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Abstract

Ataxin-2, the gene product of the human spinocerebellar ataxia type 2 (SCA2) gene, is a pro-
tein of unknown function. Ataxin-2 interacts with ataxin-2-binding-protein 1 (A2BP1), a member
of a novel family of putative RNA-binding proteins. Because the sequences of ataxin-2 and
A2BP1 are evolutionarily conserved, we investigated functional aspects and expression pat-
tern in the nematode Caenorhabditis elegans. Human ataxin-2 has 20.1% amino acid identity and
43.9% similarity to its C. elegans ortholog, designated ATX-2, that encodes a predicted 1026 aa
protein. One of the worm orthologs of human A2BP1 is the numerator element FOX-1, with an
overall 29.8% aa identity. We studied the expression pattern of atx-2 using the endogenous pro-
motor coupled with a GFP expression vector. Atx-2 was widely expressed in the adult worm
with strong expression in muscle and nervous tissue. It was also heavily expressed in the embryo.
In order to elucidate the function of atx-2 and fox-1, we conducted RNA interference (RNAi)
studies. The interfering dsRNA was introduced into larval L4 stage worms of the N2 strain by
microinjection or soaking. DsRNA representing the full-length atx-2 gene resulted in arrested
embryonic development in the offspring of all 58 microinjected worms. Nomarski imaging
showed embryos in different stages of developmental arrest, indicating an essential role of
atx-2 for early embryonic development. When fox-1 was targeted by RNAi, there was a marked
reduction in the number of eggs per worm. The results presented here underline previous find-
ings about the interaction of human ataxin-2 and A2BP1.
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Introduction
Spinocerebellar Ataxia Type 2 (SCA2) is an auto-

somal dominant human neurodegenerative disor-
der caused by expansion of an unstable CAG repeat
in the ataxin-2 gene (Imbert et al., 1996; Pulst et al.,
1996; Sanpei et al., 1996). Clinical findings include
cerebellar ataxia, saccadic eye movements, dysto-
nia, and dementia. Most normal alleles contain 22
or 23 CAG repeats, whereas disease alleles range
from 34 to 64 CAG repeats, leading to an expanded
polyglutamine (polyQ) tract in ataxin-2, the SCA2
gene product. Despite recent advances in the regional
and subcellular distribution (Huynh et al., 1999) and
the identification of a murine ataxin-2 ortholog
(Nechiporuk et al., 1998), little is known about the
function of normal ataxin-2. Except for an acidic
domain spanning aa 256 to 405, ataxin-2 is a highly
basic and mostly nonglobular protein. Several func-
tional elements were identified in this well-
conserved domain, including RNA splicing motifs
Sm1/Sm2 (Neuwald et al., 1998).

Ataxin-2 shows a high degree of evolutionary
conservation, making it possible to study its gene
function in model organisms such as the round-
worm C. elegans. Although humans and nematodes
are separated by hundreds of millions of years of
evolution, the anatomic and biochemical simplic-
ity of Caenorhabditis elegans can yield valuable clues
to mammalian biology. The body plan has 959 cells,
only 302 of which make up the nervous system.
Seventy-four percent of known human genes were
found to have significant matches in the C.elegans
genome. Conversely, 36% of the over 19,000 pre-
dicted worm genes have human counterparts.
Among these are genes for most of the molecular
components of vertebrate nervous systems, under-
scoring the validity of this model organism for the
neurobiology of higher animals. The completion of
the C. elegans genome project has allowed the iden-
tification of nematode orthologs to mammalian
genes such as ataxin-2, here termed atx-2. Homologs
in other organisms include the Drosophila
melanogaster gene CG5166 and the Arabidopsis
thaliana gene F15I1.27. No function is known as yet
for any of the corresponding proteins.

The search for binding partners to human
ataxin-2 led to the discovery of ataxin-2-binding-
protein 1 (A2BP1, Shibata et al., 2000), using the
yeast two-hybrid assay (Miller et al., 1972). Data-

bases revealed a human homolog, a mouse ortholog
and two C. elegans orthologs. Recent annotation of
the C. elegans genome database showed that one
of the orthologs is the key numerator element fox-1
(“feminizing locus on X”) (Hodgkin et al., 1994).

In order to gain insight into the ataxin-2 func-
tion, we conducted RNAinterference (RNAi) exper-
iments. Double-stranded RNA (dsRNA) has been
shown to be a potent and sequence-specific
inhibitor of gene function (Fire et al., 1998). Even
though the exact mechanism remains to be deter-
mined, it is thought to involve a catalytic effect of
the dsRNA. The data presented here suggest an
essential function of the C. elegans ataxin-2 homolog
in early embryonic development.

Materials and Methods

Database Searches
Homologous sequences were identified in a

BLAST search of the C. elegans genomic database.
(Consortium, 1998). All alignments were made
using ClustalW 1.8 and ALIGN on the BCM Search
Launcher site at http://dot.imgen.bcm.tmc.edu:
9331/multi-align/multi-align.html and http://dot.
imgen.bcm.tmc.edu:9331/seq-search/alignment.
html. Boxed alignments were performed on
Boxshade 3.21 at http://www.ch.embnet.org/soft
ware/BOX_form.html.

The cDNAclones yk63e6, yk221f12 and yk460c11
were obtained from the C. elegans cDNA project 
(Y. Kohara, National Institute of Genetics, Mishima,
Japan).

The Genbank accession numbers are: human
ataxin-2: Y08262; human A2RP: AAB19201; human
A2BP1: AF107103; mouse ataxin-2: AF041472; C.ele-
gans D2045.1: Z35639; T07D1.4: 608464; R74.5:
3879161; ZC404.8: 1280052.

Nematode Strains
The wild-type strain N2 Bristol was maintained

by standard methodology (Brenner et al., 1974) at
16°C on NGM agar plates seeded with Escherichia
coli OP50. GFP expression and LacZ fusion con-
structs were created using the pPD series of expres-
sion vectors, kindly provided by A. Fire, J. Ahnn,
G. Seydoux, and S. Xu (Carnegie Institution of
Washington, Baltimore, MD). The 5!-UTR of atx-2
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was amplified from genomic N2 DNA using the
mutagenizing primers SalA20 and BamB12 with
the Expand High Fidelity PCR System (Boehrin-
ger Mannheim, Indianapolis, IN). The sequences
are CCGCAGGTC GACTCTTTC for SalA20
and GAGTTTGGGATC CGGAGAA for BamB12.
After digestion with SalI and BamHI, an atx-2-
5!UTR::NLS::"-galactosidase fusion construct was
created by insertion into plasmid 96.04. A total of
8 transgenic lines were obtained by injecting 1 ng/µL
of this expression construct together with 50 ng/µL
plasmid pRF4 that carries the semidominant trans-
formation marker rol-6 (Mello et al., 1991).

Microinjection and RNA Interference
RNA interference was performed either by

microinjection or soaking. The complete 3081 bp
coding region was cloned into pBluescript SK(+).
After linearization with restriction enzymes, RNA
was synthesized by in vitro transcription using T3
and T7 primers from the MaxiScript™ kit (Ambion,
Austin, TX), followed by annealing of both strands.
RNA integrity was assessed on an agarose gel. The
dsRNA was injected into both arms of the syncy-
tial gonad of adult hermaphrodite worms (Fire et
al., 1998). After injection or soaking in dsRNA for
24 h, worms were incubated at 16°C and transferred
to new individual plates every 12 h. Eggs were
counted during the 120 h following RNAi. Gonads
were examined by Nomarski microscopy at 72 h
after injection. The three control groups consisted
of negative control (buffer only), a dsRNA repre-
senting a 730 bp 3!UTR of the human A2RP gene
and dyn-1 as a positive control (Fig. 4).

Results

Identification of the C. elegans
Ataxin-2 Ortholog
The C. elegans ortholog of ataxin-2, designated

D2045.1 in genomic sequence (Consortium, 1998),
was identified by BLAST searching of the C. elegans
genomic database. The smallest sum probability
for this search was <1.3e –13. This is the only ataxin-
2-like sequence in the C. elegans genome. The atx-2
gene is located on Chr. III at the approximate map
position 2.49. It codes for a predicted 1026 aa pro-
tein in 13 predicted exons (see Fig. 1A). This pro-

tein has an overall 20.1% amino acid identity and
43.9% similarity to the human protein sequence. As
shown in Fig. 1B, similarity to the human protein
is highest in a globular acidic domain, with 22.4%
aa identity and 55.6% similarity. This region is
encoded by exons 3 and 4 that spans aa 90–256 of
the worm protein. It contains the Sm1 and Sm2 RNA
splicing motifs, central elements of spliceosomal
small ribonucleoproteins (snRNPs). No polyQ tract
is present in this otherwise glutamine-rich protein.
Another conserved domain is located near the 
C-terminus. In human ataxin-2, this domain medi-
ates interaction with A2BP1 (Shibata et al., 2000).

The A2BP1 Orthologs
The genes T07D1.4 and R74.5 were found to be

homologous to human A2BP1, as illustrated in 
Fig. 2. The former is the known numerator element
fox-1 (Nicoll et al., 1997; Skipper et al., 1999). The
T07D1.4 gene is located on the X-Chromosome at
genetic map position –14.3934 whereas R74.5 maps
to chromosome III at position –3.96. Both proteins
have a 90 aa RNArecognition motif domain (RRM),
which is well-conserved among RNA binding pro-
teins. Another predicted gene with the denoted
name ZC404.8 has homology to fox-1 and R74.5,
confined mostly to the RRM. Weak similarities exist
between fox-1 and several members of the RRM
domain family that are involved in RNA process-
ing and turnover such as Y106G6H.2. Fox-1 was
extensively characterized and an antibody was
raised that recognizes the 415 aa splice variant lack-
ing exon 1 (Skipper et al., 1999). In contrast, this
study focused on the 454 aa isoform.

Atx-2 is Widely Expressed
The expression pattern of atx-2 was examined

using strains that express a GFP and LacZ reporter
transgene under the control of the endogenous pro-
motor. Strong "-galactosidase staining and green
fluorescence were observed in the central nervous
system (CNS). Dorsal and ventral nerve chord also
gave a strong signal. Staining was also found in the
intestinal lining and the body-wall muscle. Trans-
genic extrachromosomal arrays are not usually
expressed in the germline (Kelly et al., 1997). How-
ever, we did observe expression in the early embryo
(Fig. 3). Recent microarray studies focusing on
germline-enriched genes showed atx-2 to be pre-
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sent in the germline of L3 and L4 larvae (V. Reinke,
personal communication).

Atx-2 is Required for Embryonic
Development
In order to disrupt atx-2 gene expression, we used

dsRNA-mediated interference (RNAi) (Fire et al.,
1998), designated atx-2(RNAi). Although no pheno-
typic effect was observed on the injected parental
(P0) animals, there was a potent inhibitory effect on
embryonic development (Fig. 4). The atx-2(RNAi)
injected worms (n= 58), produced an average of 11.15
progeny per worm, compared with 250 in the con-
trol group. Very few eggs were observed in the
atx-2(RNAi) group past 24 h after injection. RNAi by
soaking was just as effective as microinjection, con-
trasting with previous studies that found injection
to be more potent. However, dilution of dsRNA 1!10
in M9 buffer led to a more gradual onset of embry-

onic lethality. When examining the worm gonads
using Differential Interference Contrast microscopy
(DIC; Nomarski optics), we observed embryos in var-
ious stages of arrest (see Fig. 5). Most of these did not
show characteristic embryonic features and some
resembled unfertilized oocytes. They did not appear
to undergo cell division.

Fig. 1(A) Genomic structure of atx-2. 6 kb of genomic sequence contain the 13 exons. The acidic domain is
encoded by exons 3 and 4. (B) Alignment and homology between human ataxin-2, ataxin-2-related protein (A2RP),
and C. elegans D2045.1: conservation of an acidic domain that contains Sm1 and Sm2 RNA splicing motifs.
Another conserved domain near the C-terminus has 40–50% similarity between human and nematode sequence. 

Fig. 1 (C) (opposite page) Multiple alignment of
ataxin-2 and homologous proteins. Only the human
protein has the N-terminal polyglutamine tract whereas
long polyglutamine stretches can be found near the
C-terminus of the predicted Drosophila gene CG5166.
This ortholog is missing an N-terminal sequence. There
is no conservation of the exon structure among species
(not shown). The acidic domain, which is likely to
confer some of the function of this protein, is also the
most highly conserved among various species, includ-
ing Arabidopsis.
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Fig. 2. Human A2BP1 and homologous proteins. (A) Alignment showing conservation of the putative RNA
recognition motif (RRM). The RNP-2 / RNP-1 domain is >95% identical in humans and nematodes. A short 
C-terminal stretch also shows conservation. (B) Boxed alignment shows individual amino acid conservation. 
Exon 1 of fox-1 / T01D1.4 is isoform-specific and is not conserved in R74.1. Interestingly, the N-terminus of 
fox-1 has homology to the human protein RBM9 (RNA binding motif protein 9) on Chr. 22 but is not present in
any of the other sequences.
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RNA Interference Targeting fox-1 Reduces
the Number of Embryos
When dsRNA interference was performed with

the fox-1 sequence, a 63% reduction in the number
of eggs was observed (Fig. 4). However, no obvi-
ous phenotype was recognized in the 54 microin-
jected adult worms or in their offspring. Viability,
measured as the percentage of eggs that did not
hatch, did not seem to be affected.

Discussion

After the isolation of the SCA2 gene in 1996, sev-
eral studies have contributed to our knowledge of

the disease state. However, little is known to date
about the normal function of ataxin-2. Any future
therapeutic strategy needs to be based on a thor-
ough understanding of this protein. The degree of
evolutionary conservation of ataxin-2 and A2BP1
lends credibility to the worm model for functional
studies of ataxin-2.

From the RNA interference data and DIC
microscopy presented in Figs. 4 and 5, we conclude
that the function is essential in early development.
Eggs produced in the first 24h after injection or
soaking may be unaffected by RNAi and differen-
tiated enough to enter normal development. How-
ever, subsequent embryos are subject to the RNAi
effect and show abnormal morphology.

Fig. 3. Histochemical staining by "-galactosidase. The transgenic worm line expresses an atx-2-5!UTR::NLS::
"-galactosidase fusion construct. It was obtained by inserting the endogenous promotor of the atx-2 gene into a
vector that expresses a nuclear localization signal and "-galactosidase. All worms shown here carry this same
construct but somatic mosaicism leads to staining of different tissues. (A) Expression in embryos starting at around
the 4-cell stage. Extrachromosomal arrays are not expressed in the germ line. (B) Expression in neurons. (C) Expres-
sion in the body-wall muscle.

Ataxin-2 237
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Ataxin-2 orthologs are present in a number of
model organisms. Besides mammalian proteins
such as murine ataxin-2, there is the nematode pro-
tein ATX-2 described in this study. No function is
known as yet for the putative Drosophila gene
CG5166 and the Arabidopsisgene F15I1.27. The strik-
ing fact that even this plant has a protein related to
ataxin-2 may point to the importance of this novel
protein family with the most highly conserved parts
pointing to significant functional domains.

Human ataxin-2 contains a domain characteris-
tic of Sm proteins (Neuwald et al., 1998), which are
central elements of spliceosomal small ribonucle-
oproteins (snRNPs). The evolutionarily conserved
Sm1 and Sm2 RNA splicing motifs are targets of
immunopathology in certain types of Systemic
Lupus Erythematosus (SLE). These motifs can be
found in proteins of a wide range of organisms such
as the E. coli site-specific RNA-binding protein Hfq,
which regulates the expression of several genes.
Other genes in this family are the U6 snRNA-
associated protein in yeast, snRNP E in green algae,
and several human snRNP proteins. A proposed

mechanism for snRNP assembly involves protein-
protein interactions and possibly protein-RNA
interactions (Hermann et al., 1995). The C. elegans
homolog of ataxin-2 is another member of this
family. It is the only ataxin-2-like sequence in the
C. elegans genome, whereas the human genome con-
tains at least one ataxin-2 homolog, the Ataxin-2-
Related-Protein (A2RP) gene on human Chr. 16 as
well as a pseudogene on Chr. 7.

The possible RNA binding function of human
A2BP1 is likely to be mediated by the RNA bind-
ing motif RNP-1/RNP-2, which is also present in

Fig. 4. Effect of RNA interference on egg production. The number of progeny was counted every 12 h. The neg-
ative control consisted of animals that were injected with buffer only. Egg laying was markedly reduced in the 
atx-2(RNAi) group (n = 58 worms). It was less severely affected in the fox-1(RNAi) group (n = 54), leading to a
mere 63% reduction in egg number. Control groups: negative control (buffer only), negative control (irrelevant
dsRNA made from a 730 bp 3!UTR of human A2RP), positive (dyn-1).

Fig. 5. (opposite page) RNA interference targeting
atx-2: micrographs of the gonads using differential inter-
ference contrast microscopy (DIC; Nomarski) taken
72 h after microinjection. (A,B) Control animals show-
ing normal germline development and embryonic cell
divisions. (C–E) Developing embryos with solid egg
shell. (F–K) RNAi effect: germ cells do not develop into
full embryos. The uterus contains many cells resem-
bling mature oocytes. Some structures appear to be
developmentally arrested embryos (arrow).
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the C. elegans genes T07D1.4 and R74.1 (see Fig. 2).
This domain is a shared feature of many RNAbind-
ing proteins (Bandziulis et al., 1989), including
hnRNP proteins and snRNP components. It is com-
monly considered to be an ancient conserved region
(ACR) that has diversified into various genes. Thus,
both ataxin-2 and A2BP1 as well as their C. elegans
orthologs may have RNA binding properties and
together could be involved in RNA processing
or distribution. Many worm proteins with RNA-
binding properties such as MEX-1 and PGL-1 are
part of the P granules, ribonucleoprotein particles
that generate cellular polarity (Kawasaki et al., 1998;
Guedes et al., 1997). Whether the observed RNAi
effects are owing to a disruption of polarity remains
to be seen.

The C-terminal portion of human ataxin-2 inter-
acts strongly with both full-length and C-terminal
fragments of A2BP1 (Shibata et al., 2000). However,
the N-terminus of ataxin-2 did not interact with
any portion of A2BP1. The interacting domains in
the human protein therefore can be narrowed to
the C-terminal aa 760–1312 of ataxin-2 and aa
203–377 of A2BP1. Corresponding domains of the
respective worm proteins are highly conserved,
with an overall 40–50% aa similarity. Future stud-
ies will need to assess the functional importance of
this interaction. In preliminary studies the inter-
action of ATX-2 and FOX-1 in the yeast two-hybrid
assay was weak (data not shown).

Nematodes and humans have diverged from a
common ancestor more than 600 million years ago
(Doolittle et al., 1996). Fox-1 is more similar to RBM9
(RNA binding motif protein 9) on Chr. 22 than the
worm gene R74.5. Therefore, one possible evolu-
tionary scenario is that a putative ancestor gene
gave rise to fox-1 and to both A2BP1 and RBM9,
whereas no human equivalents of R74.5 and
ZC404.8 are currently known.

One of the most important aspects of a func-
tional genetic analysis is tissue expression. The
embryonic-expression pattern that was found
matches the data from other parts of this study. It
is consistent with the hypothesis that atx-2 has a
crucial role in embryonic patterning. Beyond this
early ontogenetic function, it is present in several
tissues of the adult animal. We describe the expres-
sion in polarized cell types such as muscle, the
intestinal lining, and the nervous system. In com-
parison, human ataxin-2 is expressed in brain, liver,

skeletal muscle, and other tissues. It is ubiquitous
in the CNS, where the cerebellar Purkinje cells are
the primary site of SCA2 pathology. In the mouse,
the ataxin-2 transcript can be detected in brain,
heart, lung, liver, kidney, skeletal muscle, and intes-
tine (Nechiporuk et al., 1998). The widespread and
conserved expression in adult tissues suggests that
ATX-2 and ataxin-2 have functions in the adult
organism, but that effects may be more subtle than
in the embryo.

In conclusion, this study has identified and char-
acterized the C. elegans homolog of human ataxin-2.
We were able to show an essential role in early
embryonic development. Atx-2 is widely distrib-
uted in various tissues and by its RNA-splicing
properties might be involved in the generation of
cellular polarity. The identification of atx-2 war-
rants further studies about the nature of the ATX-2/
FOX-1 interaction. Future developments in SCA2
therapy are likely to aim at reducing ataxin-2
expression or inhibiting its function. Before this can
be accomplished, a complete characterization of
the normal function of ataxin-2 is indispensable.
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