HSP40 proteins that provide specificity for HSP70/Hsc70 chaper-
ones (33,34). DnaJ-1 has been previously reported to suppress tox-
icity caused by a polyQ-expanded fragment of the HD protein,
huntingtin, in fly eyes (18). We confirmed this same protective ef-
fect from DnaJ-1 on degeneration caused by a generic model of
polyQ diseases in Drosophila eyes that express an isolated polyQ
tract of 78 repeats (Tsou and Todi, manuscript in preparation). As
in those other fly models of polyQ diseases, expression of DnaJ-1
leads to strong suppression of the phenotype caused by α1ACT
(Q70). Repressed toxicity from the pathogenic version of the SCA6
protein is accompanied by reduced SDS-resistant species based on

Figure 6. DnaJ-1 and kap-α3 modulate degeneration caused by α1ACT(Q70). (A) Membrane-targeted GFP fluorescence photos from flies of the specified ages, expressing

α1ACT(Q70), driven by gmr-Gal4. Ctrl: isogenic control for modifiers. Flies were heterozygous for all transgenes or mutations. All photos were taken using the same

exposure and collection parameters. α1ACT(Q70), DnaJ-1, ataxin-3 and RNAi constructs are UAS-based. kap-α3[D93] is a loss of function allele. (B) Quantification of

data from (A) and other images. Asterisks: P < 0.05 from ANOVA with Tukey’s post-hoc correction comparing the α1ACT(Q70) + Ctrl group to others. Shown are means ±

standard deviations. (C and D) Histological sections from adult fly retinae. Flies were heterozygous for transgenes (UAS-α1ACT(Q70), gmr-Gal4, UAS-DnaJ-1, UAS-DnaJ-

1-RNAi), or mutations (kap-α3[D93]). Ctrl: isogenic control for modifiers. Red boxes: some of the densely staining punctate structures; red bracketed lines: ommatidial

boundaries; open arrowheads: separation of retinal structures.
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western blots, absence of aggregated structures inflyeyes basedon
histological sections and by increased cytoplasmic localization of
the toxic polyQ protein according to fractionation protocols.
These findings suggest that DnaJ-1 protects from α1ACT(Q70)-de-
pendent degeneration by decreasing its aggregation, preventing
its nuclearaccumulation, or both. Collectively, these datahighlight
DnaJ-1 and its human paralogs (DNAJB1, B4 and B5, based on
BLASTp results) as potential therapeutic options for SCA6. The pre-
cise molecular mechanism by which DnaJ-1 protects against
α1ACT(Q70)-dependent toxicity in flies, the chaperone(s) with
which it functions, and how this protein folding component pre-
vents the nuclear localization and aggregation of α1ACT(Q70) re-
main to be investigated.

Another suppressor was kap-α3, a nuclear shuttle protein.
Mutating the gene that encodes this protein suppresses degen-
eration caused by α1ACT(Q70) in fly eyes, although it does not
have a noticeable effect on lethality when the SCA6 protein is

expressed throughout the organism. This variation in the pro-
tective role from mutating kap-α3 could be due to insufficient
inhibition of the nuclear localization of α1ACT(Q70) when the
toxic protein is expressed everywhere. The finding that reduced
nuclear localization of pathogenic α1ACT ameliorates toxicity is
perhaps not entirely surprising. Restriction of nuclear localiza-
tion of polyQ proteins leads to significantly milder toxicity in
cultured cells and inmousemodels of polyQ diseases, including
SCA6, whereas nuclear localization can be strongly toxic
(29,31,35–37). It deserves mention that a polyQ-expanded C-ter-
minal fragment of the α1A protein that localized to the cyto-
plasm was found to be toxic in cultured HEK-293 and PC12
cells (38). We could surmise that benefits from subcellular re-
striction of the SCA6 protein are context- or cell-type-specific,
thus leading to reduced degeneration of retinal cells in the back-
ground of kap-α3 mutation, but not sufficiently helpful when
α1ACT(Q70) is expressed in other tissues in the same

Figure 7. DnaJ-1 expression reduces aggregation and nuclear localization of α1ACT(Q70). (A) Western blots from dissected fly heads expressing the noted transgenes,

driven by gmr-Gal4. Fifteen heads per group were homogenized in boiling SDS lysis buffer. Flies were heterozygous for all transgenes (UAS-α1ACT(Q70), gmr-Gal4,

UAS-DnaJ-1) or mutations (kap-α3[D93]). Ctrl: isogenic control for modifiers. (B) Quantification of signal from blots on the left and other similar, independent

experiments. Shown are means of SDS-soluble and SDS-resistant α1ACT(Q70) species ± standard deviations. Asterisks: P < 0.05 from ANOVA with Tukey’s post-hoc

correction comparing middle and right histograms to the one on the left of each graph. α1ACT signal was normalized to its respective tubulin loading control. After

normalization, signal from α1ACT in the (Ctrl) lane in each individual experimental repeat was set to 100%. (C) Subcellular fractionation of dissected fly heads

expressing α1ACT(Q70) in the absence or presence of UAS-DnaJ-1 or kap-α3[D93], driven by gmr-Gal4. Flies were heterozygous for driver, transgenes and/or mutations.

Fifteen dissected fly heads were utilized per group. Ctrl: isogenic control for modifiers. (D) Quantification of signal from blots on the left and other independent

experiments. Shown are means of nuclear and cytoplasmic α1ACT species ± standard deviations. Asterisks: P < 0.05 from ANOVA with Tukey’s post-hoc correction

comparing middle and right histograms to the one on the left of each graph. α1ACT signal was normalized to its respective loading control from anti-tubulin or anti-

lamin blots. Normalized α1ACT signal from the (Ctrl) lane in each individual experimental repeat was set to 100%.
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background. The locations where the SCA6 protein exerts its
pathogenic effect are controversial. Two studies detected the
C-terminal portion of α1A in the nucleus and the cytoplasm of
neuronal cells (32,39), and another observed toxicity with this
protein localized to lysosomes in vivo (7). Our findings support
the notion of nuclear-related toxicity from α1ACT, open the
possibility that kap-α3 is directly involved with the nuclear
shuttling of this protein, and suggest the potential of this trans-
posase as a therapeutic target for SCA6.

As assessed by membrane-targeted GFP, a previously re-
ported suppressor of polyQ toxicity in Drosophila, ataxin-3, does
not appear to protect against α1ACT(Q70) in fly eyes. This deubi-
quitinase protected against degeneration caused by an essential-
ly generic form of polyQ diseases, consisting largely of a Q78
repeat (20), as well as polyQ-expanded versions of huntingtin
(HD) and ataxin-1 (SCA1) (16,30). Since ataxin-3 did not prevent
the progressive loss of GFP fluorescence caused by α1ACT(Q70)
in the present study, we reason that toxicity caused by the
SCA6 protein occurs throughmechanisms that are at least some-
what different from those in other polyQ models mentioned
earlier.

Our results also offer some clues into α1ACT(Q70)-dependent
degeneration. Co-expression of α1ACT(Q11) together with α1ACT
(Q70) does not rescue pharate lethality from the polyQ-expanded
versionwhen the transgenes are expressed throughout the fly, or
the loss of GFP fluorescence when they are co-expressed in fly
eyes. These findings argue against loss-of-function and support
the notion of a toxic-gain-of function mechanism for α1ACT-re-
lated toxicity in Drosophila. Such an interpretation is consistent
with results from cell and mouse models of SCA6 (5), and has
also been ascribed to other polyQ disorders (1,2,40–42).

With our most sensitive reporter of retinal integrity, mem-
brane-targeted GFP, we observed some toxicity in fly eyes when
the normal allele of α1ACT was expressed in this organ. When
present in other tissues, the wild-type allele of α1ACT does not
cause detectable anomalies, based on longevity and motility; it
is possible that these latter assays are not as sensitive reporters
of tissue health as membrane-targeted GFP. This discrepancy re-
garding a potentially toxic effect from α1ACT(Q11) in different
Drosophila tissues highlights the sensitivity of the GFP-based
technique, and might also be due to stronger expression of
α1ACT in fly eyes, driven by gmr-Gal4, compared with its expres-
sion byother Gal4 drivers. As also observedwithwild-type alleles
in other polyQ SCA models (9,29), overexpression of α1ACT(Q11)
could have some potentially toxic effects and may be of use in
the future as yet another means through which to investigate
the molecular basis of SCA6, especially in relation to loss- or
gain-of-function mechanisms.

The work that we described here establishes Drosophila as a
flexible and sensitive organismwithwhich to study degeneration
caused by α1ACT, with a particular focus on mechanisms of pro-
tection against this disease protein. Our findings highlight two
effective suppressors of α1ACT-dependent degeneration and
suggest cytoplasmic retention of the disease protein as a poten-
tial route for SCA6 therapy. Drosophila does not contain a struc-
ture that resembles the cerebellum, the major target of SCA6.
Thus, the utility of this organism in investigating the precise
steps of SCA6 etiology is somewhat restricted to shared molecu-
lar components and cellular pathways between this invertebrate
and mammals. Nonetheless, as shown by numerous studies
(24,43,44), this model organism can provide invaluable insight
into basic cellular pathways important for neurodegenerative
disorders, and can identify potential therapeutic targets for the
treatment of these diseases in humans.

Materials and Methods
Antibodies

Mouse,monoclonal anti-Tubulin (1:10 000; Sigma-Aldrich);mouse,
monoclonal anti-Lamin (ADL84.12; 1:200; Developmental Hybrido-
ma Bank, Iowa City, IA, USA); rabbit, polyclonal anti-α1A(1:500;
described before) (5); rabbit, monoclonal anti-α1A ab181371
(1:1000; AbCam); 1:5000 peroxidase-conjugated secondary anti-
bodies (Jackson ImmunoResearch).

Fly stocks and cloning and generation of new
Drosophila transgenics

Commonly used stocks were purchased from Bloomington Dros-
ophila Stock Center (BDSC). Wild-type ataxin-3-expressing line
was described before (16), and sqh-Gal4was also described before
(45–47). UAS-DnaJ-1 [w[*]; P{w[+mC] = UAS-DnaJ-1.K}3] is stock
#30533 from BDSC, karyopherin mutation [w[*]; Kap-alpha3
[D93]/TM6B, Tb[1]] is stock #25397 fromBDSC, RNAi to karyopher-
in [y[1] v[1]; P{y[+t7.7] v[+t1.8] = TRiP.JF02686}attP2] is stock
number 27535 from BDSC, RNAi to OTUB1 (CG4968) [w[1118];
P{GD11489}v21978] is stock number 21978 fromVienna Drosophila
RNAi Center (VDRC); RNAi to trbd [w[1118]; P{GD14218}v24030], is
stock number 24030 from VDRC. Drosophila husbandry was con-
ducted at 25°C and ∼60% humidity in regulated diurnal environ-
ments. A complete list of fly lines used in this report and their
provenance is included in Supplementary Material, Table S1.

To generate transgenic flies that express α1ACT through the
Gal4-UAS system, DNA sequences encompassing exon 40 to
the 3′ end of the human CACNA1A gene were PCR-amplified
with the forward primer: 5′-ATGATCATGGAGTACTACCGGCA
GA-3′ and the reverse primer: 5′-TTAGCACCAATCATCGTCACTC
TCG-3′, and inserted into the EcoRI/BglII site of the pWalium10-
moe plasmid (generated by the Perrimon lab, procured from the
DNA Resource Core at Harvard Medical School). Injections of
pWalium-α1ACT constructs and empty pWalium were conducted
by the Duke University Model System Injection Service into the y,
w1118; +; attP2 line. For transgene insertion verification, we ex-
tracted genomic DNA from different founder lines and performed
PCR using primers white-end-F: 5′-TTCAATGATATCCAGTGCAG
TAAAA-3′ and A2-3L-R: 5′-CTCTTTGCAAGGCATTACATCTG-3′. All
lines used here were placed into w1118 background.

Nuclear/cytoplasmic isolation, lysis protocols and
western blotting

Proteinswere extracted using the ReadyPrep Protein Extraction Kit
(Bio-Rad) per the manufacturer’s protocol. Fifteen dissected adult
Drosophila heads per group were homogenized in 250 µl of cyto-
plasmic protein extraction buffer and incubated on ice for 2 min.
After a quick spin, supernatant was transferred to a clean tube
and centrifuged at 1000g for 10 min at 4°C. The supernatant con-
taining cytoplasmic proteins was transferred and the nuclear pel-
let was washed thrice with 100 µl cytoplasmic protein extraction
buffer. The nuclear pellet was then resuspended in 100 µl com-
plete protein solubilization buffer and incubated on ice for
5 min. Protein loading buffer was added to each sample, boiled,
and loaded onto SDS–PAGE gels. For western blotting of whole
head lysates, 15 fly heads per group were homogenized in boiling
SDS lysis buffer (50 m Tris pH 6.8, 2% SDS, 10% glycerol, 100 m

dithiothreitol). The choice of this specific buffer was determined
in an earlier report, where we established that this particular
protocol provided us with the highest quantity of SDS-soluble
and SDS-resistant species of polyQ species (16). Heads were
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mechanically disrupted by using a pestle and then sonicated for
15 s, boiled for 10 min, centrifuged at top speed at room tempera-
ture for 10 min, and loaded onto SDS–PAGE gels. Western blots
were developed using a CCD-equipped VersaDoc 5000MP system
(Bio-Rad) or PXi (Syngene), as described previously (16,48).

Longevity and motility assays

A total of 200–400 adults were collected and aged in conventional
cornmeal flymedia. Flies were transferred to fresh vials every 3–4
days, until the day when all adults died. For motility assays, 10
adults per vial were tapped on the bench and the number of
adults that reached the top was recorded at 15 and at 30 s. Flies
that reached the top and ventured downwards to subsequently
climb upwards again were counted only once.

Fluorescence measurements

All membrane-targeted GFP (UAS-CD8-GFP) fluorescence images
were taken using an Olympus BX53 microscope and CellSens
software. The same camera and image settings were used for
all images in each specific experiment. Image capture, quantifi-
cation and statistical analyses were conducted by separate inves-
tigators. The overallmean of the (Ctrl) groups in each figure panel
was set to 100%. Image capture settings for each collective figure
panel were set to showhigh and low intensities without reaching
saturation.

Histology

Adult flies, whose proboscises and wings were removed, were
fixed overnight in 2% glutaraldehyde/2% paraformaldehyde in
Tris-buffered saline with 0.1% Triton X-100. Fixed flies were
then dehydrated in a series of 30, 50, 75 and 100% ethanol and
propylene oxide, embedded in Poly/Bed812 (Polysciences) and
sectioned at 5 µm. Sections were stained with toluidine blue.

Quantitative RT–PCR

Total RNA was extracted from pupae using TRIzol reagent (Life
Technologies). Extracted RNA was treated with TURBO DNAse
(Ambion) to eliminate contaminating DNA. Reverse transcription
was performed with the High-Capacity cDNA Reverse Transcrip-
tion Kit (ABI). Messenger RNA levels were quantified by using the
StepOnePlus Real-Time PCR Systemwith Fast SYBR GreenMaster
Mix (ABI). rp49 was used as an internal control. Primers:

α1ACT-F: 5′-CTAACTCTCAGTCCGTGGAGATG-3′,
α1ACT-R: 5′-GTCTGAGATGGTACTGAGGTTATTCC-3′,
rp49-F: 5′-AGATCGTGAAGAAGCGCACCAAG-3′,
rp49-R: 5′-CACCAGGAACTTCTTGAATCCGG-3′.

Statistical analyses

Student’s T-test and ANOVA with Tukey’s post-hoc correction
were used to assess the statistical significance of the results
shown in this work. ANOVA was used for Figures 2C and E, 4B,
6B, 7B and D, comparing the various experimental groups to
their specific internal controls. Two-tailed Student’s T-tests
were used for Figure 5B comparing (Q70 + Q11) groups to their
day-specific (Q70 + ctrl) ones.

Supplementary Material
Supplementary Material is available at HMG online.
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