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Abstract

Mutations in the unc-39 gene of C. elegans lead to migration and differentiation defects in a subset of mesodermal and ectodermal cells,
including muscles and neurons. Defects include mesodermal specification and differentiation as well a neuronal migration and axon
pathfinding defects. Molecular analysis revealed that unc-39 corresponds to the previously named gene ceh-35 and that the UNC-39 protein
belongs to the Six4/5 family of homeodomain transcription factors and is similar to human Six5, a protein implicated in the pathogenesis of
type I myotonic dystrophy (DM1). We show that human Six5 and UNC-39 are functional homologs, suggesting that further characterization

of the C. elegans unc-39 gene might provide insight into the etiology of DM1.

© 2004 Elsevier Inc. All rights reserved.
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Introduction

Many molecular and genetic pathways controlling cellu-
lar physiology and development are remarkably conserved
among metazoans. Members of the “Six” class of homeo-
domain transcription factors have emerged as important
regulators of conserved developmental events. Six family
members are defined by a conserved Six domain, which is
thought to interact with other proteins, and a characteristic
homeodomain involved in DNA binding (Kawakami et al.,
2000). Loss of function of Six genes in fruit flies and
vertebrates leads to defects in anterior ectoderm (often
leading to eyeless organisms) and mesoderm (Cheyette et
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al., 1994; Klesert et al., 2000; Seimiya and Gehring, 2000;
Serikaku and O’Tousa, 1994), whereas overexpression of Six
family members in vertebrates can lead to hyperproliferation
of forebrain and eye structures (Kobayashi et al., 1998;
Lagutin et al., 2001) and can induce expression of the
myogenic genes MyoD and myogenin (Heanue et al., 1999;
Laclef et al., 2003; Spitz et al., 1998). Thus, Six family
members are evolutionarily conserved players in anterior
ectoderm and mesoderm development and likely act by
controlling the expression of other genes.

Recently, human genetic syndromes have been associat-
ed with perturbation of Six family members, each of which
is characterized by anterior ectoderm defects and, in some
cases, mesoderm defects. Holoprosencephaly, a syndrome
of craniofacial and brain abnormalities consistent with
altered development of the anterior neural plate and eye,
is due to mutations in the Six3 gene (Pasquier et al., 2000;
Wallis et al., 1999). Bilateral anophthalmia, a syndrome of
forebrain and pituitary defects, is due to haploinsufficiency
of the Six6 gene (Gallardo et al., 1999).
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Human myotonic dystrophy type I (DM1), the most
common form of muscular dystrophy, with an incidence
of 1 in 8000, is associated with a decrease in Six)
expression (Klesert et al., 1997; Thornton et al., 1997).
DMI1 is a multisystemic disorder with widely variable
clinical presentation including myotonia, cataracts, gonadal
atrophy, endocrine abnormalities, cardiac conduction
defects, and mental impairment (Harper, 2001). DM1 maps
to a CTG expansion in the region overlapping the 3’ -
untranslated region of the DMPK (myotonic dystrophy
protein kinase) gene (Brook et al., 1992; Fu et al., 1993;
Harley et al., 1992) and the promoter of the human Six5
gene (Boucher et al., 1995). This expansion serves as the
docking site for the CTCF protein which is involved in
establishing a silenced chromatin domain affecting both
DMPK and Six5 (Filippova et al., 2001). Recent evidence in
mice and tissue culture supports roles for Six5 in muscle,
heart, and eye (Wakimoto et al., 2002). However, a mouse
knockout of the Six5 gene produces only mild defects as
compared to DM1 patients (Klesert et al., 2000; Sarkar et
al., 2000). The lack of severity is likely to be due both to
feedback mechanisms which upregulate expression of other
Six family members as well as to genetic background
effects in the inbred strains of mice. Recently, a mutation
in the gene encoding the Drosophila Six5 ortholog DSix-4
was shown to affect both muscle and gonad formation
(Kirby et al., 2001).

In this work, we describe a genetic and molecular
characterization of the C. elegans unc-39 gene. unc-39,
which corresponds to the previously named ceh-35 gene,
encodes a C. elegans member of the Six4/5 family, and unc-
39 mutant animals exhibit a broad range of defects in
mesodermal and anterior neuronal specification and differ-
entiation. We show that the Six domain and homeodomain
from human Six5 can complement mutations in wunc-39,
indicating that human Six5 and C. elegans UNC-39 are
functional homologs.

Materials and methods
C. elegans mutations and techniques

C. elegans strains were cultured using standard techni-
ques (Brenner, 1974). The wild-type strain was N2. All
analyses were performed at 20°C unless otherwise noted.
The following mutations were used in this work: LG V: him-
5(el467), itDf2, nDf42, unc-39(ct73, 257, and rh72), and
vDfS.

The following integrated transgenes were used to score
mesodermal cell types: coelomocytes, arls39[myo-
3:isecreted gfp] X (myo-3::secreted gfp produces GFP
which is secreted into the pseudocoelom and is endocytosed
by the coelomocytes), and ccls4438 [hih-8::gfp] IV (a cell-
intrinsic marker that consists of an enhancer from the fwist
gene promoter that drives cc-specific gfp expression) (Harfe

et al., 1998b); body wall muscles, ccls4251[myo-3::gfp] I
(Kostas and Fire, 2002); daughter cells of M, ayls6[hih-
8::gfp] X (Harfe et al., 1998a); head mesodermal cell and
vulval muscles, ccls4443[arg-1::gfp] IV (Kostas and Fire,
2002); vml vulval muscles, ayls2[egl-15::gfp] IV (Kostas
and Fire, 2002); somatic gonad, otEx105[lim-7::gfp]. The
following integrated transgenes were used to score neuronal
cell types: amphid neurons, lgls2[osm-6::gfp] X (Collet et
al., 1998); CAN neurons, lgls27[ceh-23::gfp] (Forrester et
al., 1998); command interneurons, zdls3[glr-1::gfp] (Mar-
icq et al., 1995).

unc-39 was mapped relative to sim-5 on chromosome V
by determining if unc-39 and him-5 were removed by a series
of deficiencies in the region (Fig. 4A). Deficiencies nDf42,
yDf8, and itDf2 all failed to complement unc-39(e257),
whereas only nDf42 and itDf2 failed to complement Aim-5.

Germline transformation of C. elegans was performed by
standard techniques (Mello and Fire, 1995). A plasmid
harboring the dominant ro/-6 mutation was used as a
cotransformation marker. Details about transgenic lines
generated in this study are available upon request.

RNAI was performed by dsRNA injection (1 pg/ul) into
the body cavity as described (Fire et al., 1998). dSRNA was
generated from a 318-bp genomic fragment from the begin-
ning of exon 3 of the predicted ceh-35 coding region.

Molecular analysis of unc-39

The sequences of all oligonucleotides used in this work
are available upon request. The unc-39 rescuing construct
was made by PCR amplification of the ceh-35 locus from
genomic DNA (see Fig. 4). Included was 4443 bp of
upstream sequence (the unc-39 promoter), the entire ceh-
35 coding region, and 337 bp of downstream sequence (the
unc-39 3’ region). The full-length unc-39::gfp C-terminal
tag was constructed by PCR amplification of the promoter
and coding region without the stop codon and placement of
this fragment upstream of and in frame with gfp in a gfp
expression vector. The unc-39 3’ region was then inserted
downstream of gfp in the vector. The unc-39 promoter::gfp
transgene was constructed by PCR amplification of the unc-
39 promoter (excluding the initiator codon), which was
inserted upstream of gfp. The unc-39 3’ region was then
placed downstream of gfp.

The unc-39::human Six5 Six/homeodomain swap con-
struct was made as follows: The sequence of the human
Six5 Six and homeodomains were aligned with unc-39 (see
Fig. 4). The human Six5 Six and homeodomain sequences
(which were designed with optimal C. elegans codon
usage) were generated by Klenow-mediated extension and
subsequent ligation of 11 overlapping oligonucleotides.
The contiguous region was then amplified with PCR and
subcloned as a Xbal/Bglll fragment into these unique sites
in the unc-39 genomic rescue construct. Since these sites
are in introns, the human sequence was designed to
recreate the cloning sites, intron sequences, and splice
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junctions found in unc-39. A control construct without the
Six and homeodomains was created by blunt cloning the
Xbal/Bglll sites in the genomic rescue plasmid. The
sequences of all coding regions amplified by PCR were
determined to ensure that no point mutations were intro-
duced by PCR.

The molecular lesions associated with the three unc-39
alleles e257, ct73, and rh72, were obtained by direct
sequencing of PCR fragments spanning the ceh-35 coding
region generated from each mutant.

Results
unc-39 alleles were isolated from diverse genetic screens

The canonical allele of unc-39, 257, was isolated in a
screen for animals with uncoordinated locomotion (Bren-
ner, 1974); ct73 in a screen for mutations that disrupt
neuronal cell migration (Manser and Wood, 1990); and
rh72 in a distinct screen for mutations that affect cell
migration (Hedgecock et al., 1987). Some cell morphology
and migration defects of wunc-39(ct73) have been previ-
ously described (Hedgecock et al., 1987; Manser and
Wood, 1990). Consistent with these findings, we found
that all three alleles of unc-39 display uncoordinated
locomotion (Unc), withered tail morphology (Wit), egg-
laying defects (Egl), protruding vulvae, and multiple
vulvae.
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unc-39 affects mesodermal specification

C. elegans has a small number of mesodermal tissues
(Sulston et al., 1983): striated muscles of the body wall;
non-striated muscles of the pharynx, uterus, vulva and
enteric system; male-tail associated muscles; the somatic
component of the gonad (Z1 and Z4, and their descendants);
six coelomocytes (nonmuscle mesodermal cells of unknown
function); six GLRs; and the two head mesodermal cells.
We analyzed the development of multiple mesodermal
tissues in unc-39 mutants and found that unc-39 affects
the development of coelomocytes, the head mesodermal
cell, the M mesoblast (which gives rise to multiple meso-
dermal cell types), vulval muscles, and body wall muscles.

Coelomocytes

Wild-type animals have six coelomocytes: four are born
during embryonic development from the MS.ap and MS.pp
lineages (Sulston et al., 1983), and two are born during
postembryonic divisions of the M mesoblast cell (Sulston
and Horvitz, 1977). M and the four embryonic coelomo-
cytes are born in the anterior of the embryo and migrate
posteriorly to their final positions (Fig. 1A). Previous
analyses (Manser and Wood, 1990) indicated that unc-39
mutants were defective in the migrations of the embryonic
coelomocytes and the M cell, which often resulted in the
localization of all six coelomocytes to the head region (data
not shown). We found that in addition to perturbing coelo-
mocyte migration, unc-39 mutants had defects in coelomo-

Fig. 1. Mesodermal defects in unc-39 mutants. Fluorescent micrographs of living animals harboring mesodermal promoter:: gfp transgenes. Animals in A, C, E,
G, and K are wild type and animals in B, D, F, H, 1, J, and L are unc-39(ct73). (A, B) Animals harbor a coelomocyte gfp reporter (see Materials and methods).
(C, D) Animals harbor a /im-7:: gfp transgene expressed in gonadal sheath cells. An arrow in D points to an additional /im-7:: gfp-positive cell in the head of
unc-39 mutant animal. (E, F) Animals harboring an arg-1:: gfp transgene expressed in the hme, vulval muscles, and enteric muscles. Arrowheads point to hme
expression. The unc-39 mutant in F has two hmes. (G—J) Animals harboring an egl-15:: gfp transgene expressed in the differentiated vm1 vulval muscles. In
wild-type animals, the vim1 muscles display a cruciform arrangement (G). The unc-39 mutant in H lacks all vl cells, and the unc-39 mutant in I lacks some
vml cells. The unc-39 mutant in J displays ectopic egl-15:: gfp-expressing cells (arrowheads). Vulval muscles may be missing and/or ectopic vulval muscles
can be seen (arrows in J). (K, L) Animals harboring a twist:: gfp transgene expressed in M descendants. The wild-type animal in K has eight M progeny, four
located dorsally and four located ventrally. The unc-39 mutant in L has four dorsal progeny, but the ventral M daughter has failed to divide (arrowhead).
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cyte specification. We observed coelomocytes using either
Nomarski optics or with one of two gfp reporters (see
Materials and methods). unc-39(e257 and ct73) mutants
displayed a variable number of coelomocytes ranging from
one to seven (data not shown), and 85% of ¢¢73 animals and
45% of €257 animals displayed coelomocyte specification
defects (Table 1; Fig. 1B). In 257 and ct73, the specifica-
tion defects affected both the embryonic and postembryoni-
cally derived coelomocytes. In contrast, only the
postembryonic coelomocytes were affected in 7472 mutant
animals (56%; Table 1). Thus, unc-39 acts in coelomocyte
specification as well as migration. That some mutants with
greater than six coelomocytes were observed suggests that
coelomocytes are also ectopically generated in wunc-39
mutants. We have not investigated the origins of the extra
coelomocytes.

Head mesodermal cell

The right and left head mesodermal cells (hmcR and
hmcL) are sisters of the somatic gonad precursors Z1 and
Z4, respectively. Whereas Z1 and Z4 migrate posteriorly,
hmcR and L migrate dorsally to positions over the pharynx.
Each hmc has a unique wiring in the embryonic motor
system; however, hmcR undergoes programmed cell death
in late embryogenesis (Sulston et al., 1983).

In unc-39 mutants an extra gonadal mesoblast (designat-
ed Z5) was formed in some embryos, for example, 11% of
e257 and 16% of rh72 embryos (Table 1). Z5 cells could be
visualized both with Nomarski optics and with the lim-
71 gfp reporter transgene (Hobert and Westphal, 2000),
which is expressed in Z1 and Z4 and their descendants
(Figs. 1C and D). Further experiments (see below) indicated
that Z5 was derived from the presumptive hmcR cell. Z1
and Z4 normally give rise to greater than 50 cells that form
the somatic gonad (Kimble and Hirsh, 1979). The extent to
which Z5 differentiated into a third somatic gonad arm
differed between individuals, ranging from a single cell to a
complete extra gonad arm that actually attached to the
normal somatic gonad and became a functional third arm
of the gonad with oocytes and fertilized eggs.

Z5 was always found on the right side of the body wall,
usually midway along the Z1 migration path or at the hmcR
position over the pharynx, rather than with the other gonadal
cells. Possibly, hmcR, which normally undergoes
programmed cell death, is sometimes transformed to its

Table 1
Mesodermal defects in unc-39 mutants

sister fate Z1. However, we observed a late embryonic cell
death with the characteristic position and morphology of
hmcR, in individuals with a Z5 mesoblast. We suggest
instead that hmcR (lineally termed MS.pppaaa) may some-
times divide in unc-39 mutants, yielding an hmcR-like
daughter and a Z1-like daughter (Z5).

In ced-3 mutants, programmed cell deaths are generally
suppressed (Ellis and Horvitz, 1986). In particular, hmcR
survived to adulthood in ced-3 mutants but neither divided
nor was transformed in fate (data not shown). In unc-39;
ced-3 double mutants, the frequency of appearance of Z5
was significantly increased [62% in ced-3; unc-39(e257)
compared to 11% in unc-39(e257) alone], consistent with
the possibility that MS.pppaaa (hmcR) could be the source
of Z5. We speculate that unc-39 normally suppresses
MS.pppaaa division and that, in unc-39 mutants, this mis-
differentiated cell can occasionally undergo programmed
cell death, as does the normal hmcR, before it divides.

We also often observed two hmcL-like cells in adult unc-
39 worms (Figs. 1E and F, Table 1). arg-1::gfp is a marker
for the differentiated hmcL fate (Kostas and Fire, 2002). In
unc-39 mutants, two arg-1::gfp positive cells (hmcL-like)
are present 10-22% of the time (Table 1). We never
observed the two hmcLs and Z5 in the same animal,
suggesting that MS.pppaaa (hmcR) is the source of the
second adult hmcL and that the Z5 and hmcL fates of
MS.pppaaa daughters might be mutually exclusive.

The hmes are highly branched cells with processes
extending around the nerve ring and posteriorly along the
dorsal nerve cord. Similar to the defects seen in neuronal
branching (see below), we observed defects in hmc branch-
ing in unc-39 mutants. These defects included misguided
processes that extended anteriorly, increased numbers of
processes extending around the nerve ring, and shortening
of the posterior-directed processes (data not shown).

M mesoblast

The M mesoblast is a descendant of the MS.ap lineage
(Sulston et al., 1983). It is born on the left-hand side of the
embryo in the anterior. M migrates posteriorly during
embryogenesis, gradually shifting to the right-hand side of
the animal where it ultimately resides. M then undergoes
postembryonic divisions to give rise to body wall muscles,
sex myoblasts (SMs), and two coelomocytes in hermaphro-
dites (Sulston and Horvitz, 1977). We visualized M and its

Percentage of animals (n) with

Genotype <6 ccs Abnormal Two hmcL hmc branching Missing Loss of vulval <95 bwms
“75” cells defects M cell muscles

+ 0 (100) 0 (100) 0 (62) 0 (50) 0 (50) 0 (100) 0 (30)

unc-39(rh72) 56 (72) 16 (100) 10 (50) 28 (50) 21 (102) 40 (162) 71 (42)

unc-39(e257) 45 (200) 11 (100) 21 (100) 27 (100) 4 (260) 21 (444) 71 (39)

unc-39(ct73) 85 (144) 24 (100) 22 (35) 22 (35) 22 (50) 31 (74) 76 (49)
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descendents using Nomarski optics and in animals harbor-
ing a twist:: gfp fusion (Harfe et al., 1998D).

Previously, defects in M migration in unc-39(ct73) were
noted (Manser and Wood, 1990). Using twist::gfp as a
reporter for the M lineage (Harfe et al., 1998b), we
observed that only a very small percentage (less than
2%, data not shown) of animals displayed strong defects
in M migration. In contrast, 22% of c¢73 animals did not
contain a twist:: gfp-positive M cell (Table 1); 4% of e257
and 21% of rh72 animals likewise lacked a twist:: gfp-
positive M cell.

One result of M misspecification was a loss of the
postembryonic M-derived coelomocytes. However, M mis-
specification is not the sole cause of postembryonic coelo-
mocyte defects, as unc-39(rh72), which only perturbs
postembryonic coelomocyte specification, caused a higher
proportion of coelomocyte defects (56%) than M specifica-
tion defects (21%) (Table 1). Thus, M-derived coelomocytes
can be misspecified even when M is apparently normal,
suggesting that unc-39 may act at multiple points in the M
lineage.

Vulval muscles

The M cell also gives rise to the two sex myoblasts
(SMs), which divide to produce vulval and uterine muscles
(Sulston and Horvitz, 1977). Using egl-15::gfp as a reporter
for the vml vulval muscles, we found that vml vulval
muscles were often missing or disorganized in unc-39
mutants (Figs. 1G—1I). The frequency of loss of all vulval
muscles (Fig. 1H) was consistent with a defect in M
specification and also correlated with the percentage of
egg-laying-defective animals. We also observed several
animals in which one to three of the vml muscles were
missing (Fig. 1I), suggesting that unc-39 acts at multiple
steps in the M lineage as observed with coelomocyte
specification.

Previous studies have shown that the M descendants that
normally form the coelomocytes can be transformed to the
SM fate (Harfe et al., 1998a). We examined unc-39 animals
for the presence of additional SMs using the twist::gfp
reporter. Although we did not see an increase in the number
of SMs, we often observed additional vulval muscles in
unc-39 animals (Fig. 1J). While these additional cells
appeared to be integrated into the body wall musculature,
they did not display the striated character of the body wall
muscles. Instead, they appeared as smaller elongated cells,
similar to the vulval muscles. They also expressed both arg-
1::gfp and egl-15::gfp, indicators of the terminally differ-
entiated vulval muscle fate. These reporters are not
expressed by differentiated body wall muscles. While we
do not know the origin of these extra vulva muscle-like
cells, it is possible that they are misspecified coelomocytes.
However, it is also possible that misspecification is occur-
ring in other parts of the M lineage (possibly in body wall
muscle specification; see below) leading to the formation of
these cells.

Body wall muscles

Eighty-one body wall muscles (bwms) are present in the
newly hatched L1 larva (Sulston et al., 1983). Eighty result
from divisions of the MS, C and D cells, and one is from the
AB lineage. The M mesoblast produces 14 additional
postembryonic bwms (Sulston and Horvitz, 1977). We
analyzed the number of bwms in unc-39 adults by counting
the number of cells that expressed myo-3::gfp (Kostas and
Fire, 2002) and found that unc-39 mutants often had fewer
than 95 body wall muscles (Table 1), ranging from 81 to 95,
suggesting that unc-39 affects specification of the M-
derived body wall muscles. We do not know if wunc-39
mutants have fate transformations of body wall muscles or if
the immediate precursors of the body wall muscles are
simply not generated.

Together, these data indicate that unc-39 is involved in
the development of multiple types of mesoderm, including
the head mesodermal cells, coelomocytes, body wall
muscles, and vulval muscles.

unc-39 affects the development of anterior neurons

CAN neuron

unc-39(ct73) mutants were previously shown to affect
CAN cell migration (Manser and Wood, 1990). Here, we
show that unc-39 mutations also affect CAN axon pathfind-
ing. The bilateral CAN neurons, descendants of the AB.alap
neuroblast, are born in the anterior of the embryo and
migrate posteriorly during embryogenesis to their final
lateral positions in the middle of the animal near the vulva
(Sulston et al., 1983; White et al., 1986). The anterior CAN
axon extends laterally to the head near the amphid ganglion,
and the posterior CAN axon extends to the tail near the
phasmid ganglion (Fig. 2A). As was observed for wunc-
39(ct73), the other unc-39 alleles 257 and rh72 also caused
defects in the posterior migration of the CAN cells (Fig. 2B,
Table 2).

unc-39 mutants also displayed defects in the pathfinding
of the posterior CAN axon (Fig. 2B, Table 2): posterior
CAN axons were often misguided and wandered along the
body wall outside of their normal lateral route or were
prematurely terminated before reaching their normal final
positions in the tail. Anterior CAN axons were also affected
but at a much lower frequency (data not shown). Further-
more, CAN axons of unc-39 animals often displayed ectopic
axon branching. In some animals, the CAN neurons
appeared to be absent. However, we cannot rule out a
complete failure of CAN cell migration and posterior axon
outgrowth resulting in the CAN cell body residing in the
region of the amphid ganglion, obscured by gfp-expressing
amphid neurons (Figs. 2A and B).

unc-39 affects both CAN cell migration and axon
pathfinding. Previous studies have shown that CAN cell
migration and CAN axon pathfinding are under indepen-
dent control (Lundquist et al., 2001). We analyzed the
development of the wild-type CAN neuron using the
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Fig. 2. Neuronal cell migration and axon pathfinding defects in unc-39 mutants. Fluorescent micrographs of living animals harboring a ceh-23:: gfp transgene
(Iqls27) expressed in amphid neurons and the CAN neurons (A, B, F, and G), an unc-39:: gfp transgene expressed in the CAN and other neurons (C), and a gir-
1::gfp transgene (zdIs3) expressed in anterior and posterior interneurons (D and E). Animals in A, C, D, and F are wild type, and animals in B, E, and G are
unc-39 mutants. Anterior is left; dorsal is up in all but C. (A) A CAN neuron cell body in wild type resided laterally at the midbody near the vulva (V). The
arrowheads trace the trajectories of the anterior and posterior CAN axons. The amphid (A) and phasmid (P) cell bodies are indicated. (B) An unc-39(ct73)
mutant, labeled as in A, displayed a CAN cell migration defect (the CAN cell body is located anterior to the vulva) and premature posterior CAN axon
termination (arrow). (C) A wild-type 3-fold stage embryo with unc-39:: gfp expression in the CAN neurons. The dashed line traces the body axis of the embryo
folded upon itself in the eggshell; the arrow marks the anterior tip of the animal. The CAN cell body is in its final midbody position; however, a nascent CAN
axon (arrowheads), tipped by a growth cone, is in the process of growing anteriorly. (D) A wild-type animal showed no lateral axons from g/r-/-expressing
anterior neurons. Arrows trace the gl/r-/-expressing axons in the ventral nerve cord. (E) An unc-39(e257) mutant displayed an ectopic lateral glr-/-expressing
axon from anterior neurons (arrowheads). A second adult animal is present in the micrograph, dorsal to the labeled animal. (F) The anterior amphid region of a
wild-type animal. The amphid axons (arrowheads) extended from the ventral surface dorsally past the dendrites. The inset is a diagram of amphid axon
morphology. (F) The amphid axons of an unc-39(e257) mutant terminated prematurely before extending dorsally past the dendrites (arrowhead). Scale bar in
A =50 um for A, B, D, and E; scale bar in C = 5 um; scale bar in F = 10 um for F and G.

unc-39 promotor::gfp transgene (see below). We found
that the CAN cell body first migrates to its final mid-
body position and then extends anterior and posterior
CAN axons (Fig. 2C). These results are consistent with
the notion that CAN cell migration and axon pathfinding
are independent events and that wunc-39 affects both
processes.

Interneurons

The cell bodies of anterior glr-I-expressing neurons
(Maricq et al., 1995), which are mostly interneurons
involved in locomotion, normally reside in anterior ganglia

and send axons into the nerve ring or posteriorly down the
ventral or dorsal nerve cords (White et al., 1986) (Fig.
2D). Although unc-39 animals had a normal number of
glr-1-expressing cells, these cells appeared to differentiate
abnormally. In wild-type animals, no processes from these
neurons were found along the lateral lengths of the animal.
In unc-39 mutants, abnormal processes were observed that
emanated laterally from the anterior cluster of glr-I-
expressing cell bodies and extended along the body wall
(Fig. 2E, Table 2). In most cases, we could not resolve the
identity of the individual neurons from which these lateral
processes extended, nor could we resolve if these lateral
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Table 2
Neuronal cell migration and axon pathfinding defects in unc-39 mutants

Genotype Percentage of animals with defective®
CAN cell CANaxon  Anterior Amphid
migration®  pathfinding®  glr-1- axon
expressing pathfinding®
axon
pathfinding®
+ 0 0 0 0
unc-39(rh72) 71 £ 9 63+9 529 21+ 6
unc-39(e257) 58 £ 9 25+ 8 13+£6 18 £7
unc-39(ct73) 77 £ 7 43 +9 30+ 9 25+6
unc-39(e257); 9+5 1+4 ND ND
IgEx280
[unc-39(+)]
unc-39(RNAi)Y 50 £ 16 38 + 14 ND ND

#+2 SE of the proportion.

® Percentage of CAN cell bodies that failed to reach the position of the
vulva (see Figs. 2A and B).

¢ Percentage of posterior CAN axons that failed to extend posteriorly to the
area of the phasmids (see Figs. 2A and B).

4 Percentage of animals with lateral glr-I-expressing axons from anterior
neurons (see Figs. 2D and E).

¢ Percentage of animals with premature amphid axon termination (see Figs.
1F and G).

func-39 RNAI led to approximately 62% embryonic and larval arrest, and
only those animals that survived to adulthood were scored.

processes were misguided axons or if they were additional,
ectopic axons.

Amphid sensory neurons

The axons of the sensory amphid neurons were also
defective in unc-39 mutants. The bilateral amphid neuron
cell bodies reside in the anteriorly located amphid ganglia
(White et al., 1986) (Fig. 2F). Ciliated dendrites extend
anteriorly from the cell bodies to the tip of the nose, and
amphid axons extend ventrally down the amphid commis-
sure. At the ventral midline, the axons enter the nerve ring
and extend dorsally past the dendrites until the two fascicles
of the nerve ring meet at the dorsal midline of the pharynx.
In unc-39 mutants, the amphids were disorganized and
displayed defects such as misplaced cell bodies and defas-
ciculated dendrites and axons (data not shown). Further-
more, the amphid axons often terminated prematurely near
the ventral midline and failed to extend dorsally past the
dendrites (Fig. 2G, Table 2). We could detect no gross
changes in the number of amphid neurons in unc-39 mutants
(data not shown). Together, these data indicate that unc-39
affects the development of the CAN neurons, interneurons,
and sensory neurons located in or born in the anterior region
of the embryo.

Previous studies indicate that unc-39 mutations do not
affect the migrations of other neuronal cell bodies (Manser
and Wood, 1990), including the HSN, which is born in the
posterior and migrates anteriorly to its final position in the
midbody near the vulva. We analyzed the cell positions and
axon morphologies of neurons born in midbody and poste-
rior positions, including HSN, PVM, PDE, the phasmid

neurons, PVD, PVQ, PVC, PQR, and the VD and DD motor
neurons. We could detect no abnormalities of these midbody
and posterior neurons in unc-39 mutants.

unc-39 affects pharyngeal and buccal development

Each of the three unc-39 alleles displayed a low-
penetrance L1 larval arrest. The animals appeared to be
starved, and close examination indicated that many of
these animals had defects in pharyngeal development.
We observed that the pharyngeal metacorpus was frequent-
ly misshapen (Figs. 3A—C) and that the luminal space was
uneven (data not shown). In rare animals, we observed that
the pharynx was unattached to and retracted from the
buccal opening (Figs. 3D and E). Greater than 30% of
the viable unc-39 animals also displayed mild defects in
pharyngeal morphology (data not shown). Furthermore,
many unc-39 animals (greater than 60% of all three alleles)
displayed a ventrally displaced buccal opening (compare
Figs. 3D and F).

unc-39 encodes a molecule similar to Six-family
homeodomain transcription factors

Genetic deficiency mapping data placed unc-39 in a
short interval of chromosome V (see Materials and

Fig. 3. Pharyngeal and buccal defects in unc-39 mutants. Nomarski images
of (L1) animals showing the pharyngeal bulbs (A—C) and buccal opening
(D—F). (A—C) The pharynx has been outlined to emphasize the shape. (A)
Wild type. The pharynx is straight and symmetric. (B, C) unc-39(ct73). The
pharynx is frequently asymmetric and misshapen. Black arrowheads point
to the metacorpus, the region of the pharynx that is most severely affected
in mutant animals. (D) Wild-type animal showing that the buccal opening
(black arrow) is centered and symmetric. (E) unc-39(ct73) mutant showing
a pharynx that has retracted from the hypodermis (black arrow). (F) An unc-
39(ct73) mutant with a ventrally displaced buccal opening (black arrow;
ventral is to the right).
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A 20 :
hirln-5 . unc-39 interval o 0.1 m.u. ””‘i’7 6
(ceh-35)
- | nDf42
yDf8 | >
| | itDf2
B _1 kb atg taa
5' . I I ' 3
C

1 ATGACAGACCATCCGCCAATTGACACTTCTTCATATTTCGATTGTTATCA
ACAACATCAGCTGCCACTTCAATATACATTCACTTCATCTTCAAATTCAA

101 ACACCTCTAACTCTTCAACATCGCCTTCTCACATCTCGGATCAATTTTCA
TCATCTGGAGGTCCGCCCTACGAGCTTTCGTCTCATATTCTGACACCGTC

201 TTCTGTAATTCCGACTCCTTCTCCGTCGGTGGCATCTGCTTCAATCAGCT
CACCGACTATTCCAGCTTTTGGGTGCACAATGTCCGAATATTCAATGGAA

301 CAGFTGGAAGCAATCTCCACATCCCTGTTTCAAGCTAGAGATGGTGATCG
ATTGGTAGCATTCTTCAAGCAGTTGGAGTCATTGTACGGACCAAATGCAG

401 TAGATCATTTGCGAAGTGAAGCTATCAT4GTAGCCTACACATATGCCTTA
TATCATTCCAATGAATTCGAGACACTCTTCCACCTTCTCTCGAATCGACA

501 TTTTCAACAGCGTCATTACAATGATCTACAAGATATTTGGCATCATGCAA
GGTACAAGGAAAGTCAGCTGAAACGTGGCAAAGAACTGAATCCAGTGGAA

A e257
601 AAATATCGGCTGAGACGAAAGTTTCCGGCTCCGAAAACAATTTGGGATGG

CAGTT ct73
TGAGGAMGTACAGTTTCAAGGATTCGAGTAGGA.AATTTTTGAAAC
701 AATTTTTCCGCAACGTCTCTGAATATCCGACCCAGGAGCAGAAAAGAGAG
ATTTCAAGAGCAACAGGACTCAAAATTGTACA(#ATTTCAAATTGGTTCAA

T rh72
801 AAACCGTCGCCAACGGGACAAATCGAACAATTCAGCCAAATGCTCCCCAC

CTTCCAGCTCGAGCAGCACTAATGGTGGCAGTGACTTTCTTCCAATAATA

901 ACTCCGCAAAGCTTTAACTTGGCAGCTGCTCCATTCAATATGAACATGAT
CTATGGTACATTACGTGACAGTCAGTCTGATAATGATCAATTCACTTTCA
ATCCGTAA

Fig. 4. UNC-39 is similar to Drosophila Six4 and human Six5. (A) A genetic map of the unc-39 region (m.u. = map units). The deficiencies nDf42, yDf8, and
itDf2 all uncover unc-39 whereas only nDf42 and itDf2 uncover him-5. The genetic interval that must contain unc-39 is indicated by a barbell. This region of
the C. elegans genome contains the predicted gene ceh-35, which can encode a Six-class homeodomain protein. (B) The ce/-35 genomic region included in the
unc-39 rescuing construct [bases 10759—17539 of cosmid F56A12 (GenBank accession number Z81551)]. The filled boxes represent the exons of the
predicted ceh-35 gene (F56A12.1), beginning with an initiator ATG codon and ending with a TAA stop codon. (C) The nucleotide sequence of the open reading
frame encoded by an unc-39 cDNA (GenBank accession number CB400463; kindly provided by M. Vidal). The blue and red nucleotides represent the coding
region of the Six and homeodomains, respectively; vertical bars represent the positions of introns; and the notations above the sequence indicate the nucleotide
changes associated with the three unc-39 alleles. (D) The amino acid sequence of the predicted CEH-35/UNC-39 polypeptide. The Six domain is indicated in
blue, the homeodomain is red, and nonconserved regions are black. The numbering represents amino acid residues. The residues that are identical between
UNC-39, Drosophila Six4 (GenBank accession number AAD39864), and human Six5 (GenBank accession number NP787071) are underlined. The amino acid
changes associated with the three unc-39 mutations are indicated above the sequence: e257 alters conserved arginine 203 to glutamine in a highly conserved
region of the Six domain; ¢t73 is a six-base insertion resulting in the insertion of two amino acids in a conserved region of the homeodomain; and %72 changes
proline 296 to leucine in a nonconserved region of the polypeptide. (E) A comparison of the CEH-35/UNC-39 predicted polypeptide with human Six5 and
Drosophila Six4. Numbering indicates amino acid residues and the percentage of identical amino acid residues present in the Six domain and homeodomains of
the molecules are indicated. The numbers below Dm Six4 are the identities of the regions in DmSix4 to CEH-35/UNC-39.
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Fig. 4 (continued).

methods and Fig. 4A). This region contains the predicted
gene ceh-35 (The C. elegans Genome Sequencing Con-
sortium, 1998) (Figs. 4B and C), which can encode a
molecule similar to the Six4/5 family of homeodomain
transcription factors (Figs. 4D and E). A ¢cDNA (kindly
provided by M. Vidal) confirmed the gene structure and
sequence reported here. Six-class homeodomain proteins
have been implicated in anterior pattern formation and
mesodermal development in other organisms. CEH-35 is
similar to Drosophila Six4 and human Six5 (Dozier et al.,
2001), with highest sequence conservation in the Six and
homeodomains and little conservation outside of these
regions (Figs. 4D and E).

Three lines of evidence indicated that the wunc-39
mutations affect ceh-35. First, we found that a transgene
(the unc-39 rescuing transgene; see Fig. 4B and Materi-
als and methods) containing 4 kb of the ceh-35 upstream
region and the entire ceh-35 coding region rescued the
Unc and Wit phenotypes of wunc-39(ct73) (data not
shown), as well as the coelomocyte defects (Table 3)
and the CAN cell migration and axon defects (Table 2)
of unc-39(ct73). Second, we found that the ceh-35
coding regions from the three existing wunc-39 alleles
contained mutations (Figs. 4C and D). unc-39(e257) had
a missense mutation that changed arginine 203 to
glutamine in the Six domain, the identical conserved
arginine altered in the Drosophila D-Six4"*' mutation
(Kirby et al., 2001); unc-39(ct73) had a six-base inser-
tion resulting in two extra amino acid residues (QF)
between residues 220 and 221 in a conserved region of
the homeodomain; and wunc-39(rh72) had a missense
mutation that changed proline 296 to leucine in a non-

conserved region of the molecule. Third, RNA-mediated
gene interference (RNAi) of ceh-35 mirrored the unc-39
phenotype: ceh-35 RNAi caused 60% larval Iethality,
and surviving adult animals were Unc, Wit, and dis-
played CAN cell migration and axon pathfinding defects
(Table 1) and coelomocyte specification defects (data not
shown). These experiments indicate that unc-39 muta-
tions affect the ceh-35 gene. We will refer to this locus
as unc-39.

No unc-39 mutation was a deletion or premature stop
mutation. Additionally, unc-39(e257)/Df animals were sick
and slow-growing and had more severe Unc and Wit
defects than unc-39(e257) homozygotes (data not shown).
Furthermore, we found that unc-39 RNAI led to 60% larval

Table 3
Rescue of unc-39 embryonic coelomocyte defects by the human Six5
domain and homeodomain

Number of animals

Number of embryonic Occ lecc 2cc 3cc 4cc
coelomocytes

unc-39(ct73) 2 10 29 34 42 (36%)
unc-39(ct73):[unc-39¢+)] #1 13 59 (82%)
unc-39(ct73);[unc-39(+)] #2 6 1 19 (73%)
unc-39(ct73);[unc-39:: 14 2 24 (60%)

human Six/HD] #1
unc-39(ct73),[unc-39:: 4 5 75 (89%)

human Six/HD] #2

unc-39(ct73);[unc-39::
human Six/HD] #3

unc-39(ct73),[unc-39:: 1 11
A Six/HD)

71 (100%)

21 (40%)
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lethality, more than was seen in any of the three unc-39 an unc-39 null allele using two separate F1 non-comple-
mutants. Together, these observations suggest that no mentation screens and a PCR-based deletion screen without
extant mutation is null for unc-39. We attempted to obtain success.

A3

anterior
neuron

71— 72088

74" 73

bodwscle —

TN
neurons body wall muscle

ﬁlterior CAN cell body

Fig. 5. unc-39 is expressed in anterior ectoderm and mesoderm. Micrographs of animals harboring a full-length unc-39::gfp transgene that rescues unc-39
mutants (A—C), or an unc-39 promoter::gfp transgene (D and E). In A—C, anterior is up. In D and E, anterior is left and dorsal is up. Panels labeled 1 are
fluorescence micrographs showing gfp expression; panels labeled 2 are the DIC micrographs of the same animals, and panels labeled 3 are overlays of the panels
1 and 2. Al and B1 are flattened images of deconvolved Z sections through the embryo. (A) At approximately 150 min post-fertilization, UNC-39 :: GFP was
seen to accumulate in the nuclei of 12— 16 blast cells in the anterior of the embryo. (B) At approximately 350 min post-fertilization, UNC-39 :: GFP accumulation
was seen in posterior nuclei whose positions were consistent with the M mesoblast, the somatic gonad founders Z1 and Z4, and the embryonic coelomocytes
(ccAL and ccPL). A small number of other unidentified nuclei also showed UNC-39::GFP (indicated by a ?). By this time, many anterior nuclei (>50) also
showed UNC-39:: GFP. The positions of these nuclei are consistent with anterior neurons and neuroblasts. The pharyngeal arcade cells (arc) also showed UNC-
39::GFP expression. (C) An 800-min post-fertilization embryo (just before hatching) showed UNC-39:: GFP accumulation in a few ( <10) anterior nuclei whose
positions and morphologies are consistent with anterior neurons, and in Z1 and Z4 (the germ cells Z2 and Z3, which did not express UNC-39::GFP, are
indicated). (D) A newly hatched L1 larva displayed unc-39 promoter activity in anterior neurons in the area of the amphids and in the CAN neurons. (E) A newly
hatched L1 larva displayed unc-39 promoter activity in body wall muscle cells. The scale bars = 10 um (A1 for A—C; D1 for D; and E1 for E).
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The unc-39 gene is active in anterior ectoderm and
mesoderm

To determine where and when unc-39 is expressed, we
constructed an unc-39 reporter transgene by fusing 4 kb of
the unc-39 upstream region and the entire unc-39 coding
region in frame to gfp (see Materials and methods). This
transgene is predicted to produce a full-length UNC-39
molecule with GFP at the C-terminus. This construct
rescued the Unc, Wit, and coelomocyte defects of unc-
39(e257 and ct73) mutants (Table 3 and data not shown),
indicating that the transgene can encode a functional UNC-
39::GFP molecule.

Expression of the full-length unc-39::gfp transgene was
dynamic throughout development. UNC-39:: GFP was first
seen at approximately 100 min post-fertilization when
gastrulation and embryonic transcription begin (Figs.
5A1-3). UNC-39::GFP accumulated in the nuclei of 12—
16 blast cells in the anterior of the embryo. As embryogen-
esis proceeded, expression was observed in increasing
numbers of anterior nuclei (Figs. 5B1-3) which were most
likely the descendants of the earlier-expressing cells, as
UNC-39:: GFP-expressing pairs of cells in the process of
cell division were observed (data not shown). Expression in
anterior nuclei continued until about 450 min post-fertiliza-
tion (2-fold stage), at which time expression became re-
stricted to less than 10 cells and persisted into adulthood
(Figs. 5C1-3). The locations and morphologies of some of
these cells indicated that they were anterior neuroblasts
derived from the AB lineage.

At approximately 240 min post-fertilization, UNC-
39::GFP appeared in more posteriorly located nuclei (Figs.
51-3) in addition to the anterior nuclei. Posterior nuclei
expressing unc-39::gfp included Z1 and Z4 (the founders of
the somatic gonad), the M cell, and the embryonic coelo-
mocytes. Occasionally, additional posteriorly located cells
that we were unable to unambiguously identify showed
UNC-39::GFP expression. Expression in M and the coelo-
mocytes was transient and no longer observed by 600 min
post-fertilization, whereas Z1 and Z4 expression persisted
into the L1 larval stage (Figs. 5C1-3). Z1, Z4, M, and four
coelomocytes are all generated from MS descendants in the
anterior region of the embryo and, like the CAN neuron,
migrate posteriorly to their final positions (Sulston et al.,
1983).

The 4-kb unc-39 promoter driving the expression of
gfp alone showed a similar general pattern. However,
expression of this construct persisted in a greater number
of anterior cells into larval and adult stages (Figs. 5D1—
3). These cells had axon and dendrite morphologies
characteristic of amphid sensory neurons. Furthermore,
the CAN neuron clearly showed unc-39 promoter expres-
sion (Figs. 5SD1-3).

In addition to expression in the anteriorly generated
mesodermal Z1, Z4, M, and coelomocytes, the unc-39
promoter was active in all of the body wall muscle cells

of late embryos and L1 larvae (Figs. SE1-3). Thus, unc-
39::gfp transgenes were expressed very early in embryo-
genesis in anterior cells that generate neuronal and meso-
dermal tissues, and later in body wall muscle cells.

The Six domain and homeodomain from human Six5 can
substitute for those from UNC-39

unc-39 is similar to human Six5 (Dozier et al., 2001). To
determine if UNC-39 and Six5 are functionally equivalent,
we removed the UNC-39 Six domain and homeodomain
coding region from the full-length unc-39::gfp rescue
construct and inserted the Six domain and homeodomain
coding region from human Six5 (see Materials and meth-
ods). This unc-39::human Six/HD transgene partially res-
cued the coelomocyte specification, Unc and Wit defects of
unc-39(ct73) (Table 3 and data not shown). In contrast, a
control transgene lacking the Six domain and homeodomain
did not rescue the coelomocyte defects of unc-39(ct73)
(Table 3).

Discussion

We have cloned and characterized the unc-39 gene,
which encodes a C. elegans member of the Six4/5 family
and which we showed is a functional homolog of the human
myotonic dystrophy-associated homeodomain protein Six5.
Like other Six family members, we have found that unc-39
affects mesodermal specification and as well as the differ-
entiation of anterior ectoderm, including neuronal migration
and axon pathfinding.

unc-39 affects mesodermal specification and differentiation

Although no extant allele of unc-39 is null, we have
analyzed three loss-of-function alleles of unc-39 and found
a variety of defects in mesodermal development. First, we
noted that some mesodermal cells were misspecified in unc-
39 mutants. For example, specification defects in the M cell
and its descendants led to missing or extra coelomocytes
and vulval muscles. Second, though apparently specified
normally, we noted that some mesodermal cells displayed
defects in differentiation in unc-39 mutants, such as the
failure of coelomocytes to execute their full-length migra-
tions and abnormal hmcR branching.

unc-39 affects anterior neuronal differentiation

In addition to mesodermal defects, we found that unc-39
mutants displayed defects in the differentiation of anterior
neurons, including the CAN neurons, the amphid neurons,
and the command interneurons. The CAN neurons often
displayed both neuronal cell migration defects and axon
pathfinding defects, and the amphid neurons and command
interneurons displayed axon pathfinding defects. Unlike in
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the mesoderm, we could detect no neuronal specification
defects (e.g. missing or extra neurons). Furthermore, we
could detect no effect of unc-39 on midbody or posterior
neurons, suggesting that unc-39 affects the development of
anterior neurons only. This idea is strengthened by the
observation that unc-39 was expressed in anterior neuro-
blasts and neurons but not in posterior neuroblasts or
neurons.

UNC-39 controls long-range cell and axon migrations

The body plan of C. elegans is primarily formed by
morphogenetic movements rather than by cell migration.
Only 14 of the 558 cells in the newly hatched larva have
undergone extensive migration, the majority along the A—P
axis (Hedgecock et al., 1987; Manser and Wood, 1990;
Sulston et al., 1983). We see effects of unc-39 in many of
these migratory cells, including the M mesoblast, coelomo-
cytes, head mesodermal cell, and CAN neurons. All of these
cells are derived from anterior blastomeres and execute
posterior migrations. Possibly, one role of unc-39 is to
regulate anterior to posterior cell migration.

Interestingly, unc-39 also affects the fate specification of
many of these posteriorward migrating cells. Although unc-
39 could be affecting migration and differentiation indepen-
dently, it is tempting to speculate that unc-39 acts at an
interface between these processes, integrating migratory
cues to influence cell fate determination and terminal
differentiation.

UNC-39 is a Six-class homeodomain transcription factor

We have shown that unc-39 encodes a Six4/5-class
homeodomain transcription factor that is similar to and is
a functional homolog of human Six5. Thus, it is likely that
UNC-39 regulates the expression of other genes involved in
mesodermal and neuronal specification and differentiation.
This result along with the observation that many of the cells
affected by wunc-39 mutations display unc-39::gfp expres-
sion suggests that the effects of unc-39 are cell-autonomous.
Based on the model that unc-39 controls many aspects of
neuronal and mesodermal specification and differentiation,
we might expect a dynamic expression pattern of unc-39 in
which populations of cells express the gene at different
stages of embryonic development. The expression of UNC-
39::GFP in the nuclei of dividing and migrating cells of
both the mesoderm and anterior ectoderm is consistent with
this model. Furthermore, the early expression of unc-
39::gfp in neuroblasts and mesoderm suggests that unc-39
might be a key early regulator of neuronal and mesodermal
differentiation or that unc-39 might regulate multiple steps
of differentiation (as observed in the M lineage). unc-
39::gfp is also expressed in cells that show no defects in
existing unc-39 mutants, including the somatic gonad pre-
cursors Z1 and Z4 and the embryonically derived body wall
muscles.

The unc-39 mutations €257 and ct73 affected the con-
served Six domain and homeodomain, respectively. In
contrast, rh72 affected a proline residue in a region of the
molecule not conserved in Drosophila Six4 or human Six5
but present in UNC-39 from the related nematode species
Caenorhabditis briggsae (data not shown). Furthermore,
rh72 mutants displayed only postembryonic coelomocyte
defects and exhibited a higher loss of vulval muscle cells
than did 257 and ct73. Possibly, the 7472 mutation affects a
previously unknown domain of UNC-39 that is not con-
served in human Six5 or Drosophila Six4.

unc-39 as a model for myotonic dystrophy type [

Myotonic dystrophy type I is associated with a triplet
repeat expansion on human chromosome 19 (Brook et al.,
1992; Fu et al., 1993; Harley et al., 1992). The relation-
ship between this expansion and the pathophysiology of
the DM1 is not yet understood at a cellular level. One
model suggests that the binding of CUG-binding protein
(CUG-BP) to the triplet repeat expansion within the 3’
untranslated region of DMPK globally alters alternative
splicing (Philips et al., 1998). A second model suggests
that the expansion creates a silent chromatin domain
(Otten and Tapscott, 1995). To date, three genes within
the vicinity of the expansion have been shown to have
reduced mRNA levels: the DM associated protein kinase,
DMPK (Carango et al., 1993); the downstream gene Six5
(Klesert et al., 1997; Thornton et al., 1997); and an
upstream gene, DM-associated WD-repeat protein, DMWD
(Alwazzan et al.,, 1999). We have shown that the C.
elegans unc-39 gene is the homolog of human SixJ5.
Several lines of evidence indicate that different genes are
likely to be responsible for different subsets of defects in
the complex DM1 disease state. DMPK(+/—) and (—/—)
mice show deficiencies in sodium channel conductance in
skeletal myocytes, providing direct evidence that DMPK
affects this abnormality in the human disease (Mounsey et
al., 2000). Winchester et al. (1999) showed that changes in
Six5 expression in the adult human lens are related to
cataract development, one of the most frequent defects in
DMI patients. Similarly, Six5 knockout mice showed an
increased frequency of cataracts (Klesert et al., 2000;
Sarkar et al., 2000). In humans, Six5 expression is detected
in the ganglion cells of the eye (Winchester et al., 1999). It
is postulated that loss of Six5 expression might contribute
to the reduction in the number of these cells seen in DM1
patients. However, if the situation in DM is analogous to
unc-39 animals, the underlying defect in the ganglion cells
may also include a failure in ganglion cell migration or
axon pathfinding.

The variable expressivity and penetrance of wunc-39
defects are reminiscent of the pleiotropy seen in DMI
patients. For example, unc-39 mutants display defects in
muscle cell specification, neuronal cell migration, and
axonal outgrowth, defects which could explain in part the
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myotonia (along with DMPK) and mental impairment seen
in DM patients. Neither the mouse nor Drosophila models
display such similarity to DM1 in terms of the range and
variability of defects, suggesting that C. elegans may serve
as a useful model system for understanding the function of
Six5 in DM1. Underscoring the value of unc-39 as a model
for Six5 function is our observation that the human Six5 Six
domain and homeodomain can substitute for these domains
of UNC-39 in our unc-39 genetic rescue assays. These
results indicate that some of the DNA binding specificity
and some of the protein—protein interactions must have
been maintained during the evolution of nematodes and
humans. Further studies of unc-39 will not only elucidate
the function of a Six5 family member in vivo, but also allow
identification and characterization of other genes important
in Six5 function, including upstream regulators and down-
stream targets.
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