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ABSTRACT

We apply here comparative genome hybridization as a novel tool to identify the molecular lesion in two
Caenorhabditis elegans mutant strains that affect a neuronal cell fate decision. The phenotype of the mutant
strains resembles those of the loss-of-function alleles of the cog-1 homeobox gene, an inducer of the fate of
the gustatory neuron ASER. We find that both lesions map to the cisregulatory control region of cog-1 and
affect a phylogenetically conserved binding site for the C2H2 zincfinger transcription factor CHE-1, a
previously known regulator of cog-1 expression in ASER. Identification of this CHE-1-binding site as a critical
regulator of cog-1 expression in the ASER in vivo represents one of the rare demonstrations of the in vivo
relevance of an experimentally determined or predicted transcription-factor-binding site. Aside from the
mutationally defined CHE-1-binding site, cog-1 contains a second, functional CHE-1-binding site, which in
isolation is sufficient to drive reporter gene expression in the ASER but in an in vivo context is apparently
insufficient for promoting appropriate ASER expression. The cisregulatory control regions of other ASE-
expressed genes also contain ASE motifs that can promote ASE neuron expression when isolated from their
genomic context, but appear to depend on multiple ASE motifs in their normal genomic context. The

multiplicity of cistegulatory elements may ensure the robustness of gene expression.

ENE regulatory information is hardwired into
genomic DNA in the form of cistegulatory control
regions that are recognized by specific trans-acting factors
(Davipson 2001; HoserT 2008a). To understand de-
velopmental processes, it is of paramount importance to
decode such regulatory information. Avariety of different
approaches, including reporter gene assays, chromatin
immunoprecipitation, and bioinformatic approaches,
have identified a large number of cistegulatory control
modules embedded in the genome of metazoan organ-
isms (Davipson 2001). However, in the vast majority of
cases the importance of defined transcription-factor-
binding sites has not been verified by the strict genetic
criteria of assessing the phenotypic consequence of a
mutation in a c¢istegulatory element in its normal chro-
mosomal and organismal context. In addition to the
tedious reverse engineering of cistegulatory mutations in
metazoans, classic forward genetic mutant screens are a
potential source of mutations that disrupt cisregulatory
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elements. Even though such screens have been amply
conducted in the nematode Caenorhabditis elegans, few
cistegulatory point mutations that disrupt defined
transcription-factor-binding sites and result in an experi-
mentally verified gene expression defect have been de-
scribed in C. elegans (CONRADT and HorviTZ 1999; SARIN
etal. 2007). Apparent reasons for the paucity of mutational
validation of regulatory regions are the following: first,
reverse engineering of mutations in the genomes is
difficult; second, transcriptionfactor-binding sites tend
to be quite degenerate, making their disruption by a single
point mutation through a standard, nondirected chemical
mutagenesis protocol a relatively rare event; and third, if
nondirected chemical mutagenesis is employed, the
resulting point mutations are hard to localize because cis-
regulatory elements can localize at a great distance from
the locus whose expression is controlled by the cis-
regulatory element. This “needle-in-a-haystack” problem
means that mutant alleles of a given locus that do not alter
protein-coding regions are often not pursued further.

We describe in this article cisregulatory alleles of the
homeobox gene cog-1. The cog-1 gene, the C. elegans
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ortholog of vertebrate GTX/Nkx6.1 (PALMER e al.
2002),is involved in a specific neuronal cell fate decision
in the nervous system of C. elegans (CHANG et al. 2003). In
wild-type animals, the bilaterally symmetric pair of ASE
sensory neurons is specified by the zinc-finger transcrip-
tion factor CHE-1 (CHANG e al. 2003; UcHIDA et al.
2003). CHE-1 controls the expression of genes that are
expressed in the left and right ASE neurons, including a
specific subset of regulatory genes that are required to
make ASEL and ASER express a distinct set of putative
chemoreceptor genes encoded by the gry gene family
(CHANG et al. 2003; ETCHBERGER ¢t al. 2007) (Figure 1).
These regulatory che-1 target genes fall into two classes,
classIand class IT genes. Class I genes promote ASER fate
(Figure 1). Hence, mutations in these genes, termed
class I laterally symmetric (lsy) mutants result in a 2 ASEL
phenotype. Class II genes promote ASEL fate and,
hence, class II Isy mutants display a 2 ASER phenotype
(Figure 1). Class I and class I genesinhibit each other’s ex-
pression in a double-negative feedback loop (JoHNSTON
et al. 2005; HosERT 2006) (Figure 1). cog-1is a class I
regulatory gene that is expressed in ASER where it is
required to induce ASER fate (CHANG et al. 2003). As
inferred by 18 alleles that affect the protein-coding
region of cog-1, loss of cog-1 results in a loss of ASER fate
and aberrant execution of ASEL fate in ASER (CHANG
et al. 2003; SARIN et al. 2007). cog-1 expression in the ASE
neurons genetically depends on the zinc-finger tran-
scription factor che-1 (CHANG et al. 2003). cog-1 expres-
sion is restricted to ASER by the action of the microRNA
(miRNA) Isy-6, a class II regulatory gene, which down-
regulates cog-I expression in ASEL (JonnsTON and
Hosert 2003).

Our previous screens for ASE fate mutants indepen-
dently isolated two recessive mutant alleles, ot119 and

ASEL ASER
' N\ [ Ry
che-1 che-1
Isy-6 cog-1
(class Il gene) (class | gene)
\, J \ J

active

FiGure 1.—Overview of the system. ASEL/R fate is con-
trolled by a bistable feedback loop, which contains the ASEL
fate inducer lsy-6, a miRNA, and the ASER fate inducer cog-1, a
homeobox gene (JOHNSTON et al. 2005). Even though both
genes are asymmetrically expressed in either ASEL (/sy-6)
or ASER (cog-1), both genes contain ASE motifs in their cis-
regulatory regions, which are activated by the zinc-finger tran-
scription factor CHE-1 (ETCHBERGER ¢t al. 2007). Cistegulatory
mutations were isolated from genetic screens in the ASE motif
of Isy-6 (SARIN et al. 2007) and cog-1 (this article).

0t201, which display the same phenotype as recessive,
loss-of-function cog-1 alleles; that is, the ASER neuron
fails to appropriately express ASER fate markers and
ectopically expresses ASEL fate (SARIN el al. 2007).
Several lines of evidence suggested that these two alleles
are cog-1 alleles: first, through SNP mapping the alleles
were found to map in the same genetic interval as cog-1
(SARIN et al. 2007); second, they fail to complement the
class I Lsy phenotype of a canonical cog-1 allele (Table 1);
and third, the mutant phenotype can be rescued by an
~41-kb genomic region (fosmid WRMO067cF11) that

TABLE 1
ot119 and 0t201 specifically affect cog-1 function in the ASER neuron but not in other cell types

Canonical cog-I mutant phenotypes

% animals with VulB2 defect
(loss of ceh-2::gfp

% animals with ASER defect

(class I Lsy phenotype = ectopic % animals with % animals with

Genotype lim-6::gfp expression) expression) Egl defect” Pvl defect’
Wild type 0 (n>100) 0 (n = 58) 0 (n = 30) 0 (n = 30)
otl19 63 (n = 36)° 0 (n=24) 0 (n = 30) 0 (n = 30)
0201 89 (n = b54)° 0 (n=27) 0 (n = 30) 0 (n = 30)
607" 100 (n = 35)° 90 (n = 20)° 100 (n = 30)/ 87 (n = 30)/
ot119/5y607 90 (n = 20) 11 (n = 19) 0 (n = 30) 0 (n = 30)
0t201/5y607 35 (n = 24) 3 (n=32) 0 (n = 30) 0 (n = 30)

Markers used are otls114 (lim-6::gfp) (CHANG et al. 2003) and syls54 (ceh-2::gfp) (INOUE et al. 2005).

“Defined as animals with reduced brood size, including the bag-of-worms phenotype.

’Pvl, protruding vulva phenotype.

“This phenotype has already been described in SARIN e al. (2007); animals have been newly scored with similar results.
“sy607 is a strong loss-of-function or null allele of cog-1 that affects its coding region (PALMER e al. 2002).

“Similar to results reported by INOUE et al. (2005).

/Similar to results reported by PALMER et al. (2002).
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contains the cog-1 gene and several neighboring genes
(SARIN et al. 2007). However, sequencing of the cog-1
coding sequences, 5'- and 3'-UTRs, and all introns
revealed no molecular lesion in animals harboring the
ot119 or 0t201 allele. In contrast, all 18 recessive cog-1
alleles that we have retrieved affect either protein-
coding regions or splice junctions (SARIN et al. 2007).
Therefore, it remained unclear if and how the ot119and
0t201 alleles affect cog-1 function.

otl119 and 0t201 are cistegulatory alleles of the cog-1
locus: Rather than manually sequencing the entire
~40-kb fosmid that rescues the ot/19and 0t201 pheno-
type, we utilized an alternative technique, comparative
genome hybridization (CGH). CGH serves to detect se-
quence variations between two differentially labeled DNA
samples thatare hybridized to a microarray (KALLIONIEMI
et al. 1992). To achieve high resolution, the microarray
can be designed to contain densely spaced oligonucleo-
tides (oligonucleotide array comparative genome hy-
bridization, oraCGH). aCGH has been used successfully
to detect chemically induced variations between differ-
ent C. elegans genomes as well as natural variations in
gene number between different C. elegansisolates (JONES
et al. 2007; MAYDAN et al. 2007). For example, using an
array that probed for protein-coding exons, the tech-
nique has been used to identify gene deletions and
to map chromosomal deficiencies (JONES et al. 2007;
MAYDAN et al. 2007). In an accompanying article in this
issue, MAYDAN et al. (2009) describe that this method
can be extended to identify single nucleotide alterations.
We use CGH as a cost-effective alternative method to
manual DNA sequencing, whose implementation is made
easy through the ability to outsource the microarray syn-
thesis and hybridization to NimbleGen and the use of
software described in MAYDAN et al. (2009).

Using an automated oligonucleotide design program
(see accompanying article by MAYDAN et al. 2009), we
designed an oligonucleotide array containing 379,690

F1Gure 2.—aCGH primary data. For each individual 50-mer
probe, the normalized logs (sample fluorescence intensity/
reference fluorescence intensity) is plotted at a chromosomal
coordinate corresponding to the end of the oligonucleotide
with the smallest coordinate, i.e., the 5"-end for probes on the
plus strand and the 3'-end for probes on the minus strand.
(Top two panels) The logs ratio for the whole region repre-
sented on the microarray but only for probes following the
plus strand template. The vertical yellow lines correspond
to candidate SNPs in ot119. (Bottom two panels) A small in-
terval around the most promising candidates. The black and
red circles correspond to probes designed to follow, respec-
tively, the plus and minus strand template. The shift between
the position of the minima for the plus and minus strand
oligonucleotides is expected and is due to fact that on the
NimbleGen platform a SNP induces a larger perturbation ef-
fect on the hybridization process when it is located close to
the protruding end freely floating in the solution. The vertical
dashed lines are provided to guide the eye and are repro-
duced in Figure 3A. More details can be found in the supple-
mental Materials and Methods.
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ot201 AAAGCCCTATCA -6081 6081 bp + line #2: 22/23 express (95.7%)
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promA-ot201 h +/- line #1: 2/21 express (9.5%)
-6081 +0 line #2: 2/22 express (9.1%)
line #3: 2/24 express (8.3%)
promA-del2 x h ++ line #1: 20/34 express (58.9%)
-6081 +0 line #2: 6/21 express (28.6%)
line #3: 15/20 express (75%)
promB 2104 bp - line #1: 0/24 express (0%)
-6081 -3977 0 line #2: 0/31 express (0%)
line #3: 0/22 express (0%)
prom1 * S9805p +++  line #1: 29/29 express (100%)
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line #3: 16/16 express (100%)
prom1-del2 * & 3980 bp = line #1: 0/43 express (0%)
-3977 3 line #2: 0/41 express (0%)
line #3: 0/36 express (0%)

F1GURE 3.—Location of ot119and 0t201 and their effect on reporter gene expression. (A) Genomic region containing the cog-1
locus. Coordinates refer to base pairs on linkage group II. See Figure 2 for explanation of the stippled interval. Conserved ASE
motifs are highlighted and numbers next to the sequence indicate positions relative to the ATG start codon of the longer cog-1
isoform. The nucleotides in blue are putative transcription-factor-binding sites linked to the ASE motifs; they occur in opposite
orientation and differ in relative location to each ASE motif. Shaded boxes indicate 100% conservation between all species. Black
lines indicate DNA injected into the respective mutant strain to test for rescue of the ASE mutant phenotype. (B) Alignment of the
cog-1 ASE motif and its mutated versions in 0t109 and 0t201 animals to the ASE consensus motif. “ZF” indicate the zinc fingers of
CHE-1 with which it contacts its cognate binding sequence (ETCHBERGER ¢t al. 2007). (C) Reporter constructs. “ASE expression”
indicates expression in at least one (ASER) or two ASE cells expressing gfp; note that the apparent left/right asymmetric expres-
sion of this reporter gene is brought about by transcriptional autoregulation of the translationally controlled COG-1 protein
(JonNsTON et al. 2005). Expression was scored in young adults in a otlsI51 transgene background to allow identification of
the ASE neurons. In the one case in which an intermediate level of penetrance was observed (promA-del2), the brightness of
the gfp signal seemed to vary in those animals where expression is observed in ASE, compared to the wild-type construct where
little of such variance was observed. More details on constructs can be found in the supplemental Materials and Methods. Con-
structs with an * have been described in ETCHBERGER et al. (2007) and are shown for comparison only. (D) gfp images of three
animals, each expressing the indicated cog-I reporter gene fusion and a chromosomally integrated transgene, ceh-36::dsRed2
(otIs151), used to label ASER. Images of the green and red channel of the same animal in the same position are merged in
the last set of panels. Blue arrows indicate ASER.
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50-mer oligos to identify by aCGH the molecular lesions mid WRMO067cF11 that rescues the ot119 and 0t201

in the independently isolated ot119 and 0t201 alleles. mutant phenotypes. DNA isolated from ot119and 0t201
These oligos entirely tile the region between coordi- and a wild-type reference were differentially labeled and
nates 14,743,042 and 15,068,429 on chromosome II on hybridized to the array (as described in more detail in
the plus and minus strand, with an oligo spacing of one MAYDAN et al. 2009). Given the similar genetic behavior
base. This ~352-kb region encompasses the ~41-kb of ot119 and o0t201, we focused on variants that are

genomic interval (14,888,170-14,929,495) in the fos- present at roughly the same location in both data sets



Wildtype 5’ ~AGCGAGACGAGAAGCCCTATCATCATTAT-3’
MutA (ot119) 5 ~AGCGAGACGAGAAGCTCTATCATCATTAT-3’
Mut B (01201) 5" ~AGCGAGACGAAARAGCCCTATCATCATTAT-3"
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Ficure 4.—CHE-1 binds to the ASE motif of the wild-type
cog-1locus but not to the mutated ASE motif found in ot119or
0t201 animals. Gel shifts were done with bacterially purified
CHE-1 protein as previously described (ETCHBERGER el al.
2007). Binding to the mutated versions was assessed by
cold-competition assays, using an ~30X excess of cold wild-
type or mutated probe.

and, as a first pass, focused on the genomic region
covered by the fosmid that rescues the ot119 and 0t201
defects (Figure 2). One set of candidate variants fulfills
these criteria (Figure 2; bottom panels). We manually
sequenced this region using standard Sanger sequenc-
ing and identified two closely clustered mutations in
ot119 and 0t201 animals (Figure 3A). An alignment of
this genomic region from four related nematode
species reveals that both mutations lie within a 17-bp
sequence window that is 100% conserved in all four
species (shading in Figure 3A). This region harbors a
good match to the so-called ASE motif (Figure 3C), a
predicted binding site for the CHE-1 zinc-finger tran-
scription factor (ETCHBERGER e al. 2007). CHE-1 is
genetically required for expression of cog-1 in the ASE
neurons (CHANG et al. 2003). Invariant core sequences
of the ASE motif that are predicted to bind to zinc
fingers 3 and 4 of CHE-1, respectively (ETCHBERGER
et al. 2007), are affected in ot119 and 0t201.

We first corroborated that the ASE motif affected in
ot119 and 0t201 mutants is indeed a binding site for
CHE-1 in vitro using electrophoretic mobility shift assay
with bacterially produced CHE-1 protein. We find that
CHE-1 indeed binds this ASE motif in vitro (Figure 4).
Moreover, both ot119 and 0201 mutations significantly
reduce CHE-1 binding to the ASE motif in vitro (Figure 4),
anotion consistent with the invariant nature of the bases
affected by 0t119 and 0t201. To test whether the ASE
motif is also required for cog-I expression in vivo,
we generated a series of gfp reporter constructs that
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monitor cistegulatory control elements in the cog-I
locus. A fusion of 6 kb of sequences upstream of the
cog-1 start codon to gfp shows expression in the sites
previously reported to express cog-1, namely vulval cells
and head neurons, including ASER (PALMER et al. 2002;
CHANG et al. 2003). Introducing the ot119 and 0t201
mutations into this reporter gene construct results in a
loss of gfp expression in the ASER neurons (Figure 3, C
and D). This effect is restricted to ASER, consistent with
the ot119 and 0t201 alleles affecting the binding of the
ASE-neuron-specific transcription factor CHE-1. Also
consistent with ot/19 and 0t201 affecting only cog-1
expression in ASE, ot119 and 01201 mutant animals dis-
play none of the pleiotropies associated with a complete
loss of cog-1 gene function. That is, ot/19 and 01201
animals do not display egg-laying defects or obvious
defects in vulval morphology (i.e., no Pvl or Cog phe-
notype) and do not affect expression of the vulval VulB2
cell fate marker ceh-2:: gfp, which is lost in canonical cog-1
mutant strains (Table 1). Moreover, 0t119 and o0t201
complement the Egl and Pvl phenotype of the severe
cog-1 allele sy607 but do not complement the ASE (Lsy)
phenotype of sy607 (Table 1). We conclude that ot119
and 0t201 specifically affect the che-Iinduced expression
of the ASER inducer cog-1, resulting in a loss of ASER
fate.

ot119and 0t201 reveal an unanticipated feature in the
regulation of the cog-1locus. Upon the initial identifica-
tion and description of the ASE motif, presentin a large
battery of ASE-expressed genes, we noted an ASE motif
upstream of cog-1 (ASE motif 1 in Figure 3A), which we
found to be both required and sufficient to drive
expression of a cog-I reporter gene in ASE (Figure 3C)
(ETCHBERGER et al. 2007). However, the ot119and 0t201
alleles identify another previously unstudied and more
distally located ASE motif (ASE motif 2 in Figure 3A)
that apparently is critical for in vivo expression of cog-1.
The importance of the distal ASE motif 2 is counterin-
tuitive for two reasons. First, as mentioned above, a 4-kb
proximal regulatory element that contains the proximal
ASE motif 1, but not motif 2, is sufficient to drive
reporter gene expression in ASE (Figure 3C, proml)
(ETCHBERGER ¢l al. 2007). Second, a genomic piece that
contains the cog-1locus and the 4-kb proximal regulatory
element that contains ASE motif 1, but not ASE motif 2,
is able to rescue the mutant phenotype of 0t/19 and
0t201 animals, in which motif 2 is mutated (black line in
Figure 3A). Third, in contrast to the 4-kb region con-
taining ASE motif 1 (proml), a 2-kb genomic region
containing the distal ASE motif 2, identified through the
otl119and 0t201 alleles, is not sufficient to drive reporter
gene expression (promB in Figure 3C). However, the
importance of the distal ASE motif 2 becomes obvious in
the context of the above-mentioned reporter in which 6
kb upstream sequences of the cog-I locus are fused to gfp
(promA in Figure 3C). If mutated in this context, re-
porter gene expression is completely lost. That is, in the
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FIGURE 5.—gcy-1 expression also depends on two ASE motifs. (A) Schematic of the location of the functional ASE motif in the
cog-1 (Figure 3), lim-6 (ETCHBERGER et al. 2007, 2009), and gey-1 (B) loci. Spacings in between the 6-bp core (binding site for zinc
fingers 3 and 4 of CHE-1) and translational start sites are shown. Arrows indicate the orientation of motifs. Note that we have
previously documented a large number of cistegulatory modules that drive expression in ASE and contain only a single ASE
motif (e.g., gey-5, gey-7, lsy-6, etc.) and that completely isolated ASE motifs are sufficient to drive expression in the ASE neurons
(ETCHBERGER ¢! al. 2007, 2009). (B) Reporter gene analysis of the gey-I locus. All constructs were generated by PCR fusion and
scored in a otls151 transgene background to allow identification of the ASE neurons. Mutations are complete deletions of the
12-bp site. The importance of individual ASE motifs is different, which is reminiscent of the cog-1 case, but not as drastic.

6-kb promoter context, the unaffected proximal ASE
motif 1 is not sufficient to support enough visible reporter
gene expression (promA-otl19 and promA-ot201 in
Figure 3C). Mutating the proximal ASE motif 1 in the
context of the 6-kb promoter region also affects reporter
expression in ASE, but to a much lesser extent than
mutating the distal motif 2 (promA-del2 in Figure 3C).
The overall sequence context therefore appears to have
an importantimpact on ASE motif function in a manner
thatwe do not currently understand. However, if we keep
the sequence context parameter constant and compare
the relevance of both ASE motifs in the context of the 6-
kb promoter fragment, we can nevertheless conclude from
our mutational analysis that both ASE motifs contribute to
cog-1 expression, albeit to notably different extents.

On a practical level, we can also conclude that the
sufficiency of a regulatory element to drive reporter gene
constructs in a specific cell (as evidenced by the correct
expression of the regulatory region that contains only
proximal ASE motif 1) may not be an accurate reflection
of the sufficiency of the regulatory element in vivo.

The gcy-1 locus also contains several functional ASE
motifs: Two cases in addition to cog-I experimentally
confirm the physiological relevance of duplicated ASE
motifs. The cistegulatory region of the LIM homeobox

gene lim-6 contains two ASE motifs, and a mutation of
either motif results in a loss of expression in ASE
(ETCHBERGER ¢t al. 2007) (Figure 5A), similar to what
we observe for cog-1 here. The cisregulatory region of the
gey-1 locus, which encodes an ASER-expressed guanylyl
cyclase (ORTIZ et al. 2006), also contains two ASE motifs,
and mutation of either leads to aloss of expression of the
reporter in ASE (Figure 5, A and B). Each ASE motif
when mutated alone has partial effects on ASE expres-
sion with the effect being more severe in adults than in
larvae (Figure 5B). In contrast, mutating both motifs
leads to a complete loss of ASE expression in both larval
and adult stages. Moreover, the effects of ASE motif
mutations are differential. Mutating ASE motif 1 ap-
pears to have stronger effects than mutating ASE motif 2,
demonstrating that ASE motif 2 can function more
independently from ASE motif 1 than vice versa (Figure
5B). This differential requirement is reminiscent of the
differential requirement of ASE motifs in the cog-1locus.
We note that in all three cases mentioned here, there is
no obvious pattern in the spacing between the two ASE
motifs; spacing can vary from a few base pairs to >1000
bp (Figure 5A).

Multiplicity of ASE motifs is a common feature of
ASE-expressed genes: The presence of two ASE motifs
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Ficure 6.—Correlating ASE motif number and expression
in ASE. The power of a gene’s upstream ASE motifs to predict
ASE expression depends on the number and score of each
ASE motif. We define a gene’s top-N motif score (which esti-
mates the probability that all N motifs are functional; see
MATERIALS AND METHODS) as the product of the top-N
upstream ASE motif scores for a given gene. Meanwhile we
split the genes into a positive set, consisting of the 52 ASE-
expressed genes [as confirmed by reporter-GFP construct
experiments (ETCHBERGER et al. 2007)] and a negative set
the remainder of the genome. Then we sort the entire list
of genes according to each top-N motif score, for N =1, 2,
4, and 8 and measure how well the score criterion places
the ASE-expressed genes near the top. To visualize this sort-
ing, we generated “receiver operator characteristic” (ROC)
curves. Intuitively, a ROC curve can be understood as follows:
Starting at point (0, 0) at the top of the list (gene with best
score), the graph moves up (y-axis) one gene if the next gene
on the list is a positive and to the right (x-axis) if the gene is a
negative, and so on until the last (20,183rd) gene is encoun-
tered [point (20131, 52)] at top right corner of graph. For
example, point (2000, 25) on the red curve denotes that 25
ASE-expressed genes are found in the top 2025 genes (10%
of the genome) in the list sorted using the top-4 motif score.
Point (2000, 14) on the green curve, by contrast, shows that
only 14 of the 52 ASE-expressed genes (27%) are recovered in
the same-size list when sorted by the top-1 motif score (inset).
Therefore, the top-4 motif score, which assumes four func-
tional motifs and scores accordingly, is about twice as effective
atidentifying ASE-expressed genes than the top-1 motif score.
This is statistical evidence that, on average, multiple ASE mo-
tifs are functional in ASE expression. Additionally, the under-
lying data from which these graphs are derived (supplemental
Methods) may be interpreted as a probability estimate for ASE
expression of all C. elegans genes and used to choose candi-
date ASE-expressed genes for further testing.

in the examples discussed above prompted us to ask
whether the occurrence of multiple ASE motifs is a
common feature of ASE-expressed genes. We analyzed a
data set of 52 genes that on the basis of reporter gene
analysis are expressed in ASE (ETCHBERGER et al. 2007)
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(supplemental Table 1). For the analysis we generated
10 separate orderings of the 20,183 C. elegans genes,
ordering them respectively by the combined score of
each gene’s best NASE motifs, where Nvaried from 1 to
10 (see supplemental methods). We then asked how well
a given ordering isolated the 52 ASE-expressed genes at
the top of the list. ASE-expressed gene enrichment
toward the top of the list increases with the increasing
number of motifs considered, reaching a peak at four
motifs (Figure 6; including more than four motifs de-
grades the enrichment progressively). This indicates that
the 52 ASE-expressed genes are indeed enriched in high-
scoring matches to ASE motifs vs. the rest of the genome.
Taken together, even though previous work has shown
that single ASE motifs, isolated from their genomic con-
text, are sufficient to drive gene expression in the ASE
neurons (ETCHBERGER et al. 2007, 2009), the presence of
multiple ASE motifs appears to be a more reliable pre-
dictor of the expression of a gene in the ASE neuron
than the presence of a single ASE motif.

Conclusions: Using mapping technology newly ap-
plied to de novo C. elegans mutant identification, we have
identified here cistegulatory mutations that affect single
neuron-specific expression of the Nkx6-type homeobox
gene cog-1, resulting in the aberrant execution of a neu-
ronal cell fate decision. The relative rarity of cistegulatory
mutations, associated with a difficulty in reliably pin-
pointing such mutations, leaves the physiological rele-
vance of the vast amount of cistegulatory elements defined
by reporter analysis, in vitro approaches, or in silico pre-
dictions essentially untested. We have confirmed here
the importance of a previously defined regulatory “ter-
minal selector motif,” the ASE motif. Terminal selector
motifs are present in many terminal differentiation gene
batteries that define the differentiated feature of a given
neuron type and are activated by terminal selector
genes, such as CHE-1 (HoserT 2008b).

The initial identification and analysis of the ASE motif
presented us with a specific conundrum (ETCHBERGER
et al. 2007). On the one hand, we found thatisolated ASE
motifs are sufficient to drive reporter gene expression in
ASE (ETCHBERGER el al. 2007, 2009); moreover, larger
genomic regulatory fragments, such as the 4-kb reg-
ulatory element that drives cog-1 expression in ASE or in
many other regulatory elements that produce expres-
sion in ASE, contain only single recognizable ASE motifs
(ETCHBERGER ¢l al. 2007). On the other hand, however,
as expected from the small size of the ASE motif, the
motif is very abundant in the genome and many genes
that contain a good match with the ASE motif are not
expressed in ASE (ETCHBERGER ¢t al. 2007). The data
presented here explain at least parts of this conundrum.
Our identification and validation of multiple ASE motifs
in ASE-expressed genes show that, in their normal
genomic context, genes appear to have a tendency to
require multiple ASE motifs to be expressed in ASE—as
deduced by a combination of bioinformatic analysis and



1686 M. M. O’Meara et al.

experimental validation described here. It is important
to emphasize that even though endogenous gene loci
may display such requirements, as revealed here by the
cistegulatory cog-1 alleles, such requirements are not
necessarily observed in reporter gene analysis, as re-
vealed by the sufficiency of a single ASE motif, the
proximal ASE motif 1, in the cog-1 locus. That is, even
though many previously ASE-expressed cisregulatory
elements rely on single ASE motifs to function and even
though an ASE motif can work in complete isolation
(ETCHBERGER el al. 2007, 2009), many ASE-expressed
genes may in fact depend on multiple ASE motifs for
expression in the ASE neurons in their normal genomic
context.

The multiplicity of cog-1 alleles may be indicative of a
principle that is mirrored in the recently described
“shadow enhancers” in Drosophila (HONG et al. 2008).
Chromatin immunoprecipitation data and reporter
gene assays have shown that many Drosophila develop-
mental control genes contain multiple enhancers that
produce similar expression patterns. This multiplicity
has been proposed to help ensure the precision of
embryonic patterning (HoNG et al. 2008). In light of our
finding of the apparent sufficiency of individual regu-
latory motifs, contrasted by the joint requirement of
multiple elements in vivo, it is conceivable that even
though the defined Drosophila shadow enhancers work
in isolation, they may be jointly required to drive correct
levels of gene expression.

From a practical perspective, our findings provide a
strong note of caution for interpreting both reporter
gene analysis and rescue analysis. The importance of dis-
tally located cisregulatory elements may be overlooked
in transgenic approaches. Such distally located elements
may provide robustness and tune the precise levels of
gene expression, issues usually of less importance for
multi-copy transgenic arrays in C. elegans. These notions
underscore the importance of cistegulatory alleles—and
hence the value of extensive forward genetic screens
(SARIN et al. 2007)—as they unambiguously demonstrate
the relevance of regulatory information dissected by
standard reporter analysis.
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