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reading frame overlapping the ATXN1 coding sequence.

ATXN1 is also an RNA binding protein.
Conclusion: ATXNT1 is a genuine dual coding gene.
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(Background: The spinocerebellar ataxia type 1 (SCA1) gene encoding ataxin-1 (ATXN1) contains an alternative open

Results: The alternative ATXN1 protein is constitutively co-expressed and interacts with ATXN1 N terminus. Alternative

Significance: Alternative ATXN1 may regulate the function of ATXNI in physiological and pathological conditions.

J

Spinocerebellar ataxia type 1 is an autosomal dominant cere-
bellar ataxia associated with the expansion of a polyglutamine
tract within the ataxin-1 (ATXN1) protein. Recent studies sug-
gest that understanding the normal function of ATXN1 in cel-
lular processes is essential to decipher the pathogenesis mecha-
nisms in spinocerebellar ataxia type 1. We found an alternative
translation initiation ATG codon in the +3 reading frame of
human ATXNI starting 30 nucleotides downstream of the initi-
ation codon for ATXN1 and ending at nucleotide 587. This
novel overlapping open reading frame (ORF) encodes a 21-kDa
polypeptide termed Alt-ATXN1 (Alternative ATXN1) with a
completely different amino acid sequence from ATXN1. We
introduced a hemagglutinin tag in-frame with Alt-ATXN1 in
ATXN1 cDNA and showed in cell culture the co-expression of
both ATXN1 and Alt-ATXN1. Remarkably, Alt-ATXN1 colo-
calized and interacted with ATXNI1 in nuclear inclusions. In
contrast, in the absence of ATXN1 expression, Alt-ATXN1 dis-
plays a homogenous nucleoplasmic distribution. Alt-ATXN1
interacts with poly(A)* RNA, and its nuclear localization is
dependent on RNA transcription. Polyclonal antibodies raised
against Alt-ATXN1 confirmed the expression of Alt-ATXN1 in
human cerebellum expressing ATXN1. These results demon-
strate that human ATXNI gene is a dual coding sequence and
that ATXN1 interacts with and controls the subcellular distri-
bution of Alt-ATXN1.
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Spinocerebellar ataxia type 1 (SCA1)? is a lethal autosomal
dominant neurodegenerative disorder characterized by pro-
gressive loss of motor coordination resulting from dysfunction
and degeneration of the cerebellum. At the cellular level, atro-
phy of Purkinje cells from the cerebellar cortex is a pathological
hallmark of SCA1. Isolation of the ATXNI gene led to the
observation that there is a direct correlation between the size of
a (CAQ),, repeat expansion in the gene and the age of onset of
the disease (1). Normal alleles have a size range of 19-36
repeats, whereas pathological alleles have 39 — 82 repeats.

Individuals with >70 repeats develop a juvenile form of
SCA1 (1, 2). The ATXNI gene encodes ataxin-1 (ATXN1), a
nuclear 98-kDa protein. CAG repeats encode a polyglutamine
stretch of variable length, and the mutant polyglutamine
ATXN1 misfolds and forms inclusions in the nuclei of different
types of neurons (3).

The detailed pathogenic mechanism leading to gradual neu-
ronal degeneration in SCA1 has not been determined, but bio-
chemical studies and genetic data from mice models revealed
several important facts. First, loss of function of ATXNT1 is not
the primary cause of toxicity in SCA1 as mice lacking ATXN1
do not show a SCA1-like phenotype (4). Yet loss of function
may partially contribute to neuronal dysfunction through tran-
scriptional dysregulation and abnormal protein interactions
(5-7). Second, nuclear localization of the mutant polyglu-
tamine-expanded ATXNT1 is essential for the pathology (8).
Third, SCA1 can develop in the absence of nuclear inclusions
(8, 9). Fourth, the phosphorylation of Ser-776 is necessary for
the development of the disease (10). These data and others sug-
gest a complex pathogenic mechanism with contributions of
both gain-of-toxic function of mutant ATXN1 in the nucleus
and loss-of-function of the normal ATXNT1 (6, 7).

3 The abbreviations used are: SCA1, spinocerebellar ataxia type 1; ATXN1,
Ataxin 1; Alt-ATXNT1, alternative Ataxin 1; ORF, open reading frame; CDS,
coding sequence; KapB2, karyopherin B2; NLS, nuclear localization
sequence; PY-NLS, proline-tyrosine NLS; hnRNP, heterogeneous nuclear
ribonucleoprotein; F, forward; R, reverse.
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The normal function of ATXN1 is still unclear. ATXN1 KO
mice display impairments in learning and memory (4). ATXN1
also stimulates 3-secretase processing of B-amyloid precursor
protein (11). ATXNI1 binds RNA and several transcription fac-
tors, and there is evidence that ATXN1 is involved in transcrip-
tional regulation (7, 12, 13). ATXN1 genetically and physically
interacts with many proteins, and further studies are required
to use these data to elucidate the biological function of ATXN1
(14).

Given the complexity associated to ATXNI in health and
disease, we re-examined the ATXNI coding sequence (CDS)
and noticed a potential overlapping open reading frame (ORF)
between bp 30 and 587. We show that the protein encoded
in this overlapping ORF, termed Alt-ATXNI1 (alternative
ATXN-1) is co-expressed with ATXN1, and that Alt-ATXN1
interacts with ATXN1 in the nucleus. Furthermore, the pres-
ence of Alt-ATXNT1 in nuclear inclusions is fully dependent on
ATXNT1 co-expression. These findings have direct implications
regarding the comprehension of the function of ATXNI in
health and disease and more generally regarding gene usage in
mammals.

EXPERIMENTAL PROCEDURES

Cloning—All primer sequences are outlined in supplemental
Table S1. ATXN1(30Q) cDNA with 30 CAG repeats was pur-
chased from Addgene (ID16133, Cambridge, MA). cDNAs
were amplified using primers ATXN1 F and ATXN1 R. The
PCR products were digested with HindIII and Notl and
inserted into the multiple cloning site of pCEP4( (Invitrogen).
ATXN1"4 was produced by inserting an HA tag in the +3
frame of human ATXN1 between bases 584 and 585 of the CDS
by PCR overlap extension using the forward primers ATXNI1 F
and ATXN1H4 overlap F and the reverse primers ATXN1H4)
overlap R and ATXN1 R. ATXN1(ATG132AAG)"™™), in which
the alternative ATG at bp 132 of ATXN1"'*) was mutated to
AAG, was produced by PCR overlap extension using the for-
ward primer ATXN1 F and ATXNI1(ATG132)™* overlap F
and the reverse primers ATXN1(ATG132)*' overlap R and
ATXN1R. ATXN1(ATG30AAG)"™ with the alternative ATG
atbp 30 mutated to AAG was produced as described above with
forward primers ATXN1 F and ATXN1(ATG30)*4 overlap F
and reverse primers ATXNI1(ATG30)*"'* overlap R and
ATXN1 R. ATXNI1(ATG30/132AAG)™™ was produced as
described above. Alt-ATXN1"* was amplified using the prim-
ers Alt-ATXN1 HindIII F and ATXN1%"% overlap R and then
inserted in StrataClone PCR Cloning vector pSC-A-amp/kan
using the StrataClone PCR Cloning kits (Agilent Technologies,
Santa Clara, CA) according to the manufacturer’s instructions.
The plasmid was then double-digested with HindIIl and
inserted into the multiple cloning site of pCEP4f.
ATXN1(82Q) cDNA was kindly provided by Dr. Harry T. Orr
(University of Minnesota). Myc-MBP-M9M construct was
kindly provided by Dr. Yuh Min Chook (University of Texas
Southwestern Medical Center) (15).

ATXN1P*R42 ywag produced by PCR overlap using the for-
ward primers DsRed HindIII F and DsRed-ATXN1 overlap R
and the reverse primers DsRed-ATXN1 overlap F and ATXN1
R. PCR product was thereafter digested with HindIII and NotI
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and inserted in the multiple cloning site of pCDNA3.1(+)
(Invitrogen). ATXN1PRed2 (K772T) 30Q or 82Q were pro-
duced using QuikChange II site-directed mutagenesis kit (Agi-
lent Technologies) according to the manufacturer’s instruc-
tions using primers ATXN1-K772T F and ATXN1-K772T R.

Alt-ATXN1FSF"N! was produced by amplifying Alt-ATXN1
DNA sequence using primers Alt-ATXN1 HindIII F and Alt-
ATXNI EcoRI BamHI R. The PCR product was digested with
HindIIl, and EcoRI was inserted in the multiple cloning site of
pEGFP-N1 (Clontech, Mountain View, CA).

GST-Alt-ATXN1 was amplified by PCR using Alt-
ATXNI1" as a template and the forward primer Alt-ATXN1-
pGEX-4T1-EcoR1 F and the reverse primer ARF-HA-pGEX-
4T1-Notl R. The PCR product was digested with EcoRI and
Notl and inserted into the multiple cloning site of pGEX-4T1
(GE Healthcare). His,-ATXN1 was produced by amplifying
ATXNT1 with forward primers Atxn1-pRSETA-Xhol F and the
reverse primer Atxnl-pRSETA-HindIII R. The PCR product
was inserted into the multiple cloning site of pRSET A (Invit-
rogen). The different His,-ATXN1 fragments were amplified
from the wild type ATXN1 sequence using forward primers
1-360 F, 250-547 F, 425—- 689 F, and 568 —816 F and reverse
primers 1-360 R, 250 -547 R, 425—- 689 R, and 568 — 816 R. The
constructs were introduced in Nhel predigested pRSET A using
Gibson Assembly Master Mix (New England Biolabs, Ipwich,
MA) according to the manufacturer’s instructions.

Antibodies and Reagents—Primary antibodies used were
polyclonal anti-ATXN1 (C-20, sc-8766; Santa Cruz Biotech-
nology, Santa Cruz, CA), polyclonal anti-ATXN1 (catalog no.
A302-292 A, Bethyl, Montgomery, TX), monoclonal anti-
ATXNT1 (catalog no. 73-122, Neuromab, Davis, CA), polyclonal
anti-GAPDH (catalog no. ab9485, Abcam, Toronto, ON,
Canada), monoclonal anti-HA (catalog no. MMS-101R, Covance,
Montreal, QC, Canada), monoclonal anti-B-actin (clone
AC-15, Sigma), monoclonal anti-HA (clone C29F4, Cell Signal-
ing Technology, Whitby, ON, Canada), monoclonal anti-Myc
(9E10, Santa Cruz Biotechnology), polyclonal anti-SP1 (PEP 2,
Santa Cruz Biotechnology), polyclonal anti-GST (sc-459; Santa
Cruz Biotechnology), monoclonal anti- Penta-His (catalog no.
34660, Qiagen, Toronto, ON, Canada), and polyclonal anti-
hnRNP A1 kindly provided by Dr. Benoit Chabot (Université de
Sherbrooke). Rabbit polyclonal antibodies against human Alt-
ATXNI1 were raised either against residues > CQLHPITADP-
PNRQPRHQ'® and affinity-purified (Biomatik, Cambridge,
ON, Canada) or against residues "**HSIPALPAGGLFHSAG'"?
and affinity-purified (Abnova, Walnut, CA). Secondary anti-
bodies used were horseradish peroxidase (HRP)-conjugated
sheep anti-mouse IgG (NA931V, GE Healthcare), HRP-conju-
gated donkey anti-rabbit IgG (NA934V, GE Healthcare), Alexa
Fluor 488-conjugated goat anti-mouse IgG (A-11701, Invitro-
gen), Alexa Fluor 568-conjugated goat anti-rabbit IgG
(A-21069, Invitrogen), Alexa Fluor 568-conjugated goat anti-
mouse IgG (A-11019, Invitrogen), and Alexa Fluor 488-conju-
gated goat anti-rabbit IgG (A-11070, Invitrogen). All other
reagents were obtained from Sigma unless otherwise stated.

Cell Culture and Drug Treatments—Human epithelial kid-
ney cells (HEK293), HeLa cells, and murine neuroblastoma
cells (N2a) were grown in Dulbecco’s modified Eagle’s medium
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supplemented with 10% fetal bovine serum (FBS) (Wisent, St-
Bruno, QC, Canada). Nonessential amino acids were also added
to N2a cells. Cells were transfected with GeneCellin transfec-
tion reagent according to the manufacturer’s instructions (Bio-
CellChallenge, La Seyne-sur-Mer, Toulon, France). For drug
treatments, cells were incubated for 3 h with 5 ug/ml actino-
mycin D or 25 ug/ml 5,6-dichlorobenzimidazole riboside or for
1 h with 0.5 mm sodium arsenite. Human glioblastomas cells
were a generous gift from Dr. David Fortin (Université de Sher-
brooke). Informed consent was obtained in accordance with
the Declaration of Helsinki, and research on human cells was
approved from the Research ethics board for human subjects
“Centre Hospitalier Universitaire de Sherbrooke.” Cells were
grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% FBS (Wisent).

SiRNA Treatments—Human glioblastoma cells were plated
in a 100-mm plate in fresh medium containing no antibiotics.
After 24 h, ATXN1 siRNA (catalog no. J-004510-07, Thermo
Scientific, Walthan, MA) or AllStars Negative Control siRNA
(catalog no. 1027281, Qiagen) was transfected into the cells at a
final concentration of 100 nm using Lipofectamine 2000 (Invit-
rogen) according to the manufacturer’s instructions. After 72 h,
cells were harvested, and lysate was processed for SDS-PAGE
and Western blot analysis to assess knockdown efficiency.
Experiments were repeated four times.

Sample Preparation and Immunoblotting—Cells samples
were prepared for immunoblotting as previously described
(16). Human cerebellum extracts were purchased from Novus
Biologicals (catalog no. NB820-59180, Oakville, ON, Canada).
Proteins were detected by Western blot using anti-ATXN1
(NeuroMab, 1/2000), anti-Alt-ATXN1 (Biomatik, 2 ug/ml),
and anti-Alt-ATXN1 (Abnova, 30 ug/ml) antibodies.

Immunoprecipitation—Cells from a 100-mm plate were
washed, lysed, and cleared as described (17). Briefly cells were
lysed in 50 mm Tris-HCI, pH 8.0, 150 mm NaCl, 10% glycerol,
0,5% Nonidet P-40, Complete protease inhibitors (Roche
Applied Science) for 15 min at 4 °C with rocking, sheared with a
syringe, and cleared at 15,000 X g at 4 °C for 15 min.

For ATXN1 immunoprecipitation, lysates were diluted in
immunoprecipitation buffer (same as the lysis buffer but with-
out glycerol) at a protein concentration of 1 pg/ul in a 750-ul
final volume. Thereafter, bethyl anti-ATXN1 antibody was
incubated at a concentration of 1 ng/ul at 4 °C with rocking.
After 12 h of incubation, 20 ul of protein A/G plus beads (Santa
Cruz) were mixed for 1-4 h long with rocking at 4 °C. Beads
were then harvested with a 5000 X g centrifugation for 5 min at
4 °C and washed once for 15 min and twice for 5 min at 4 °C.
The bound proteins were eluted by incubating for 5 min at
95°C in SDS-PAGE sample buffer (0.5% SDS (w/v), 1.25%
2-mercaptoethanol (v/v), 4% glycerol (v/v), 0.01% bromphenol
blue (w/v), 15 mm Tris-HCl, pH 6.8). Proteins were detected by
Western blot using anti-HA (Covance, 1/500) and anti-ATXN1
(Bethyl, 1/2000) antibodies.

For Alt-ATXN1 immunoprecipitation, minor modifications
were introduced in the above protocol: 1 ml of lysates were
incubated at a protein concentration of 2 mg/ml and 80 ul of
anti-HA Affinity Matrix (Roche Applied Science) for 2hat4 °C
with rocking. Bound proteins were eluted with SDS-PAGE
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sample buffer without 2-mercaptoethanol to prevent the elu-
tion of anti-HA antibodies light chains. The eluates were trans-
ferred into new tubes, and 2-mercaptoethanol was then added
to the samples.

Immunofluorescence—Immunofluorescence was carried out
as previously described (18). Primary antibodies were diluted as
follow: anti-HA (Cell Signaling) 1/500, anti-ATXN1 (Santa
Cruz) 1/500, anti-hnRNP A1 1/250, anti-SP1 1/50, anti-Myc
1/100. Confocal analysis was carried out as previously described
(19).

Subcellular Fractionation—Cytoplasmic and nuclear frac-
tions were isolated as previously described (20).

GST Pulldown Assay—GST and GST-Alt-ATXN1"* were
produced and purified as previously described with minor
modifications (21). Briefly, pPGEX-4T1 and Alt-ATXN1-pGEX-
4T1 were transformed into Escherichia coli strain BL-21(ADE-3)
(EMD Bioscience, Mississauga, ON, Canada). One clone from
each construct was amplified in 100 ml of LB medium and
induced for 6 h with 0.5 mm isopropyl 1-thio-B-p-galactopyra-
noside at 37 °C with shaking. Cells were pelleted and resus-
pended in PBS, Triton 1%, pH 7.4, and treated with 1 mg/ml
lysozyme for 30 min at 4 °C with shaking. The mixture was then
sonicated and centrifuged to obtain a clear lysate. The lysate
was incubated with 100 ul of glutathione-agarose beads (cata-
log no. 17-0756-01, GE Healthcare) for 1 h at room tempera-
ture. Beads were washed 3 times with PBS, 1% Triton and resus-
pended with 100 ul of the same buffer.

For His,-ATXNI1 and the different His,-ATXN1 fragments
purification, cells were resuspended with 300 mm NaCl, 50 mm
NaH,PO,, and 10 mm imidazole, pH 8.0. The lysate was incu-
bated with 100 ul of nickel resin beads (catalog no. 88221,
Thermo Scientific) at 4 °C. Beads were washed 4 times with the
resuspension buffer containing 20 mm imidazole. Purified His,-
ATXN1 was eluted with 100 ul of resuspension buffer contain-
ing 250 mm imidazole.

15 pl of recombinant GST or GST-Alt-ATXN1 fixed on glu-
tathione-agarose beads was incubated with 15 ul of purified
His,-tagged ATXNI1 for 12hat4 °Cin 500 ul of PBS, Triton 1%,
1 mM DTT. The beads were washed three times using the same
buffer. Bound proteins were eluted with SDS-PAGE sample
buffer and analyzed by Western blot. For the different ATXN1
fragment constructs, the same amount of GST-Alt-ATXN1
bound to the beads was used (5 ul) for each pulldown. Approx-
imately the same amount of each ATXN1 fragment was incu-
bated with the GST-Alt-ATXN1 beads.

Pulldown Assays of Alt-ATXNI™ with Oligo(dT)-cellulose—
Assays were performed as previously described with minor
modifications (22). Briefly, cells (confluent 100-mm plate) were
lysed with 1 ml of lysis buffer (50 mm Tris-HCI, pH 7.5, 150 mm
KCl, 1% Triton, 1 mm EDTA, 0.5 mm DTT) containing 430 units
of RNaseOUT (Invitrogen). The lysate was homogenized using
QIAshredder (Qiagen) and centrifuged for 2 min at 18,000 X g.
The supernatant was incubated for 10 min at room temperature
with 20 mg of oligo(dT)-cellulose (GE Healthcare) pre-equili-
brated with lysis buffer. The beads were washed 4 times for 5
min with 1 ml of lysis buffer, and bound proteins were eluted
with SDS-PAGE sample buffer. For the oligonucleotides poly-
mers competition experiment, oligo(dT)-cellulose was prein-
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cubated with 10 mg of polyadenylic acid. In the control exper-
iment, there was no KCl in the lysis buffer.

Conservation Analyses—Transcript information was re-
trieved on the NCBI Gene Database for all the species selected
(www.ncbi.nlm.nih.gov), then transcribed in silico with the
ExPASy Translate tool webserver. The ATXNI1 and Alt-
ATXN1 protein sequences obtained for the different species
were analyzed using the standard settings of the multiple
sequence alignment tool Clustal Omega.

RESULTS

Alt-ATXNI1 Is Expressed from ATXN1 cDNA—We noticed an
alternative open reading frame in the +3 reading frame in
ATXNI, with the ATG codon between bp 30 and 32 and a stop
codon between bp 585 and 587, upstream of the (CAG),, repeats
domain (Fig. 1, A and B). This ORF encodes a potential poly-
peptide termed Alt-ATXNI. Alt-ATXN1 is a 185-amino acid-
long protein with a calculated molecular mass of 21 kDa and is
highly basic despite the complete absence of lysine residues (20
Arg and 14 His; pI = 11.5) (Fig. 1C). Another feature of Alt-
ATXNI is the high proline content, with 26 Pro residues dis-
tributed throughout the protein. This alternative ORF also
encodes a potential shorter isoform (151 amino acids, 17 kDa)
from ATG at bp 133-135 termed Alt-ATXN1g (Fig. 1, A-C).
Interestingly, the alternative ORF encoding Alt-ATXN1 long or
short isoform in human is present in many eukaryotes, and the
predicted proteins that they encode are fairly conserved among
the different species, highlighting the potential importance of
Alt-ATXNT1 in biological processes (supplemental Fig. S1).

Because Alt-ATXN1 is a novel protein with a sequence com-
pletely different from that of ATXNT1, we introduced an HA tag
within ATXN1 c¢cDNA containing 30 CAG repeats to produce
Carboxyl-tagged Alt-ATXN1"* (Fig. 1D). This construct is
termed ATXN1* where (HA) indicates that the HA tag is
silent within the reading frame of ATXN1. We also generated
control constructs unable to express Alt-ATXNI1, Alt-
ATXN1g, or both isoforms (Fig. 1D). These constructs are
ATXN1(ATG132AAG)M™ and ATXN1(ATG30AAG)MN in
which the alternative initiation codons between bp 132-135
and 30-32 were inactivated, respectively. Both alternative ini-
tiation codons were inactivated in the ATXNI(ATG30/
132AAG)HN construct.

Lysates from mock-transfected cells and cells transfec-
ted with ATXN1, ATXN1HAY ) ATXNI(ATG132AAG)H™),
ATXNI(ATG30AAG)M™, or ATXN1(ATG30/132AAG)HA
were probed with both anti-ATXNI1 and anti-HA antibodies.
All constructs were expressed in different cell lines (Fig. 24).
Remarkably, two bands corresponding to the expected molec-
ular weights for Alt-ATXN1"* and Alt-ATXN1"* were
detected in lysates from cells expressing ATXN1"* (Fig. 24).
The identity of these bands was confirmed in cells express-
ing various ATXN1"'%) mutants. Cells transfected with
ATXN1(ATG30AAG)T™ or ATXNI(ATG132AAG)HA
did not express Alt-ATXN1"# or Alt-ATXN1¢"4, respec-
tively. Cells transfected with ATXN1(ATG30/132AAG)"™*)
did not express either Alt-ATXN1"4 or Alt-ATXN14"4. These
results clearly indicate that initiation of Alt-ATXNT1 and Alt-
ATXN1g occurred at the identified alternative initiations sites.
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The results also show that Alt-ATXN1g levels are insignificant
compared with Alt-ATXNT1 levels in HEK293 cells, and Alt-
ATXNIg was barely detected in N2a and in HeLa cells.

We verified the expression of Alt-ATXN1 by immunofluo-
rescence and addressed the subcellular localization of this novel
protein in N2a and HeLa cells transfected with ATXN14)
(Fig. 2B). As expected, ATXN1 was mainly detected in small
intranuclear inclusions. Alt-ATXN1 was also predominantly
present in similar intranuclear inclusions. The nuclear localiza-
tion was confirmed by subcellular fractionation (Fig. 2C). Sim-
ilar to ATXN1, Alt-ATXN1 was mainly detected in the nuclear
fraction. Overall, these results show that ATXNI encodes two
nuclear proteins, ATXN1 and Alt-ATXNI1.

ATXNI1 and Alt-ATXN1 Colocalize in the Nucleus and
Interact—Because both ATXN1 and Alt-ATXN1 are localized
in the nucleus, we addressed more precisely the question of
their colocalization with ATXN1”®¢42 and Alt-ATXN15GFP
constructs. Cells transfected with ATXN1PsRed2 and Alt-
ATXNIFSFP were analyzed by confocal microscopy (Fig. 34).
As expected, ATXN1”*R¢42 displayed mainly a typical localiza-
tion in nuclear inclusions in addition to a minor diffuse nucle-
oplasmic distribution. Strikingly, Alt-ATXN1"“F" clearly colo-
calized with ATXN1 in nuclear inclusions and in the
nucleoplasm. Because SCAL1 is caused by expansion of CAG
repeats in the ATXN1 gene, we determined if CAG expansion
modifies the localization of Alt-ATXN1. We observed that
colocalization of both proteins in nuclear inclusions was inde-
pendent of the length of the polyglutamine tract as Alt-
ATXN1ESFP colocalized with ATXN1PsRe42 (30 repetitions of
glutamine residues) and ATXN1(82Q)”*%*!? with 82 repeti-
tions (Fig. 3A). In addition, ATXN1 and Alt-ATXN1 colocal-
ized in small and large inclusions.

To test the interaction between ATXN1 and Alt-ATXN1 in
neuronal cells, we transfected N2a cells with ATXN1HA),
Immunoprecipitation with anti-ATXN1 antibodies showed
that Alt-ATXN1"* interacts with ATXN1 (Fig. 3B). In a con-
trol experiment, cells were transfected with untagged ATXN]1.
In these cells Alt-ATXN1 does not bear an HA tag and should
not be detected after immunoprecipitation. As expected,
Alt-ATXNI1 was not detected with anti-HA antibodies after
ATXN1 immunoprecipitation. The interaction between
ATXN1 and Alt-ATXN1 was confirmed by reverse immuno-
precipitation with anti-HA antibodies; these antibodies co-im-
munoprecipitated Alt-ATXN1"4 and ATXN1* (Fig. 3C).

To further examine if the interaction between ATXN1 and
Alt-ATXNI1 is direct, we used an in vitro GST pulldown assay.
We produced and purified recombinant GST, GST-Alt-
ATXN1", and His,-ATXN1 proteins and incubated GST or
GST-Alt-ATXN1"* with His,-ATXN1. His,-ATXN1 showed
a strong binding with GST-Alt-ATXN1"4 but not with GST,
thus confirming the direct and specific interaction between
ATXN1 and Alt-ATXN1 (Fig. 3D, compare lanes 4 and 5). All
together, these results clearly demonstrate that ATXN1 and
Alt-ATXNI1 directly interact.

To determine more precisely the domain of ATXN1 respon-
sible for its interaction with Alt-ATXN1, we produced and
purified different His,-tagged ATXN1 fragments (Fig. 3E).
These fragments were incubated with the same amount of
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A 1 AAA TCC AAC CAA GAG CGG AGC AAC GAA TGC CTG CCT CCC AAG AAG CGC GAG ATC CCC GCC ACC AGC
70 CGG TCC TCC GAG GAG AAG GCC CCT ACC CTG CCC AGC GAC AAC CAC CGG GTG GAG GGC ACA GCA TGG CTC
139 CCG GGC AAC CCT GGT GGC CGG GGC CAC GGG GGC GGG AGG CAT GGG CCG GCA GGG ACC TCG GTG GAG CTT
208 GGT TTA CAA CAG GGA ATA GGT TTA CAC AARA GCA TTG TCC ACA GGG CTG GAC TAC TCC CCG CCC AGC GCT
277 CCC AGG TCT GTC CCC GTG GCC ACC ACG CTG CCT GCC GCG TAC GCC ACC CCG CAG CCA GGG ACC CCG GTG
346 TCC CCC GTA CAG TAC GCT CAC CTG CCG CAC ACC TTC CAG TTC ATT GGG TCC TCC CAA TAC AGT GGA ACC
415 TAT GCC AGC TTC ATC CCA TCA CAG CTG ATC CCC CCA ACC GCC AAC CCC GTC ACC AGT GCA GTG GCC TCG
484 GCC GCA GGG GCC ACC ACT CCA TCC CAG CGC TCC CAG CTG GAG GCC TAT TCC ACT CTG CTG GCC AAC ATG
553 GGC AGT CTG AGC CAG ACG CCG GGA CAC AAG GC

B Reading Predicted ORF
frame
bps: ? 3|0 1?2 587 24|57
aTG m — +1 ATXN1
ATG TGA +3 Alt-ATXN1
+3 Alt-ATXN1
are T TGA
C Alt-ATXN1
- +- + + - + + 4= +- + + + + +

MPASQEARDPRHQPVLRGEGPYPAQRQPPGGGHSMAPGQPWWPGPRGREAWAGRDLGGAWETTGNRFTQSIVHRAGLLPAQRSQVCPRGHHAACRV

+ +- + o+ -+ o+ ++ - -
RHPAARDPGVPRTVRSPAAHLPVHWVLPIOWNLCOLHPITADPPNROPRHOCSGLGRRGHHSIPALPAGGLFHSAGOHGOSEPDAGTOG

Alt-ATXN1,

—————————————————————————————————— MAPGQPWWPGPRGREAWAGRDLGGAWFTTGNRFTQSIVHRAGLLPAQRSQVCPRGHHAACRV
RHPAARDPGVPRTVRSPAAHLPVHWVLPIOWNLCOLHPITADPPNROPRHOCSGLGRRGHHSIPALPAGGLFHSAGOHGOSEPDAGTOG

D READING EXPRESSED
CONSTRUCT FRAME PROTEIN
bps: ? 3IO 1?2 587 24]57
ATXN1 ATG m TAG +1 ATXN1
5 : +3 Alt-ATXN1
+3 AI-ATXN
(HA)
ATXN1® ATG (HA):m TAG +1 ATXN1 n
ATG HA TGA +3 Alt-ATXN1 A
""""" ATG | HA TGA +3 Alt-ATXN1
(HA)
ATXN1(ATG132AAG)™  [atG (S c-c. | TAG +1 ATXN1(ATG132AAG)
HA
+3 Alt-ATXN1
+3 -
(HA)
ATXN1(ATG30AAG)"™  [ate (S c-c. | TAG +1 ATXN1(ATG30AAG)
e HA—FEA +3 —_—
S e T HA TOA +3 Alt-ATXN1 ™
_(HA)
ATXN1(ATG30/132AAG)"™ [atc I - | 0] +1 ATXNA1(AI-ATXNT)
———————————— : +3 —
+3 —

FIGURE 1. An alternative ORF overlaps ATXN1 coding sequence in the +3 reading frame. A, shown is the human ATXN7 DNA sequence starting from the
ATXNT1 start codon (boxed) up to the Alt-ATXN1 stop codon between bp 585-587 (boxed). For clarity purposes, the remaining ATXN1 CDS (up to bp 2448) is not
shown. Initiation codons for the long and short Alt-ATXN1 isoforms are shown in bold. B, a diagram of ATXN1 CDS shows different features of ATXN1, including
the localization of the long (Alt-ATXN1) and short (Alt-ATXN1) alternative ATXN1 protein isoforms. Note that Alt-ATXN1 stop codon is located just upstream of
the (CAG), repeats domain. C, shown is the amino acid sequence of Alt-ATXN1. The N-terminal methionine residues of Alt-ATXN1 and Alt-ATXN 1 isoforms are
labeled in bold. A putative PY-NLS with the sequence RGEGPY is underlined. D, shown is the strategy used to detect Alt-ATXN1 by introducing an HA tag at the
C terminus of Alt-ATXN1.In ATXN1™, ATXN1(ATG132AAG) "™, ATXN1(ATG30AAG)™™ , and ATXN1(ATG30/132AAG)"", an HA tag (gray box), was inserted at
the Cterminus of Alt-ATXN1. The parentheses surrounding the HA in the ATXN1 reading frame represent the fact that the HA epitope sequence is encoded in the
Alt-ATXN1 reading frame and is, therefore, undetected if expressed from the ATG codon at bp 1 of the ATXN1 CDS. ATXN1(ATG132AAG)"” and
ATXN1(ATG30AAG)™ are identical to ATXNT™* except that the ATG codons at bp 132 and 30 have been mutated to AAG, respectively. ATXN1(ATG30/
132AAG)" is identical to ATXN1™” except that both ATG codons at bp 30 and 132 have been mutated to AAG.
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FIGURE 2. Expression of Alt-ATXN1. A, shown is a Western blot against ATXN1 and Alt-ATXN1 (HA epitope) in HEK293, N2a cells, and Hela cells mock-
transfected or transfected with ATXN1, ATXN1H%, ATXNT(ATG132AAG) M, ATXN1(ATG30AAG) "™, or ATXN1(ATG30/132AAG)™™™ constructs. Molecular mass
markers in kDa are indicated on the left. This experiment is representative of three independent experiments in each cell line. B, shown is confocal microscopy
of cells transfected with ATXN1"* and immunostained with anti-HA (red channel) and anti-ATXN1 (green channel) antibodies. Nuclei were stained with
Hoechst (blue channel). Scale bar, 5 um. C, total extracts (Tot.), nucleus (Nuc.), and cytoplasmic (Cyt.) fractions from HEK293 cells expressing ATXN1" were
immunoblotted for Alt-ATXN 14, the nuclear marker proliferating cell nuclear antigen, and the cytosolic marker GAPDH. Molecular mass markers in kDa are
indicated on the /eft. This experiment is representative of two independent experiments.

GST-Alt-ATXN1"4, Pulldown assays show that only the 1-360
domain of ATXN1 is responsible for the interaction with Alt-
ATXN1 (Fig. 3F). We further demonstrated that only the N
terminus of ATXN1 (residues 1-196), and not the polyglu-
tamine track, was responsible for its interaction with Alt-
ATXN1 (Fig. 3F).

ATXNI1 Promotes the Sequestration of Alt-ATXNI in
Inclusions—Based on their colocalization and interaction, we
determined if one of these two proteins recruits the other pro-
tein into nuclear inclusions. Cells were transfected with Alt-
ATXNI1EGFP - ATXN1(ATG30/132AAG)PR, or co-trans-
fected with ATXN1”R42 and Alt-ATXN15“** and observed
by confocal microscopy (Fig. 4, A—C). Alt-ATXNT1 displayed a
diffuse nucleoplasmic distribution in the absence of ATXN1
expression (Fig. 4A). In contrast, Alt-ATXN1 colocalized
with ATXNT1 in nuclear inclusions when co-transfected with
ATXN1PRed2 (Fig. 3B). In cells transfected with ATXN1
(ATG30/132AAG)P*R*42 3 mutant construct that does not
allow expression Alt-ATXN1, ATXN1 formed nuclear inclu-
sions independently of the presence of Alt-ATXN1 (Fig. 4C).
Identical results were observed with ATXN1(82Q) (Fig. 4, D
and E). We conclude that ATXN1 spontaneously forms
intranuclear inclusions in the absence of Alt-ATXN1 expres-
sion and recruits Alt-ATXNT1 into these inclusions. This obser-
vation was confirmed using a solubility assay (10). Alt-ATXN1
was detected in the insoluble fraction only in cells expressing
ATXN1%% (Fig. 4, Fand G).
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To validate these observations, we used a nuclear localiza-
tion signal mutant that forms cytoplasmic inclusions,
ATXNI1(K772T) (8). If ATXNI1 forces Alt-ATXN1 into nuclear
inclusions, the distribution of Alt-ATXNT1 in cells expressing
ATXN1(K772T) should remain diffuse in the nucleoplasm.
Indeed, Alt-ATXN1 displayed an homogenous nucleoplasmic
distribution in cells co-expressing ATXN1(K772T)"sR<4> and
Alt-ATXN1FS*? (Fig. 4, Hand I). Surprisingly, Alt-ATXN1 also
associated with ATXN1(K772T) in cytoplasmic inclusions.
These results demonstrate that ATXNT1 is able to recruit Alt-
ATXNT1 in intracellular inclusions independently of their local-
ization in the nucleus or the cytoplasm. They also suggest that
Alt-ATXNI1 can shuttle from the nucleus to the cytoplasm, sim-
ilarly to ATXNI1.

Alt-ATXN1 Nuclear Localization Is Dependent on RNA
Transcription—Alt-ATXN1 does not have a predicted classi-
cal nuclear localization signal (NLS) (23), but a putative pro-
line-tyrosine NLS (PY-NLS) within the sequence RGEGPY is
present at the N terminus (24) (Fig. 1C). Two experiments were
performed to test the functionality of this PY-NLS. First,
because PY-NLS is specifically imported into the nucleus by
karyopherin (2/transportin (Kapf2) (24), we co-transfected
the Kapp2-specific inhibitor myc-MBP-M9M and Alt-
ATXN1FSFP in HeLa cells (15). Overexpression of myc-MBP-
M9M induced the mislocalization of Alt-ATXN1*SFF to the
cytoplasm (Fig. 54, a-c), indicating that Kapf2 is the nuclear
importer of Alt-ATXN1. In control experiments, to confirm
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FIGURE 3. Alt-ATXN1 and ATXN1 colocalize in nuclear inclusions and interact. A, Hela cells were co-transfected with Alt-ATXN15¢F" (green channel) and
ATXN1P3Re42 (red channel). Nuclei were stained with Hoechst (blue channel). ATXN1 contained 30 GIn (Q) repetitions or 82 GIn repetitions as indicated. Scale bar,
2 um. Band C, co-immunoprecipitation (/P) experiments with anti-ATXN1 (B) or anti-HA (C) antibodies were performed using lysates from N2a cells expressing
ATXN1 or ATXN1H, This experiment is representative of four independent experiments. D, binding assays were carried out with purified glutathione-
Sepharose-bound GST (Input, lane 1) or GST-Alt-ATXN1"2 (Input, lane 2) incubated with purified recombinant Hisg-ATXN1 (Input, lane 3). GST-Alt-ATXN 174
presentin the binding reaction was detected using antibodies against HA or GST, and binding of His,-ATXN1 was detected with antibodies against ATXN1 (lane
5). GST was detected with antibodies against GST. Molecular mass markers in kDa are indicated on the left. E, shown is a schematic representation of the
different ATXN1 fragments used to determine the region responsible for its interaction with Alt-ATXN1 (48). Residues 1-360 contain the polyglutamine
repetitions (Poly-Q), 250-547 contain the SAD (self-associating domain), 425-689 contain the SAD and the AXH (ATXN1/HMG-box protein 1) domain, and
568-816 contain the AXH domain and the NLS region of ATXN1. Fragments 1-360 were subsequently divided into two subdomains, residues 1-196 and
191-360). F, binding assays with purified glutathione-Sepharose-bound GST-Alt-ATXN1" incubated with purified recombinant His,-ATXN1 fragments are
shown. GST-AIt-ATXN 1" present in the binding reaction was detected using antibodies against HA, and fragments of ATXN1 were detected with antibodies
against pentahistidine.

the specificity of myc-MBP-M9M for Kapf32, myc-MBP-M9M
mislocalized the Kap32 cargo hnRNP A1 (15) (Fig. 5, A, d—f). In
contrast, SP1, a transcription factor that is transported into the
nucleus in an importin-dependent manner (25) accumulated in
the nucleus irrespective of the presence of myc-MBP-M9M. In
a second approach to determine the functionality of the puta-
tive PY-NLS, a mutant Alt-ATXN1(PY/AA)ESE? construct
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with the PY residues changed to AA by site-directed mutagen-
esis was generated. Surprisingly, this mutation did not alter
Alt-ATXN1(PY/AA)*S* nuclear localization (Fig. 5B). Fur-
thermore, overexpression of myc-MBP-M9M induced the mis-
localization of Alt-ATXN1(PY/AA)®S*® to the cytoplasm (Fig.
5C). These results indicate that Alt-ATXN1 is a Kapf2 cargo
with an atypical NLS.
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FIGURE 4. ATXN1 and ATXN1(82Q) recruit Alt-ATXN1 inside inclusions. A-E, Hela cells were transfected with Alt-ATXN1EF? (A), Alt-ATXN1E¢FP and
ATXN1PsRed2 () ATXN1(ATG30/132AAG)P5Re42 ((), Alt-ATXN154FP and ATXN1(82Q)PsRe92 (D), or ATXN1(82Q)(ATG30/132AAG)PRe42 (F) and observed by con-

focal microscopy. F and G, a Western blot with anti-ATXN1 and anti-HA antibodies shows the proportion of ATXN1" and Alt-ATXN1™* in a total cell lysate
(lanes 1 and 2) and in the insoluble fraction (lanes 3 and 4) from HEK293 cells expressing ATXN1"* (F, lanes 7 and 3), ATXN1(82Q)"*” (G, lanes 1 and 3), or
Alt-ATXN1 (F and G, lanes 2 and 4). Molecular mass markers in kDa are indicated on the left. H and /, Hela cells were co-transfected with Alt-ATXN15F" and
ATXN1(K772T)PsRed2 or Alt-ATXN1ESFP and ATXN1(82Q)(K772T)P5Re42 fixed, and observed by confocal microscopy. Scale bar, 10 um.

The localization of several nuclear proteins with no classical
NLS is dependent on transcription (26 -28). Thus, we deter-
mined if transcription inhibitors altered Alt-ATXN1 nuclear
localization. Cells expressing Alt-ATXN15SFF were treated
with two inhibitors of RNA polymerase II, actinomycin D and
5,6-dichlorobenzimidazole riboside (DRB) (Fig. 5D). After
treatment with the drugs, Alt-ATXN1 clearly appeared in the
cytoplasm. This effect was not a consequence of an unspecific
stress as treatment with a sublethal dose of sodium arsenite to
induce an oxidative stress (29) did not change the nuclear local-
ization of Alt-ATXNT1 (Fig. 5D).

Alt-ATXNI1 Forms poly(A)™ RNA Complexes—Proteins with
transcription-dependent nuclear localization generally bind to
mRNAs and are involved in posttranscriptional regulation
(26-28). To test if Alt-ATXN1 also binds to mRNA, we exam-
ined the binding of Alt-ATXN1™*-poly(A)" RNA complexes
to an oligo(dT)-cellulose resin. Cell lysates from cells express-
ing Alt-ATXN1™ or mock-transfected cells were incubated
with oligo(dT)-cellulose. Alt-ATXN1™* was clearly recovered
in the oligo(dT)-cellulose eluate fraction (Fig. 5E, lane 4). Two
types of control experiments were performed to verify that Alt-
ATXN1" had bound to the oligo(dT)-cellulose via its associ-
ation with poly(A)™ RNA. First, soluble poly(A) efficiently
competed for the binding of Alt-ATXN1"* to the resin (Fig. 5E,
compare lanes 4 and 6). Second, in the absence of KCl, which is
required for poly(A) ™ RNA binding to oligo(dT)-cellulose, Alt-
ATXN1" binding to the resin was largely inhibited (Fig. 5E,
compare lanes 4 and 5). As a positive and negative control of an
mRNA-binding protein, we tested in the eluate fraction the
presence of hnRNP A1 and actin, respectively. Similar to Alt-
ATXN1, hnRNP A1l bound to the oligo(dT)-cellulose in the
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presence of KCl. In contrast, actin was not recovered in the
oligo(dT)-cellulose eluate fraction. All together, these results
indicate that Alt-ATXN1 binds to and can be purified in asso-
ciation with mRNA on the oligo(dT) cellulose column.

CAG Repeats Number Does Not Modify Alt-ATXN1 Expres-
sion, and Alt-ATXN1 Expression Does Not Modify ATXNI
Solubility—Because SCA1 is caused by expansion of CAG
repeats in the ATXN1 gene, we determined if CAG expansion
modifies Alt-ATXN1 levels. Although Alt-ATXN1 ORF is
located upstream of the CAG repeats, the regulation of alterna-
tive translation is unknown, and mutations located 3’ to Alt-
ATXN1 ORF might influence its expression. We compared Alt-
ATXN1" levels in cells transfected with ATXN1"™ (30
repetitions) and ATXN1(82Q)*' (Fig. 6A4). Levels of Alt-
ATXNIHA expressed from ATXN1HA and ATXN1(82Q)HA
did not significantly differ in two different cell lines.

Next, we determined if Alt-ATXN1 influences the biochem-
istry of ATXN1 by testing the impact of Alt-ATXN1 on the
solubility of ATXN1 and ATXN1(82Q) in cultured cells.
Cells were transfected with ATXN14 ATXN1(82Q)*™),
ATXN1(ATG30/132AAG)™™, and ATXNI(82Q)(ATG30/
132AAG)™ for 24 h and lysed. Soluble and insoluble fractions
were separated by centrifugation, and ATXN1 and Alt-ATXN1
proteins were detected by Western blot (Fig. 6B). Similar to
ATXN1, Alt-ATXN1 was present in both soluble and insoluble
fractions. This distribution was expected because ATXN1 and
Alt-ATXN1 have the same localization in nuclear inclusions
and the nucleoplasm. The absence of Alt-ATXN1 expres-
sion in cells expressing ATXN1(ATG30/132AAG)™* and
ATXN1(82Q)(ATG30/132AAG)™™ did not change the solu-
bility of ATXN1 and ATXN1(82Q), respectively. We conclude
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FIGURE 5. Alt-ATXN1 is imported into the nucleus by Kap32 by a transcription-dependent mechanism and binds RNA. A, Hela cells were co-transfected
with Alt-ATXN15¢"" and myc-MBP-M9M (a-c) or transfected with myc-MBP-M9M only (d-i). Cells were processed for immunofluorescence with antibodies
againstmyc-MBP-M9M (a, d, and g), endogenous hnRNP A1 (e), and endogenous Sp1 (h). Arrows indicate individual cells overexpressing myc-MBP-M9M at high
levels. Scale bar, 10 um. B, Hela cells were transfected with Alt-ATXN1(PY/AA)E™ for 24 h and visualized by confocal microscopy. C, Hela cells were co-
transfected with Alt-ATXN1(PY/AA)ES" and myc-MBP-M9M. Cells were fixed 24 h post-transfection and processed for immunofluorescence with antibodies
against myc. D, shown is confocal microscopy of Alt-ATXN15¢F" in mock-treated HeLa cells (Mock) and treated with actinomycin D, 5,6-dichlorobenzimidazole
riboside (DRB), or with sodium arsenite, as indicated. Scale bar, 5 um. E, lysates from mock-transfected cells or cells expressing Alt-ATXN1" (lanes 1 and 2,
respectively) were incubated with oligo(dT)-cellulose beads. After extensive washing, proteins were eluted (lanes 3-6). In control experiments, cells were lysed
in the absence of KCl (lane 5), or poly(A) was bound to the beads before pulldown (lane 6). Alt-ATXN1"4, hnRNP A1 and actin were detected by Western blotting.
Molecular mass markers in kDa are indicated on the left.
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FIGURE 6. CAG repeats do not modify Alt-ATXN1 expression, and Alt-ATXN1 expression does not modify ATXN1 solubility. A, shown is a Western blot
against ATXN1 and Alt-ATXN1 in lysates from N2a or HEK 293 cells transfected with ATXN1H (30Q) or ATXN1(82Q)"™” constructs. Molecular mass markers in
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FIGURE 7. Alt-ATXN1 is endogenously ex!)ressed. A and B, validation of polyclonal antibodies against Alt-ATXN1 is shown. N2a cells were either untrans-
fected (Mock) or transfected with ATXN1™, ATXN1(ATG30/132AAG) ™, Alt-ATXN1HA, or ATXN1. Lysates were probed for Alt-ATXN1 and Alt-ATXN1"A using
polyclonal antibodies raised against residues '*?CQLHPITADPPNRQPRHQ'*® (A) or '*®HSIPALPAGGLFHSAG'”? (B) of Alt-ATXN1 or anti-HA antibodies. The same
lysates were also probed with the anti-Alt-ATXN1 antibodies blocked with the immunogenic peptides or with the animal’s pre-immune serum to demonstrate
the specificity of the antibodies. Equal loading was assessed with an anti-B-actin antibody. C, two human cerebellum homogenates, cerebellum 1 (200 wg) and
cerebellum 2 (100 ug), were probed for Alt-ATXN1 using two polyclonal antibodies raised against residues '>?CQLHPITADPPNRQPRHQ'*® or '*®HSIPALPAG-
GLFHSAG'”2. A band at the same molecular weight as the one seen in 7.5-ug lysates from cells transfected with human ATXN1 (control) was detected.
Molecular mass markers in kDa are indicated on the left. D, endogenous Alt-ATXN1 was detected in glioblastoma cells, which express a high level of ATXN1. A
siRNA against the 3’ of the coding sequence of ATXN1 greatly reduced the expression of ATXN1 and Alt-ATXN1, whereas the control siRNA had no effect on the
expression of both proteins. E, densitometric analysis of siRNA treatment showed a decrease (45-70%) in expression of both ATXN1 and Alt-ATXN1 after siRNA

treatment in glioblastoma cells. Value is expressed as the mean value (+S.D.) from three independent experiments.

that although ATXN1 and Alt-ATXN1 colocalize in the
nucleus and interact, neither proteins has a direct impact on
their expression levels and solubility.

Alt-ATXNI1 Is Endogenously Expressed from ATXNI—Next,
we raised polyclonal antibodies against residues 129-146 or
158172 from human Alt-ATXN1 to detect wild type Alt-
ATXNT1 encoded by the endogenous ATXN1I gene. To validate
the antibody, Western blot experiments were performed using
lysates from untransfected N2a cells (Mock) and N2a cells
transfected with ATXN1'%, ATXN1(ATG30/132AAG)*Y,
Alt-ATXN1"4, or ATXNI (Fig. 7, A and B). A band was
detected with the expected molecular weight in lysates from
ATXN1HA ) Alt-ATXN1", and ATXN1-expressing cells but
not from cells expressing ATXN1(ATG30/132AAG)™™. The
addition of the immunogenic peptides to neutralize the anti-
bodies directed against residues 129-146 or 158 -172 com-
pletely prevented the detection of Alt-ATXN1. Pre-immune
serum did not detect Alt-ATXN1. Therefore, both Alt-ATXN1
polyclonal antibodies specifically detect Alt-ATXN1.

JULY 26,2013 -VOLUME 288+NUMBER 30

To test the expression of Alt-ATXN1 in a human tissue
expressing ATXN]1, we performed a Western blot on human
cerebellum extracts (Fig. 7C). We found that both endogenous
ATXN1 and Alt-ATXNT1 are expressed, judging by the promi-
nent band at the same molecular weight as the band present in
a control cell lysate transfected with ATXNT1. This result sup-
ports the evidence of Alt-ATXN1 expression in a tissue-ex-
pressing ATXNI.

We next assessed the expression of Alt-ATXN1 in primary
cells from a glioblastoma of a patient, which express high levels
of ATXNI. A band was detected at the expected molecular
weight, suggesting endogenous expression of Alt-ATXN1 in
these cells (Fig. 7D). The identity of the band was confirmed
after transfecting the cells with a siRNA against ATXN1. West-
ern blot analysis proves that Alt-ATXN1 is endogenously
expressed in these cells, as ATXNI knockdown resulted in a
65% decrease of the intensity of the band corresponding to
ATXNI and a 45% decrease of the intensity of the band corre-
sponding to Alt-ATXN1 compared with cells treated with con-
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trol siRNA (Fig. 7, D and E). These results clearly demonstrated
endogenous co-expression of ATXN1 and Alt-ATXN1 in pri-
mary neuronal cells.

DISCUSSION

In this study we describe a novel protein encoded by ATXNI
and interacting with ATXN1, Alt-ATXN1. Alt-ATXNT1 is con-
stitutively expressed from an out-of-frame CDS overlapping
the ATXNI CDS and is detected in cells transfected with
ATXNT1 and endogenously in the human cerebellum.

In the absence of complete understanding about the physio-
logical function of ATXN1, several studies sought to identify
molecular pathways involving ATXNI1 by discovering protein
interactors. From such studies, it is clear that ATXNI1 associ-
ates with large protein complexes and interacts with a vast net-
work of proteins (12, 14, 30). Current knowledge indicates that
ATXN1 may be involved in transcriptional repression and reg-
ulate Notch- and Capicua-controlled developmental processes
(12, 31-33). Here we add Alt-ATXN1 as a novel ATXN1 pro-
tein interactor in the nucleus. Alt-ATXN1 interacts with both
normal and pathological ATXN1, suggesting that it does not
directly contribute to SCA1 by a simple interaction/loss of
interaction mechanism. On the other hand, this result together
with the observation that ATXNT1 sequesters Alt-ATXN1 into
nuclear inclusions and causes Alt-ATXN1 to become partially
insoluble favors the hypothesis that Alt-ATXN1 is a mediator
in the function of ATXN1 in normal and/or pathological
conditions.

The sequestration of Alt-ATXN1 by ATXNT1 in intranuclear
inclusions is reminiscent of the interaction between ATXN1
and leucine-rich acidic nuclear protein (LANP, ANP32A, pp32)
(49). Indeed, similar to Alt-ATXNI1, transfected leucine-rich
acidic nuclear protein displays a homogenous distribution in
the nucleus, whereas co-transfection with ATXNT1 induces its
redistribution within ATXN1 inclusions (4). Leucine-rich
acidic nuclear protein is a cofactor in transcriptional repres-
sion with a probable role in neuritic pathology in SCA1 (34,
35). In this context the role of Alt-ATXN1 in transcriptional
repression in cooperation with ATXN1 deserves further
investigations.

Another connection between Alt-ATXN1 and RNA derives
from the observation that Alt-ATXN1 nuclear import pathway
is dependent on RNA polymerase II transcription. This partic-
ular feature is shared with several proteins involved in RNA
metabolism and regulating gene expression, including hnRNP
proteins, human antigen R (HuR), deleted in azoospermia-as-
sociated protein 1 (DAZAP), Quaking I-5, TIAR, and TIA-1
(36—41). Finally, our observation that Alt-ATXN1 associates
with poly(A)* RNA definitively reinforces the hypothesis that
this novel protein has a function in mRNA metabolism.

Whether coding multiple proteins with overlapping open
reading frames, similar to ATXN1, is a usual feature in mam-
malians is not known. The only known examples include
INK4a, GNASI1, XBP1, and PRNP (16, 42—44). PRNP and
ATXNT1 are particular in that the overlapping ORFs are entirely
comprised in the CDS of the reference proteins PrP and
ATXN]1, respectively. Overlapping ORFs are also involved in
the generation of cryptic epitopes translated from self-proteins
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(45-47). It is tempting to speculate that alternative translation
in eukaryotes has been overlooked and may significantly con-
tribute to the proteome. One way to address this issue would be
to predict and test the expression of alternative ORFs in large
scale experiments.

In summary, we discovered that in addition to ATXN]1, the
ATXNI gene encodes a second protein in the non-canonical
reading frame +3. This novel protein, termed Alt-ATXN]1, is
constitutively co-expressed and directly interacts with ATXN1
and displays RNA binding activity. Future studies will have to
address whether Alt-ATXN1 may have a role in SCAl
pathology.
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