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Abstract: C. elegans DLK-1 has been reported to play an
important role in synaptogenesis by shaping the structure of
presynaptic terminal. In this study, we investigated the
expression pattern and regulation of the dik-1 gene in C.
elegans. To determine the expression pattern, we made a
dik-1:.gfp fusion construct, named pPDdg1, which consisted
of ~2.2 kb 5' upstream region, the first exon, the first intron,
and a part of the second exon of the dlk-1 gene. By
microinjecting this construct into the worm, we observed that
the DLK-1::GFP was expressed mainly in neurons. We next
examined the regulatory elements of gene expression by
deletion analysis of pPDdg1. Removal of a large portion of
the 5' upstream region (A-361 to -2246) of the gene had little
effect on the expression pattern, whereas deletion of the first
intron led to elimination of the DLK-1::GFP expression in
most of the neurons. Our results suggest that the first intron
of the C. elegans dlk-1 gene contains the regulatory element
critical for gene expression.
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Eukaryotes have well-conserved biochemical pathways,
termed mitogen-activated protein kinase (MAPK) pathways,
which convert a variety of extracellular stimuli into
intracellular responses. MAPK pathways are known to
perform important roles in the control of cell growth,
differentiation, and death (Chang and Karin, 2001). Typically,
a MAPK pathway comprises three families of kinase
enzymes, known as MAPKKK (MAP3K), MAPKK
(MAP2K) and MAPK (Seger and Krebs, 1995; Garrington
and Johnson, 1999). The MAPK pathway is activated by a
phosphorylation cascade; that is, MAPK is phosphorylated
by MAP2K and MAP2K is phosphorylated by MAP3K.
Three prominent subfamilies of MAPK family, namely
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ERK, JNK, and p38 MAPK, have been extensively studied
(Widmann et al., 1999; Pearson et al., 2001). In general,
ERK is responsible for cell growth while JNK and p38
MAPK induce apoptosis and cell differentiation (Xia et al.,
1995; Cross et al., 2000).

Mixed lineage kinases (MLKs) are members of a MAP3K
family that activate JNK and p38 MAPK (Gallo and
Johnson, 2002). MLKs are classified into three subfamilies,
the MLKSs, the dual leucine zipper-bearing kinases (DLKSs),
and zipper sterile-o-motif kinase (ZAK). Several members
of the MLK family, including DLK, have been reported to
be involved in neuronal cell death (Xu et al., 2001). A
recent genetic study by Nakata et al. (2005) indicated that
C. elegans DLK-1 might be involved in the shaping of
presynaptic terminal. It was postulated that a MAPK
pathway composed of DLK-1, MKK-4, and PMK-3 (p38
MAPK homolog) is critical for presynaptic development.

Amino acid sequence analysis indicates that the predicted
structure of C. elegans DLK-1 is similar to that of
mammalian DLK (Fig. 1). However, C. elegans DLK-1
differs from mammalian DLK in that it has only one
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Fig. 1. Structural comparison between C. elegans DLK-1 and related
proteins in mammals. DAP kinase, DAP-like kinase (DIk/ZIP kinase),
C. elegans DLK-1, and dual leucine zipper-bearing kinase (DLK)
share a conserved kinase domain at their N-termini. DAP-like kinase
(DIk/ZIP kinase) and C. elegans DLK-1 contain one leucine zipper
motif, whereas dual leucine zipper-bearing kinase (DLK) has two
leucine zipper motifs. Gray box, kinase domain; black box, leucine
zipper motif.
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leucine zipper motif instead of two. It is noteworthy that C.
elegans DLK-1 is also structurally similar to death-associated
protein (DAP)-like kinase (Dik) or zipper-interacting protein
(ZIP) kinase. Dik/ZIP kinase is a serine/threonine kinase
that belongs to the subfamily of DAP kinases (Kawai et al.,
1998; Kogel et al., 1998). Both C. elegans DLK-1 and
mammalian DIk/ZIP kinase contain a kinase domain at their
N-termini and a leucine zipper motif (Fig. 1). In mammals,
DIk/ZIP kinase has been implicated in regulation of
apoptosis (Kawai et al., 1998).

In this study we investigated the expression pattern and
regulation of the C. elegans dik-1 gene. We observed that
the C. elegans DLK-1 was mainly expressed in neurons and
found that the first intron, rather than the 5' upstream
region, of the dlk-1 gene might play a critical role in the
regulation of gene expression.

MATERIALS AND METHODS

Strain

The wild-type strain N2 (Bristol) was used for experiments.
Nematodes were grown and maintained as described
previously (Brenner, 1974).

DLK-1::GFP fusion constructs

To examine the expression pattern of DLK-1, we constructed
a dlk-1::gfp fusion gene between a portion of dlk-1 and the
green fluorescent protein (GFP) reporter gene. To obtain a
portion of dik-1, a cosmid DNA (C49G9; kindly provided
by Audrey Fraser at Sanger Center, UK) containing d/k-/
gene was amplified by PCR with primers DF1 and DR1.
The PCR product, containing 2,246 bp of the 5' upstream
region, the first exon (52 bp), the first intron (1,170 bp), and
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Fig. 2. C. elegans DLK-1 is mainly expressed in neurons. A, Genomic organization of dik-1.:gfp vector (pPDdg1). This plasmid contains ~2.2 kb
5' upstream region, the first exon, the first intron, and 16 codons of the second exon of the dlk-7 gene. Black boxes represent exons. ATG
indicates translation initiation codon. B, DLK-1::GFP was mainly expressed in neurons throughout the worm. Magnified views of head region
(HEAD), body region (BODY), and tail region (TAIL) are shown in the lower panels. Scale bars=100 um.
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a part of the second exon (46 bp) of dik-1, was digested
with Pstl and then inserted into the C. elegans GFP
expression vector pPD95.75 (kindly provided by Andrew
Fire at Stanford University, USA). This construct was
named pPDdg1 and the junction sequences were confirmed
by DNA sequencing.

To obtain a 5' upstream region deletion construct, the
pPDdgl was partially digested with HindIIl and self-
ligated. A deletion construct (A-361 to -2246) was identified
by restriction enzyme digestion and confirmed by DNA
sequencing. This construct was named pPDdg2.

To obtain a first intron deletion construct, the pPDdgl
was amplified with primers DF1 and DR2. The PCR product,
containing 2,246 bp of the 5' upstream region and 12
codons of the first exon of dlk- 1, was digested with Pst1 and
then inserted into the pPD95.75. This construct was named
pPDdg3.

Primers used are as follows: DF1, 5'-CTACTGCAG-
CAGACAAGCTAAGCACTGI-3' (a Pstl site created is
underlined); DR1, 5-CTACTGCAGACTGGAGAGAAG
TCGGAGGA-3' (a Psd site created is underlined); DR2, 5'-
ATCTGCAGAAG TCGAGAGTGGTITACCA-3' (a Pstl
site is underlined). PCR was performed in a total volume of
50 ul containing 2.5 units of cloned Herculase DNA
polymerase (Stratagene) or Ex Taq polymerase (Takara),
200 pM of each deoxynucleotide triphosphate, 4G pmol of

each primer, and 300 ng of template DNA., PCR was done.

A
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following the procedures recommended by the manufacturers.

Germline transformation

Transgenic nematodes were generated by gonadal injection
of DNA plasmid constructs (100 ng/ul) together with the
plasmid pRF4 (100 ng/pl) containing rol-6 as a selectable
marker into the wild-type N2 strain as described by Mello
et al. (1991). Roller strains were selected and monitored for
GFP expression.

C. elegans microscopy

Transgenic worms were mounted on a 5% agarose pad on a
microscope slide wetted with 2~3 drops of 2.5 mM
paraformaldehyde. A coverslip was applied onto the worms
and the GFP expression pattern was determined by confocal
microscopy (Lieca DM IRE2 with a TCS SP2 AOBS
confocal system).

RESULTS AND DISCUSSION

C. elegans DLK-1 is mainly expressed in neurons

We used the GFP fusion technique to investigate the
expression pattern of C. elegans DLK-1. From the C49G9
cosmid, we made a DNA clone comprising 5' upstream
region (up to -2246 bp), the first exon, the first intron and a
part of the second exon of the dlk-/ gene by using PCR. We
then inserted the DNA clone into the GFP vector pPD95.75.
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Fig. 3. Removal of 5' upstream region (A-361 to -2246) of the dik-1 gene exerts little effect on gene expression. A, Genomic organization of the
5' upstream region deletion construct (pPDdg2). Black boxes represent exons. ATG indicates translation initiation codon. B, GFP expression
pattern of pPDdg2 was similar to that of pPDdg1 (shown in Fig. 1). Scale bar=100 pum.
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This DLK-1::GFP construct was named pPDdgl (Fig. 2A).
After microinjecting pPDdgl into worms, we determined
the GFP expression pattern by confocal microscopy. As
shown in Fig. 2B, GFP was mainly expressed in neurons
throughout the worm. GFP was most strongly expressed in
neurons surrounding the nerve ring. GFP was also observed
in neurons along the ventral and dorsal cords. DLK-1::GFP
appeared to be expressed in most if not all of the neurons,
supporting the notion that DLK-1 is required for
differentiation of presynaptic terminals (Nakata et al., 2005).

In addition to the nervous system, DLK-1::GFP fluorescence
was reproducibly seen in the cells of the tail region that
might be associated with the digestive system (Fig. 2B).

5' upstream region (-361 to -2246) of the dlk-1 gene
has little effect on gene expression

To investigate the regulatory elements responsible for the
dlk-1 gene expression, we prepared a deletion construct of
pPDdgl (pPDdg2), which lacks a substantial portion of the
5" upstream region (A-361 to -2246) (Fig. 3A), by using
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Fig. 4. Removal of first intron (Aintron) of the dlk-1 gene substantially blocks gene expression. A, Genomic organization of the first intron deletion
construct (pPDdg3). Black boxes represent exons. ATG indicates translation initiation codon. B, GFP expression was eliminated in most of the
neurons. Only several neurons in the head region showed the GFP expression. A magnified view of head region (HEAD) is shown in the lower

panel. Scale bars=100 um.
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PCR. We injected the deletion construct into C. elegans and
analyzed the GFP expression pattern. As shown in Fig. 3B,
the expression pattern of pPDdg2 was virtually identical to
that of pPDdg]1, implying that the critical regulatory element
for the dlk-1 gene expression does not reside in the deleted
5' upstream region (-361 to -2246).

First intron of the dlk-1 gene appears to contain the
critical element for gene expression
Previous studies have shown that in C. elegans, introns play
important roles in the regulation of gene expression (Lee
et al.,, 2000; Nam et al., 2002; Hwang and Lee, 2003).
Thus, we tested if the first intron of the dlk-1 gene is
essential for gene expression. Again we used the PCR
technique to obtain a deletion construct of pPDdgl
(pPDdg3), which lacks the last five codons of the first exon,
the first intron and the second exon (Fig. 4A). Worms
injected with this deletion construct did not express GFP in
the nervous system, except for a few head neurons with
ciliated endings (Fig. 4B). These results suggest that the
first intron is critical for the regulation of the d/k-/ gene
expression, as it is unlikely that the exon sequences deleted
in the pPDdg3 construct are involved in this process.
Comparative genomics between C. elegans and C.
briggsae, which diverged from a common ancestor about
100 million years ago, can provide important insights into
the regulatory elements in gene expression (Hwang and
Lee, 2003; Stein et al., 2003). Nucleotide sequence
comparison between C. elegans and C. briggsae reveals
several conserved regions in the first intron of the dlk-1
gene. We plan to analyze these regions and explore the
regulatory mechanism of the dlk-1 gene expression.
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