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We have previously identified 60 predicted ABC transporter genes in the
Caenorhabditis elegans genome and classified them into eight groups. As an
initial step towards understanding how these putative ABC genes work in
worms, we generated promoter—fluorescent protein fusions for the entire
family to address when and where these genes are turned on in vivo. Both
Aequoria green fluorescent protein (GFP) and Discosoma red fluorescent
protein (RFP) were used as reporters in our transgenic assay. Observable
expression is more frequently seen from fusions to genes in subfamilies B,
C, D and E than those in subfamilies A and G. Sixteen worm ABC genes are
found in tandem duplications, forming two four-gene clusters and four
two-gene clusters. Fifteen out of the 16 duplicated gene promoters drove
different or partially overlapping expression patterns, suggesting active
functions for these duplicated genes. Furthermore, our results suggest that
an internal promoter can cause differential expression of genes within an
operon. Finally, our observations suggest that it is possible for coding

sequences to function as a regulatory region for a neighbouring gene.
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Introduction

ATP-binding cassette (ABC) transporters consti-
tute one of the largest protein families in both
prokaryotes and eukaryotes. These proteins bind
ATP and use its energy to drive the transport of
various molecules across the plasma membrane or
the intracellular membranes of organelles, such as
the endoplasmlc reticulum, peroxisomes, and mito-
chondria."? Mutation of ABC transporters can
result in various diseases in humans or in hyper-
sensitivity to drugs. For example, mutations in the
ABCA1 gene cause very low levels of HDL in
plasma and a build-up of cholesterol in macro-
phages.> Loss of ABCC7 function is responsible
for cystic fibrosis.® Some ABC proteins, such as

Abbreviations used: ABC, ATP-binding cassette; NBD,
nucleotide-binding domain; TMD, transmembrane
domains; SAGE, serial analysis of gene expression; RNAi,
RNA interference; RFP, red fluorescent protein; GFP,
green fluorescent protein.
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MDR1 (ABCB1), MRP1 (ABCC1) and BCRP
(ABCG2), are commonly respon31ble for the devel-
opment of drug-resistant tumours,” a substantial
challenge for chemotherapy.

A functional ABC transporter generally consists
of at least one evolutionarily conserved ABC
domain, also known as a nucleotide-binding
domain (NBD), which are about 200 amino acid
residues long, and several a-helical transmembrane
domains (TMD). The NBD contains three conserved
features: Walker A and B motifs which can be found
in many ATP-binding proteins, and a signature (C)
motif, located just upstream of the Walker B site.”
The C motif is diagnostic of ABC transporters and
distinguishes them from other Walker ATPases.
Many ABC transporters are organized as either full
transporters containing two TMD and two NBD or
as half transporters containing one of each domain,”
or occasionally only as solitary NBDs. The half
transporters work as either homodimers or hetero-
dimers. Phylogenetic analysis has divided the gene
family into eight different subfamilies, named
ABCA through H, most of whlch have well-
characterized human homologues.” Sixty ABC

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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Figure 1. Schematic representation of 16 tandemly duplicated ABC genes on chromosomes II and X of the C. elegans
genome. These form six clusters, which are illustrated using images drawn from Wormbase release WS130 (http://
wormbase.org/). The two ABCH subfamily genes identified with cosmid clone C56E6 are the only ones found in a head-to-
head arrangement. All other clusters contain at least two members in a head-to-tail orientation. Pmp-1 and -2 are members of
subfamily ABCD, Mrp-1 and -2 are members of subfamily ABCC, while all Pgp genes are members of the ABCD subfamily.
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transporters have been identified in Caenorhabditis
elegans with members grouped into each of the eight
established subfamilies. Several ABC transporters
have been functionally characterized in C. elegans.
The expression of two P-glycoprotein (Pgp) genes
(subfamily ABCB) in transgenic C. elegans is con-
fined to intestinal cells."” Pgp-1 (KOSE7.9) and Pgp-3
(ZK455.7) are responsible for resistance to chloro-
quine and colchicines." ABCC subfamily member
Mrp-1 (F57C12.5) and Pgp-lare both involved in
heavy metal resistance.© The ABCA subfamily
gene Ced-7 (C48B4.4) encodes a protein involved
in cell corpse engulfment."

Much of the genomes of flies and worms consist
of duplicated genes.'* It is becoming common to
find computational investigations into the evolu-
tion of genes or gene families with the increasing
number of genome sequences available.'”"” How-
ever, in many of these studies genes in the same
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family are assumed to be functionally redundant, or
similar in function, or else “dead”, that is to say,
pseudogenes. Functional genomic methods, such as
microarray, serial analysis of gene expression
(SAGE) and RNA interference (RNAi), provide
tremendous amounts of functional data. However,
these methods cannot give detailed functional
information, such as tissue-specific distribution,
which is essential to understand the different roles
of recently duplicated paralogues. Our high-
throughput transgenic assay with promoter—-GFP
fusions provides a sensitive means to address
functions of gene family members, especially
those of recently duplicated genes within a gene
family. In particular, this method provides an in vivo
expression profile both spatially and temporally.
ABC transporters in C. elegans provide an excellent
system in which to address these questions because
there are 16 tandemly positioned ABC genes in

Mrp-2

Pgp-2
Pgp-14

Figure 2. Venn diagram showing
the tissue distribution of expression
of 39 ABC transporters in C. elegans
mostly deduced from the expression
of promoter-GFP (or RFP) fusion
proteins. Not all genes shown are
expressed in all, or the same,
developmental stages. See online
Supplementary data for full details
on the timing and relative strengths
of expression observed.
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two-gene or four-gene clusters on different chromo-
somes (Figure 1). The presence of tandem dupli-
cations is not unique to the worm ABC genes. For
instance, there are five-gene ABCA clusters in both
human and mouse.'® As a preliminary investigation
into the roles of ABC transporter genes in C. elegans
we have performed transgenic expression analysis
of all ABC transporters in C. elegans, using promo-
ter-driven GFP or red fluorescent protein (RFP)
reporters, except for Pgp-1, Mrp-5 (F14F4.3) and
Mrp-1, for which tissue expression patterns have
already been determined.''* Our results provide
an overview of the expression patterns for the
whole ABC transporter family and provide some
insights into the roles of tandemly duplicated
genes.

Results

Many of the genes in C. elegans are found in pairs
of adjacent sister genes. In order to have a general
idea of how these, tandem duplications of homo-
logous genes, function in vivo we have tried to
address when and where the worm ABC transpor-
ter genes are turned on in vivo. To this end we have
used GFP or RFP markers driven by gene-specific
promoters. All the promoters were derived from
genomic DNA. They consist of intergenic regions
upstream of target gene start codons, and in some
cases, include coding sequence from adjacent
upstream genes. Several factors are taken into
account to make efficiently functioning expression
constructs (see Materials and Methods). We have
generated GFP transgenic strains for 57 out of the 60
ABC genes in C. elegans. GFP constructs success-
fully produced visible expression patterns in 36 of
these transgenic strains. RFP fusions were con-
structed for 19 ABC genes, 11 of which generated
visible expression patterns. Almost all the RFP
transgenic strains faithfully reproduce the
expression patterns seen by GFP assay, indicating
that the choice of reporter itself does not make a

difference in promoter-driven expression pattern.
For the majority of genes their expression patterns
are first reported here. The average intergenic space
upstream of C.elegans ABC transporter genes is
3118 bp and the average size of our putative
promoter construct was 1575 bp. The largest pro-
moter sequence used was 3422 bp, for Pgp-12
(F22E10.1); the smallest promoter construct was
only 250 bp, for Y49E10.9 (full details available as
an online Supplementary data Table). Up to five
attempts to obtain successful expression were made
for each ABC transporter gene. Transgene
expression was most frequently seen in the intes-
tine, pharynx and excretory cell (Figure 2, full
details in the online Supplementary data Table).

Tandemly duplicated ABC genes tend to be
differentially expressed

Sixteen worm ABC genes are tandemly arranged,
forming two four-gene clusters and four two-gene
clusters (Figure 1). Twelve of 16 ABCs on the X
chromosome are present in tandem. Fifteen out of
these 16 ABC genes gave observable expression in
our promoter driven GFP/RFP assay (Figure 2 and
online Supplementary data Table). Interestingly, all
ABCs within the four-gene clusters showed differ-
ential tissue expression patterns while those within
two-gene clusters gave similar or overlapping
expression patterns (Table 1), except for C56E6.1,
which is arranged in a head-to-head orientation
with C56E6.5, and yielded no observable
expression. Among the four ABC genes clustered
on cosmid clone F22E10 (having 65-75% amino acid
sequence identity) all are expressed in different
tissues (Figure 3; Table 1). Pgp-12 showed strong
expression in the excretory cell in all stages; Pgp-13
(F22E10.2) yielded weak expression in the adult
posterior intestine and amphid; Pgp-14 (F22E10.3)
was expressed from the anterior-most pharynx until
halfway into the first pharyngeal bulb while Pgp-15
(F22E10.4) is expressed in head and tail neurons. A
similar situation prevails in the four-gene cluster,

Table 1. Expression patterns and similarity between tandem duplicate ABC genes

Cosmid ID Gene name Expression pattern % Similarity
C56E6.1 NA No observable expression 19
C56E6.5 NA Larval and adult head and tail neurons, vulva

C44B7.8 Pmp-1 Strong larval and weak adult intestine 70
C44B7.9 Pmp-2 Strong larval and adult intestine

F22E10.1 Pgp-12 Larval and adult excretory cell, embryo 68
F22E10.2 Pgp-13 Adult posterior intestine, amphids

F22E10.3 Pgp-14 Larval and adult pharynx

F22E10.4 Pgp-15 Adult head and tail neurons, embryo

T21E8.1 Pgp-6 Larval and adult intestine, adult amphids 63
T21E8.2 Pgp-7 Adult male tail rays

T21E8.3 Pgp-8 Adult head neurons

C05A9.1 Pgp-5 Larval and adult anterior intestine, embryo

F42E11.1 Pgp-4 Larval excretory cell 78
ZK455.7 Pgp-3 Larval and adult excretory cell, intestine

F57C12.4 Mip-2 Adult pharynx 74
F57C12.5 Mrp-1 Adult pharynx, intestine, vulva®
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Figure 3. Photomicrographs of GFP or RFP expression driven by promoters derived from the four ABC genes in
cluster 6. Promoter-GFP fusion constructs were built as described.'® Pgp-12 (F22E10.1) showed strong expression in
excretory cell in all stages (only adult shown); Pgp-13 (F22E10.2) yielded expression in the adult posterior intestine and
amphids; Pgp-14 (F22E10.3) gave expression in the anterior pharynx until half way along the first bulb while Pgp-15
(F22E10.4) was seen in adult head and tail neurons and in the embryo.

which includes C05A9.1, T21ES8.1, T21E8.2 and
T21E8.3 (Pgp-5, -6, -7 and -8) which all show
expression in different tissues (Figure 2). The
expression patterns of Mrp-2 (F57C12.4) and Mrp-1
overlap, while stage specific expression is observed
for Pmp-1 (C44B7.8) and Pmp-2 (C44B7.9) though in
the same tissues (Figure 2 and online Supplemen-
tary Table). Most of the duplicated ABCs are
members of the ABCB subfamily (10 out of 16),
including all ABCs within four-gene clusters
(Pgp-12 to -15, and Pgp-5 to -8) and two of the
duplicated ABCs transcribed in the same orien-
tation, Pgp-3 (ZK455.7) and Pgp-4 (F42E11.1). Our
observed expression patterns, in combination with
EST data in GenBankf, suggest that none of these
tandemly duplicated ABC genes are pseudo-genes.
In other words, they are expected to be functional
in vivo. ABCB genes found in tandem duplications
are most often expressed in the worm'’s pharynx,
gut or excretory cell. Some members of the ABC
subfamily are known to be involved in drug
resistance.''> These duplicated genes might pro-
vide the worm fuller protection against xenobiotics,

t http:/ /www.ncbi.nlm.nih.gov/

as is the case with their homologues in other
organisms. Few of the duplicated worm ABC
genes have a visible RNAi phenotype,” suggesting
that most ABCs are not essential for normal
development. One exception is C56E6.1. It has few
ESTs and gave no observable expression, but yields
an RNAi phenotype (larval arrest). Its function has
yet to be determined.

Coding sequences of neighbouring genes
contain regulatory elements

It is common in C. elegans for intergenic spaces to
be too small to contain a reasonable promoter. It has
not been determined how large the promoter really
is for each gene. In many cases, it is possible that a
given intergenic region is not enough to drive
reporter expression, while the coding sequence of
the adjacent gene might contain regulatory
sequences for the downstream gene. For example,
two ABC genes, F42A10.1 and Pmp-3 (C54G10.3)
both have many ESTs and SAGE tags (D. Moerman,
personal communication) and have been amplified
by the ORFeome project,” but failed to give
observable GFP expression when intergenic
sequences alone were used as putative promoters.
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We reasoned that the intergenic region might not be
the real promoter, or might not be the complete
promoter for these two genes. The intergenic
sequences we used for GFP fusions were initially
858 bp and 1519bp for F42A10.1 and Pmp-3,
respectively. We then included 2928 bp and
2914 bp, respectively, of intergenic sequences,
including partial (opposite strand) coding
sequences from the neighbouring genes, as our
putative promoters for F42A10.1 and Pmp-3 (online
Supplementary Figure 1). Both extended promoters
were found to effectively drive strong RFP
expression in either the larval or adult stages. This
suggests that transcriptional elements in C. elegans
can be found buried within coding sequences.

ABCs on chromosomes V and X produce more
visible expression patterns than those on
chromosomes lll and IV

We have generated transgenic strains for 57
worm ABCs. A similar expression assay for the
other three C. elegans ABC transporters Pgp-1, Mrp-5
and Mrp-1 has been done.™° In total, 39 out of 60
(65%) ABC genes gave observable expression
patterns. However, successful expression was
more often seen for ABCs on chromosomes V and
X as opposed to those on chromosomes III and IV.
Only one of nine ABCs on chromosome V did not
show observable expression, and neither did two of
the 17 ABCs on chromosome X. However, only four
of 12 ABCs on chromosome III and three of eight
ABCs on chromosome IV yielded observable
expression. The success rate for transgenic
expression also varied among subfamilies. For
instance, six out of seven ABCA genes and seven
out of nine ABCG members did not give any
observable expression. However, 22 out of 24 ABCB
members did show expression. Interestingly, there
are no tandem duplications within the ABCA
subfamily whereas ten tandemly duplicated genes
are found in the ABCB subfamily. It has been
shown, for a subset of C.elegans genes, that
transgenic expression has a low success rate for
evolutionarily recently duplicated genes.'® How-
ever, according to the criteria used in that paper, 15
of the 24 ABCB genes in C. elegans are the products
of recent duplications, whereas only four of seven
ABCA and one of nine ABCG genes can be
described as recently duplicated (data not shown).
This observation reinforces the impression, already
explored in our previous paper,” that the evolution-
ary dynamics and functional inter-relationships of

Table 2. Effect of gene organization on expression

the ABC transporter family are rather atypical of
multi-gene families in general.

Effect of gene organization on expression

Among the 60 ABC genes, 30 of them are
transcribed in diverging orientation from a com-
mon promoter region shared with the adjacent
upstream gene, which we refer to as a head-to-head
orientation (Table 2). For these 30 genes, the average
intergenic size is 4063 bp; and the average segment
used as a promoter in our expression constructs was
1579 bp. Almost half of these genes (16 out of 30)
did not give any observable GFP expression. The
remaining 30 ABC genes are in a head-to-tail
orientation, and their average intergenic size is
2173 bp, and the average promoter construct
derived from them 1572 bp, and only five of these
genes failed to yield observable expression. It is not
clear why the layout of the source genes in the
genome have such an influence on the efficacy of the
isolated promoters, but we feel that these results
indicate the importance of cis element position in
the control of expression.

Discussion

Much of the genomes of both flies and worms
consist of duplicated genes. Tandem or locally
duplicated genes are more often seen in the worm
than in the fly genome.'* It is generally thought that
duplicated paralogues are under little selection
pressure and will most usually end up “dead” as
pseudogenes. C. elegans ABC genes constitute an
excellent system in which to test this hypothesis
since 16 tandemly duplicated ABC genes are found
in the genome. One way to address this is to
examine whether these duplicated genes are active
in vivo or not by a promoter driven reporter assay.
We found that 15 out of 16 tandem ABC genes could
effectively drive GFP or RFP expression in vivo,
which strongly argues against the above
hypothesis.

Duplicated ABCs are most often seen in sub-
family B and ten out of the 16 tandemly duplicated
ABCs are members of subfamily B. Two genes in
this subfamily, Pgp-1 and Pgp-3, have been demon-
strated to be responsible for drug resistance.” It is
tempting to speculate that many other B subfamily
members are involved in similar functions. The
tissue-specific expression patterns of these dupli-
cated ABC transporters suggest that the individual

Number of expressed

Number of genes Average intergenic size Average promoter size genes
H-H* 30 1579 14
H-T 30 1572 25

* Head-to-head organization.
 Head-to-tail organization.
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Figure 4. Presence of an SL2 sequence in a cDNA does not necessarily make the gene part of an operon. The picture
was generated using the Genome Browse tool on the Wormbase web site (release WS130, available at http:/ /wormbase.
org/). The top line is a sequence scale in kilobase pairs. Blue bars represent exons and black lines introns. Purple bars
upstream of each gene represent putative promoters for Pgp-14 and Pgp-15 (not to scale). The continuous green bar
indicates the predicted operon region. Small discontinuous bars denote cDNAs (from Yuji Kohara’s collection) aligned to
the corresponding genomic region. An SL2 sequence (pink) in one cDNA is indicated by arrow. Pgp-14 is positioned
downstream of Pgp-15. The former has multiple ESTs while the latter has few ESTs. The 1.0 kb Pgp-14 promoter
(intergenic sequence) drove strong GFP expression in the anterior pharynx in both larval and adult stages, while the
3.1kb Pgp-15 promoter yielded weak expression in adult head and tail neurons as well as in embryos. The results
suggest that Pgp-14 is not an operonic gene or else can be transcribed both as an operonic and a non-operonic gene.

genes have evolved to perform different physio-
logical functions after the expansion of the cluster.
The presence of multiple, similar, paralogues of
drug resistance genes may provide more effective
protection against xenobiotics by spatially or
temporally differential expression. This is the case
for eight members of the two four-gene clusters.
Differential expression of five duplicated ABC
genes was also observed in the mouse.'® Overlap-
ping or similar expression patterns were also
observed for genes found in two-gene clusters.
These members may not be functionally redundant,
or else the gene duplication may be a mechanism to
increase expression levels. One ABC transporter
that did not provide a GFP expression signal and
showed few matching ESTs in GenBank is C56E6.1,
a member of subfamily H. This gene, like many
poorly expressed in our assay system, is arranged
in a head to head orientation with the other H
subfamily member, C56E6.5. In other words, these
two ABCs share a regulatory region but are
transcribed in opposite directions. However,
C56E6.1 is not a pseudo-gene because it gave an
observable RNAi phenotype® and its cDNA has
been successfully amplified.** Thus, it is possible
that this gene is expressed at a low level, or else in
the germline, in which tissue transgenes are likely
to be silenced.” Most members of subfamilies A
and G failed to give observable expression. Con-
sistent with this observation, most of these genes
had no, or few, ESTs in GenBank and few, if any,
SAGE tags® are known from them. The only two G
subfamily members, C05D10.3 and C10C6.5 that
gave observable GFP expression are exactly the
same two for which SAGE tags have been found (D.
Moerman, personal communication). In general, it
appears that genes in head-to-tail orientation tend
to more easily be expressed in our assay compared
to those in a head-to-head orientation. It has been

observed that co-expression of neighbouring genes
in C. elegans is mostly due to the genes forming an
operon or being recently duplicated genes.** Genes
arranged in the same orientation may be more
easily co-expressed or be under common regulatory
control than those in the reverse arrangement.

We propose that not only can intron regions of
one gene be used as regulatory sequences for
another gene, but also that the coding sequences
of one gene can be used as a regulatory sequence for
a neighbouring gene. For example, the 1.5 kb Pmp-3
promoter cannot drive observable GFP expression
whereas a 2.9 kb promoter, extending into the
upstream coding region Rfc-1 (C54G10.2) can
effectively drive strong expression in intestine,
vulva, hypoderm and neurons. Both Pmp-3 and
Rfc-1 are well established based on abundant ESTs
and good conservation between C.elegans and
C. briggsae. A similar situation was found for
Pgp-14 for which a longer promoter gave a more
extensive GFP expression pattern. The included
upstream introns are much smaller than the
included exons, so it is plausible that the coding
exons are also functioning as regulatory regions in
this case. This may also explain why the worm
genome is more compact than either the insect or
vertebrate genome. Some worm genes are located
within the intron of another gene on the reverse
strand. These intronic genes may also be under
control of surrounding coding sequences.

Two ABCB members, Pgp-14 and Pgp-15 are
annotated in WormBaset as forming a two-gene
operon. However, many Pgp-14 ESTs have been
found and this gene can be successfully amplified
by RT-PCR, while the latter has few ESTs and cannot
be amplified by RT-PCR* (Figure 4). Our transgenic
data shows that a 1kb or 1.7 kb Pgp-14 promoter

1 http:/ /wormbase.org/
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can drive strong GFP or RFP expression, respec-
tively, in the anterior pharynx in both larval and
adult stages, while a 3.1 kb Pgp-15 promoter yielded
weak expression in embryos and a few neurons in
adults (Figure 3). The presence of the operon is
confirmed both by microarray data® and the
presence of an SL2 sequence in the 5 EST clone
yk1279h09 (GenBank accession no. B]J121724).

We propose that transcripts from genes in
operons may be generated both by co-transcription
with upstream genes and independent transcrip-
tion from internal promoters. In this case, the
internal promoter for Pgp-14 is larger than 1 kb,
and can effectively drive strong reporter expression
in pharynx. The lack of ESTs and RT-PCR products
for Pgp-15 indicates that our transgenic assay is
more sensitive than the strictly molecular methods.
It will be very interesting to examine whether other
genes contained in operons with large intergenic
spaces can practice dual transcription.

Materials and Methods

Promoter-GFP fusion construction

All the promoters are derived from wide-type N2
genomic DNA by PCR. Promoter—-GFP fusion constructs
were built as described.”® GFP coding sequence was
derived from A. Fire’s vector, pPD95-67. The primer
sequences used for GFP amplification were exactly the
same as those used by O. Hobert. Similar C, D and D
primers were used to amplify RFP (Clontech) with
sequences:  5-CGCTCATCAAGAGAAAAATGG-3/,
5-AAACGCGCGAGACGAAAG-3' and 5-GGAAACA
GTTATGTTTGGTATATTGGG-3/, respectively.

In order to obtain putative promoters as accurately as
possible for each gene, we set the following criteria for
picking up promoter primers in terms of gene structure
and organization in the genome. The 3’ primer (B) was
placed as close as possible to, or spanning, the initiation
codon (ATG) of the target gene. If a primer covered the
ATG, it was mutated to ATC in order to avoid
unnecessary translation initiation, which might cause a
frame shift. We picked an ~3 kb region upstream from
the ATG as our promoter if the intergenic region was
equal to or more than 3 kb in size, based on the
assumption that an average promoter size is ~1kb in
C.elegans. The full intergenic region was used as a
promoter if this region ranged from 500 bp to 3000 bp;
the promoters were arbitrarily extended into UTR or
coding region of adjacent genes if the intergenic size was
less than 500 bp, resulting in a 1-3 kb promoter. If no
proper primer site could be found around the ATG, the B
primer was shifted upstream, but we tried to include SL1
(usually TTTCAG) sites within the PCR product when
present. The 5" overhang (~20 bp) of the B primer is the
reverse complement of the C primer for GFP or RFP. All
primers were picked using the online program Primer 37.

Microinjection

We use the dpy-5 gene (a gift from Dr Ann Rose) as a

T http:/ /www-genome.wi.mit.edu/cgi-bin/primer/
primer3_www.cgi

marker to screen for transgenic worms. The dpy-5
rescuing plasmid, pCes-361 is co-injected with the
promoter—reporter fusion construct into dpy-5 mutant
worms at concentrations of 100 ng/pl and 10 ng/pl. Wild-
type F1 worms are picked after a four-day incubation at
20 °C and checked for wild-type F2 progeny after another
three-day incubation. We attempted microinjections at
most five times, when they failed to give F2 rescued
progeny, with decreasing concentrations of PCR product.

Microscopy

The F2 rescued worms are first examined for embryonic
and larval expression using a ZESIS Stemi SV11 dissecting
microscope with GFP or RFP filters. All pictures were
taken with a QIMAGING digital camera mounted on a
ZESIS Axioskop. Only worms showing the same fluor-
escence pattern as most other reporter-expressing worms
were photographed.
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