performed in the presence of picrotoxin (100 M) unless indicated otherwise.
Monosynaptic EPSPs exhibiting constant 10-90% rise times and latencies were elicited by
stimulation of afferent fibres with a bipolar twisted platinum/10% iridium wire (25 pm
diameter). LTP was quantified for statistical comparisons by normalizing and averaging
EPSP slopes during the last 10 min of experiments relative to 5-10 min of baseline.
Depicted traces show averaged EPSPs or EPSCs for 2 min of baseline and 2 min of LTP
(20-25 min after pairing). All values are expressed as means * s.e.m. Statistical
comparisons were done with paired or unpaired Student’s t-test as appropriate (two-tailed
P < 0.05 was considered significant). For details on experimental conditions and analysis
see Supplementary Information.
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A microRNA controlling left/right
neuronal asymmetry in
Caenorhabditis elegans

Robert J. Johnston Jr & Oliver Hobert

Department of Biochemistry and Molecular Biophysics, Center for Neurobiology
and Behavior, Columbia University, College of Physicians and Surgeons,
701 W.168th Street, New York, New York 10032, USA

How left/right functional asymmetry is layered on top of an
anatomically symmetrical nervous system is poorly understood.
In the nematode Caenorhabditis elegans, two morphologically
bilateral taste receptor neurons, ASE left (ASEL) and ASE right
(ASER), display a left/right asymmetrical expression pattern of
putative chemoreceptor genes that correlates with a diversifica-
tion of chemosensory specificities"”. Here we show that a pre-
viously undefined microRNA termed Isy-6 controls this neuronal
left/right asymmetry of chemosensory receptor expression. Isy-6
mutants that we retrieved from a genetic screen for defects in
neuronal left/right asymmetry display a loss of the ASEL-specific
chemoreceptor expression profile with a concomitant gain of the
ASER-specific profile. A Isy-6 reporter gene construct is expressed
in less than ten neurons including ASEL, but not ASER. Isy-6
exerts its effects on ASEL through repression of cog-1, an
Nkx-type homeobox gene, which contains a Isy-6 complementary
site in its 3' untranslated region and that has been shown to
control ASE-specific chemoreceptor expression profiles’. Isy-6 is
the first microRNA to our knowledge with a role in neuronal
patterning, providing new insights into left/right axis formation.

Bilateral symmetry is a common feature of nervous system
anatomy across phylogeny. Morphological symmetry is contrasted
by the lateralization of many different nervous system functions, as
well as by left/right asymmetrical patterns of gene expression*™.
However, in only a very few cases have these asymmetrical gene
expression patterns been specifically correlated with functional
lateralization. One such example is provided by a bilaterally sym-
metrical class of taste receptor neurons, the ASE class”®, which
displays left/right asymmetrical expression patterns of a family of
putative chemoreceptors with guanylyl cyclase activity (Fig. 1a). In
adult animals, the guanylyl cyclase receptor genes gcy-6 and gcy-7
are only expressed in ASEL, whereas gcy-5 is only expressed in
ASER'. The asymmetry of gcy gene expression patterns correlates
with a functional asymmetry of the ASEL and ASER neurons
exemplified by their sensation of a different spectrum of chemo-
sensory cues’. The differential segregation of the chemosensory
capacities in the left and right ASE neurons is required for intact
behaviour in complex sensory environments. In mutant animals
that exhibit a partial lateralization of chemoreceptor expression,
chemosensation per se is unaffected, yet the ability to discriminate
between individual chemosensory inputs is lost™’.

To elucidate how left/right asymmetrical expression of the gcy
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chemoreceptors is established, we conducted a genetic screen for
mutants in which the normally ASEL-specific expression of a
gey-7P"":gfp reporter gene is disrupted’. One mutant retrieved
from this screen, termed Isy-6 (for laterally symmetrical), displays a
‘two ASER’ mutant phenotype, in which ASEL fails to show its
normal expression of gcy-7, but instead expresses the normally
ASER-specific gcy-5 gene (Fig. 1b, ¢). Other aspects of ASE cell fate
specification are unaffected (see below). Left/right asymmetrical
olfactory receptor expression in the AWC neurons®'® and direc-
tional left/right asymmetrical Q neuroblast migration® is also
unaffected in Isy-6 mutants (data not shown).

Through standard three-factor mapping with a polymorphic
C. elegans isolate'!, we mapped Isy-6 to a 55-kilobase region between
two single-nucleotide polymorphisms on chromosome V (Fig. 2a).
After further narrowing the Isy-6 locus through transformation
rescue with DNA fragments from this region, we sequenced the
locus in Isy-6 mutants and uncovered a 1,071-base-pair (bp)
deletion. Subfragments of the deleted region rescued the mutant
phenotype, yet lacked any predicted protein product (Fig. 2a).
Comparing the sequence of the rescuing fragments of C. elegans
to the syntenic region of Caenorhabditis briggsae, a related nema-
tode species, we identified a conserved inverted repeat that has the
capacity to form a hairpin structure (Fig. 2b). Hairpin structures of
this kind have previously been reported to be processed to 22/23-
nucleotide-long microRNAs (miRNAs) that repress messenger
RNA translation of specific target genes through binding to
their 3" untranslated region (UTR)'*"'. Within the C. elegans and
C. briggsae hairpin structures lies a highly conserved 23-nucleotide
sequence that probably forms a biologically active miRNA species.
Outside of this 23-nucleotide region, the hairpin structures show
limited primary sequence conservation but strong conservation of
their secondary structures (Fig. 2b). Sequence similarity searches
between the Isy-6 hairpin or miRNA and the entries in the central
miRNA registry (http://www.sanger.ac.uk/Software/Rfam/mirna/
search.shtml) produced no hits, suggesting that Isy-6 is a novel
miRNA, not previously retrieved from either cloning or computer
prediction approaches'"7.

A 521-bp fragment containing putative 5" transcriptional regu-
latory elements of the Isy-6 locus and the Isy-6 hairpin structure can

a Left ! Right

b
gey-7Pom::gfp  gcy-5Pom::gfp

Wild type

|
gcy-6gcy-5
gcy-7

[
Animals expressing gcy-7P°m::gfp (%) I I

@O OO n=
Wild type 100 0 70

Isy-6(ot71) O 100 62 Isy-6(ot71)

Animals expressing gcy-5°P°m::gfp (%)

00 00 r-
Wild type 100 0 62
Isy-6(0t71) 0 100 53

Figure 1 /sy-6 regulates asymmetrical chemoreceptor gene expression. a, Gene
expression asymmetry in the ASE class of chemosensory neurons. b, In Isy-6(0t71)
mutants, gey-7""°™::gfo expression is lost and gey-5"""::gfp expression is
derepressed in ASEL. ¢, Quantification of /sy-6(0t71) effects on asymmetrical gcy
expression. Circles represent ASEL and ASER, respectively, expressing either one of the
indicated chromosomally integrated gfp reporter gene arrays. Animals were scored as
adults.
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rescue the asymmetry defect, both in terms of regaining gcy-7
expression in ASEL and losing ectopic gcy-5 expression in ASEL
(Fig. 2a, fragment number 7). When the hairpin sequence is
removed from a 781-bp rescuing fragment, rescue is lost (fragment
number 9). Conversely, the hairpin sequence alone, without any
flanking sequence, is not sufficient to rescue the asymmetry defect
(fragment number 10), presumably owing to a lack of transcrip-
tional regulatory elements. A substitution of four nucleotides in the
stem of the hairpin abolishes Isy-6 activity (mutl, fragment number
11). Furthermore, a single point mutation (mut2) in the hairpin
removes the rescuing ability of the 781-bp fragment (number 12).
Introduction of a compensatory mutation (comp mut) that restores
hairpin secondary structure restores the rescuing activity (fragment
number 13). Similarly, expression of the complete hairpin in one of
the two possible orientations under control of a heterologous
promoter is also able to restore ASEL fate (Fig. 3¢c). These experi-
ments indicate that the hairpin is essential for Isy-6 activity and that,
by inference, Isy-6 probably encodes a small regulatory RNA.

In order to identify the cellular focus of Isy-6 action, we made use
of the previous observation that miRNA expression can be mon-
itored through RNA polymerase II-dependent transcriptional
reporter constructs'®. To this end, two kilobases of the 5 upstream
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C32C4.3
Rescue
No. 1 5/5 lines
No.2 3/3 lines
No. 3 4/4 lines
No. 4 —— 3/3 lines
No. 5 ————————— 3/3 lines
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No. 12 T — 0/5 lines
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No. 13 T — 5/5 lines
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o] - A U A | 2anaa
C. elegans CAUC AAAUGCGUCU GUA CAAAAUC UGU c
GUAG UUUACGCAGA UAU GUUUUAG ACA U
3a € ¢ - ~ | anave
mut1  comp
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C. bri 5'U A ca U A ARAGA
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Figure 2 /sy-6 encodes a novel miRNA. a, Transformation rescue of the /sy-6 mutant
phenotype monitored by gey-5°"::gfo expression. (See Supplementary Information for
rescue assay.) The predicted miRNA hairpin is shown in blue, the 23-nucleotide miRNA in
red. mut? is a UUUU to GGGG change, mut2is a G to C change, and comp mut is the
compensatory C to G change in the opposite strand of the hairpin. b, Structure of the
conserved /sy-6 hairpin in C. elegans and C. briggsae. The Isy-6 miRNA is highlighted in
red.
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region of the Isy-6 hairpin (Isy-6""?™"), which contain the regula-
tory elements required for rescue of the Isy-6 mutant phenotype,
were fused to gfp. Although reporter gene fusions can only be an
approximation of endogenous gene expression patterns, we were
intrigued to observe that adult transgenic animals expressing this
reporter show only limited expression in one pair of tail neurons
and in about seven head neurons (Fig. 3a). Of the head neurons,
expression was consistently observed in ASEL but not in ASER in
adult animals (Fig. 3b). To confirm the cell specificity of Isy-6 action
and the sufficiency to promote ASEL cell fate, we expressed Isy-6
under the control of the ceh-36 promoter (ceh-368""), which is
expressed bilaterally in post-mitotic ASEL and ASER>". Bilateral
expression of Isy-6 in ASEL and ASER in a Isy-6 null mutant
background is sufficient to not only restore gcy-7 expression and
repress ectopic gcy-5 gene expression in ASEL, but also to repress
normal gcy-5 expression and induce gcy-7 expression in ASER, thus
illustrating the instructive nature of Isy-6 function in determining
asymmetrical chemoreceptor expression profiles (Fig. 3¢, d).
Reversing the orientation of the hairpin abolishes ASEL fate-indu-
cing activity (Fig. 3c).

We have previously identified an antagonistic relationship
between transcriptional repressor and activator proteins as part of
a regulatory cascade that determines left/right asymmetry in ASE
cells (Fig. 4g)>°. cog-1, an Nkx6-type homeobox transcription factor,

a
~6 neurons

A

ASEL

b
L R L R

Isy-6rom::gfp  ceh-36P™M::rfp

(] ceh-36prom Isy-6
]

ce
Gut autoﬂuorescen
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Ex[ceh-36prom::|sy-6] 2; Isy-6(ot71) 30 23 19 28 43

Figure 3 /sy-6 acts in a highly tissue-specific manner. a, Adult transgenic worm
expressing /sy-6""""::gfp. Neuronal cells expressing /sy-6"°":gfp are: ASEL (see b), six
radially symmetrical head sensory neurons and the PVQL/R tail interneurons.
Autofluorescence of gut granules and posterior intestinal background fluorescence are
signals in the mid-body region that are not reflective of /sy-6 expression. Six of six
transgenic lines show the same expression pattern. b, /sy-6is expressed in ASEL but not
ASER in adult animals. ASEL and ASER are labelled with a ceh-36""°™::rfp reporter
construct (otls157). ¢, The Isy-6 hairpin driven bilaterally in ASEL/R by the ceh-36
promoter (ceh-36""°") rescues the Isy-6(0t71) mutant phenotype in ASEL,

as assayed by gey-5°"".:gfo expression. d, Quantification of the effects of
ceh-3677™: [sy-6 """ expression on ASEL and ASER fate in /sy-6 mutant animals. Two
representative lines are shown. A, anterior; D, dorsal; P, posterior; V, ventral.
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acts with the groucho-like transcriptional co-repressor unc-37 to
repress ASEL cell fate in ASER. This is achieved, at least in part,
through the repression of the lim-6 homeobox gene, which represses
ASER fate (Fig. 4g)°. ceh-36, an OTX-type homeodomain transcrip-
tion factor, and lin-49, a transcriptional co-activator, act to promote
the left cell fate in ASEL (Fig. 4g)°. To order Isy-6 into this regulatory
hierarchy, we first analysed the expression of the three known cell-
specific transcription factors ceh-36, lim-6, and cog-1 in a Isy-6(0t71)
null mutant background. Expression of the bilaterally expressed
ceh-36 gene was unaffected, confirming that the overall features of
ASE cell fate are unaffected (Fig. 4b, e). Consistent with the
conversion of ASEL to ASER cell fate, expression of the normally
left-expressed lim-6 gene is lost (Fig. 4a). Conversely, cog-1, a
negative regulator of lim-6, which is normally expressed more
strongly in ASER than in ASEL’, is derepressed in ASEL (Fig. 4b).

As cog-1 is a negative regulator of lim-6 in ASER® and as its
expression is derepressed in ASEL in Isy-6 mutants, loss of lim-6
expression in Isy-6 mutants might be due to ectopic cog-1 expression
in ASEL. To test this notion experimentally, we removed cog-1
activity in a Isy-6 null mutant background and observed derepres-
sion of lim-6 expression (Fig. 4c). We conclude that Isy-6 acts
through cog-1 to affect lim-6 expression (Fig. 4g).

We next asked whether cog-1 is a direct target of Isy-6. Examining
the 3’ UTR of cog-1, we noted a single site with significant
complementarity to Isy-6 (Fig. 4d; a second site with significantly
lower similarity is also present; data not shown). In spite of an
overall lack of sequence similarity of the whole 3 UTR, this putative
Isy-6 target site shows marked conservation to a site in the 3’ UTR of
the cog-1 orthologue in the related nematode C. briggsae (Fig. 4d),
implying functional relevance of this site. Moreover, the site has
strongest complementarity to the 5’ region of the miRNA, recently
described as a common feature of miRNA interactions with their
cognate targets®.

To test whether the cog-1 3" UTR is indeed targeted by Isy-6, we
generated gfp reporters with heterologous 3’ UTRs. As shown
previously, a ceh-36"""::gfp::unc-543"UTR reporter construct is
expressed Dbilaterally in ASEL and ASER’. We substituted the
unc-54 3" UTR with the cog-1 3’ UTR and examined whether
endogenous Isy-6 was sufficient to repress GFP expression in
ASEL by means of the cog-1 3’ UTR. In nematodes carrying the
ceh-36"""::gfp::cog-13"UTR transgene, reporter expression in ASEL
is downregulated compared with ASER in the same animal and
when compared with ASEL in control animals (Fig. 4e). Down-
regulation of the reporter in ASEL is dependent on the presence of
Isy-6, as reporter gene expression in ASEL of [sy-6 mutants is
derepressed to levels that are indistinguishable from the levels in
ASER (Fig. 4e). Moreover, downregulation of the reporter is
dependent on the presence of the Isy-6 complementary site, as
deletion of this site from the reporter results in defective down-
regulation in ASEL (Fig. 4e). These results demonstrate that Isy-6
acts through the Isy-6 complementary site in the cog-1 3' UTR to
repress gene expression.

To support further the notion of Isy-6-mediated regulation of
cog-1 expression, we asked whether Isy-6 alone is sufficient to repress
cog-1 expression in cells that normally express cog-1 but not Isy-6.
We ectopically expressed the Isy-6 hairpin under the control of the
cog-1 promoter (cog-17""::Isy-6"*""")_which is normally active in
several head neurons, uterine cells and vulval cells* —and found that
ectopic Isy-6 expression can significantly reduce if not completely
abolish cog-1 expression (Fig. 4f). Expression of a mutated version
of Isy-6 does not show comparable downregulation of cog-1
expression (Fig. 4f). Taken together, these findings indicate that
Isy-6 is both necessary and sufficient for the regulation of cog-1
expression.

We ascribe the failure to identify the Isy-6 miRNA in previously
reported genome-wide miRNA searches'*"” to the following obser-
vations. First, although the C. elegans and C. briggsae Isy-6 loci are
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each predicted to form hairpin structures, their degree of overall
conservation, particularly outside the conserved 23-nucleotide
predicted miRNA, is limited, violating previous assertions on
miRNA properties. Second, the potentially very restricted
expression of Isy-6 has probably hampered previous exhaustive
efforts to clone all miRNAs by biochemical methods from total
worm RNA. Our findings thus question previous claims on the
completeness of miRNA complements within genomes'?, and rather

suggest a previously unanticipated depth of miRNA abundance and
function.

Isy-6 is the first miRNA identified to have a role in nervous system
development in vivo and, moreover, provides novel insights into
left/right patterning (Fig. 4g). We have shown previously that the
ASE neurons are extremely sensitive to the correct dosage of cog-1,
such that extra copies of cog-1 readily produce left/right asymmetry
defects®. Transcriptional mechanisms may not be sufficient to
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Figure 4 /sy-6 represses cog-1 to promote ASEL cell fate. a, Loss of /sy-6 causes loss of
expression of the /im-6 homeobox gene in ASEL (white arrowhead; asterisks indicate
expression in the excretory gland cells). (See Supplementary Information for quantification
of effects.) b, Loss of /sy-6 causes loss of cog-1 repression in ASEL and leaves ceh-36
expression in ASEL/R unaffected (white arrowheads; ceh-36'is also expressed in
AWCL/R™). cog-1 expression is monitored with a translational gfo reporter array, syls63
(ref. 21), which is schematically shown in d. (See Supplementary Information for
quantification of effects.) ¢, Isy-6 acts through cog-1 to affect /im-6 expression. 0t28is a
weak hypomorphic allele; 0t62 is a strong loss of function allele®. d, The cog-7 3" UTR
contains a /sy-6 complementary site. The cog-7::gfp reporter construct used in b and fis
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shown, as well asits 3" UTR (red box)?' and the /sy-6 complementary site in the 3" UTR. A
second, significantly weaker /sy-6 complementary site can be found at the extreme end of
the 3" UTR (not shown). Black dots indicate complementarity. €, /sy-6 acts through the
Isy-6 complementary site in the cog-73" UTR. Heterologous 3" UTRs were fused 3" to the
gfo coding sequence driven by the ceh-36 promoter, and expression was analysed in wild
type and /sy-6 mutants. (See Supplementary Information for quantification of effects.)
f, Repression of cog-1 expression (monitored with the sy/s63 transgene; construct
schematically shown in d) through ectopic /sy-6 expression in the uterus and vulva. (See
Supplementary Information for quantification of effects.) g, Genetic pathway leading to
asymmetrical gcy gene expression in ASEL and ASER®.
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regulate precise levels of cog-I gene expression, thus necessitating an
additional level of gene expression control mediated by a miRNA.
The elucidation of mechanisms that restrict Isy-6 expression to just
one of two bilaterally symmetrical taste neurons will provide further
insights into the molecular mechanisms of establishing left/right
asymmetry. (]

Methods

Wild-type and mutant strains

We used the following nematode strains: wild-type N2 variation Bristol, CB4856 Hawaiian
wild-type isolate, OH2535: Isy-6(0t71), OH153: cog-1(0t28), and OH1445: cog-1(0t62)/+;
otls114; him-5(e1490).

Reporter transgenes

We used the following reporter transgenes: ntIs Is[gcy-57"""::gfp; lin-15(4)]°, otls3
Is[gey-7P"":gfp; lin-15(+)1?, otls114 Is[lim-6"""":gfp; rol-6(d)]?, otls151 Is[ceh-
367" rfps rol-6(d)], and syls63 Is[cog-1::gfp; dpy-20(+)]*'. (See Supplementary
Information for a description of other transgenic lines.)

DNA construction and injection

All constructs were generated by polymerase chain reaction fusion®. A list of all constructs
and primers used can be found in the Supplementary Information. DNA was injected at
2-20ngpul~" depending on the experiment (see Supplementary Information) with either
rol-6 (100 ng w1~ ") or unc-122:gfp (50 ng w1~ ') as the injection marker.

Scoring of phenotype
Animals were scored as adults. Quantification of defects shown in the figures can be found
in the Supplementary Information.
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Gradients of regulatory factors are essential for establishing
precise patterns of gene expression during development'~; how-
ever, it is not clear how patterning information in multiple
gradients is integrated to generate complex body plans. Here
we show that opposing gradients of two Drosophila transcrip-
tional repressors, Hunchback (Hb) and Knirps (Kni), position
several segments by differentially repressing two distinct regu-
latory regions (enhancers) of the pair-rule gene even-skipped
(eve). Computational and in vivo analyses suggest that enhancer
sensitivity to repression is controlled by the number and affinity
of repressor-binding sites. Because the kni expression domain is
positioned between two gradients of Hb, each enhancer directs
expression of a pair of symmetrical stripes, one on each side of
the kni domain. Thus, only two enhancers are required for the
precise positioning of eight stripe borders (four stripes), or more
than half of the whole eve pattern. Our results show that complex
developmental expression patterns can be generated by simple
repressor gradients. They also support the utility of compu-
tational analyses for defining and deciphering regulatory infor-
mation contained in genomic DNA.

In Drosophila, the pair-rule gene eve is expressed in a pattern of
seven stripes during the syncytial blastoderm stage of development.
This pattern foreshadows the mature segmented body plan and is
regulated by five enhancers*®. Three enhancers drive expression of
single stripes (eve 1, eve 2 and eve 5), and the remaining two drive
expression of pairs of stripes (eve 3 + 7 and eve 4 + 6). The best
characterized eve enhancer drives the expression of stripe 2 (eve
2)>1%, which is activated in a broad anterior domain by the maternal
morphogens Bicoid and Hb. Borders of the stripe are formed by
repressive interactions involving the gap proteins Giant (Gt) and
Kruppel (Kr), which are expressed in gradients anterior and
posterior to the stripe, respectively. Activation and repression are
mediated by the direct binding of all four proteins to discrete sites in
the enhancer”'". Thus, this enhancer acts as a transcriptional switch
that senses activator/repressor ratios in individual nuclei.

Considerably less is known about the molecular regulation of the
enhancers that drive two stripes. eve 3 + 7 is activated by ubiquitous
factors including dSTAT92E'>"?, and activation of eve 4 + 6 requires
the function of the fish-hook gene', but other activators are
unknown. Genetic studies showed that the gap genes hb and kni
are required for forming the borders of all four of these stripes. kni is

849




