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The elucidation of the architecture of gene regulatory networks
that control cell-type specific gene expression programs represents
a major challenge in developmental biology. We describe here a
cell fate decision between two alternative neuronal fates and the
architecture of a gene regulatory network that controls this cell
fate decision. The two Caenorhabditis elegans taste receptor neu-
rons ‘‘ASE left’’ (ASEL) and ‘‘ASE right’’ (ASER) share many bilat-
erally symmetric features, but each cell expresses a distinct set of
chemoreceptors that endow the gustatory system with the capac-
ity to sense and discriminate specific environmental inputs. We
show that these left�right asymmetric fates develop from a pre-
cursor state in which both ASE neurons express equivalent fea-
tures. This hybrid precursor state is unstable and transitions into
the stable ASEL or ASER terminal end state. Although this transi-
tion is spatially stereotyped in wild-type animals, mutant analysis
reveals that each cell has the potential to transition into either the
ASEL or ASER stable end state. The stability and irreversibility of
the terminal differentiated state is ensured by the interactions of
two microRNAs (miRNAs) and their transcription factor targets in
a double-negative feedback loop. Simple feedback loops are found
as common motifs in many gene regulatory networks, but the loop
described here is unusually complex and involves miRNAs. The
interaction of miRNAs in double-negative feedback loops may not
only be a means for miRNAs to regulate their own expression but
may also represent a general paradigm for how terminal cell fates
are selected and stabilized.

left�right asymmetry � bistable � network motif � regulatory RNA � cellular
diversification

Nervous systems are characterized by a striking degree of
cellular diversity. The molecular correlates to morpholog-

ical and functional diversity of nervous systems are neuron-type
specific gene expression programs. The experimental accessibil-
ity of the nematode Caenorhabditis elegans offers the opportu-
nity to (i) determine the nature of neuron-type specific gene
expression programs on a single-cell level and (ii) to genetically
dissect the mechanisms that establish and maintain these single-
cell specific programs. The two main gustatory neurons of
C. elegans, ASE left (ASEL) and ASE right (ASER), display a
particularly intricate level of neuronal diversity. Although bilat-
erally symmetric in many different regards (cell position, axo-
dendritic morphology, synaptic connectivity, and molecular fea-
tures), each neuron expresses a distinct spectrum of putative
chemoreceptors, a feature that the worm requires to navigate
through complex sensory environments (1, 2). The ASE neurons
therefore not only provide a model to study sensory neuron fate
diversification but also to study neuronal laterality, a common
but poorly understood feature of many nervous systems.

To elucidate the nature of the gene regulatory program that
diversifies ASEL and ASER, we have isolated mutants in which
ASE asymmetry is disrupted (3–6). In ‘‘class I mutants,’’ both
ASE neurons adopt the ASEL fate; in contrast, in ‘‘class II
mutants,’’ both ASE neurons adopt the ASER fate. These
phenotypic categories indicate that both ASE cells are endowed

with the capacity to express either the ASEL or ASER fate and
that once the two ASE neurons are generated, specific gene
products ensure that each neuron expresses either the ASEL or
ASER terminal cell fate. We extend these initial observations
here by demonstrating that after their birth, the ASE neurons
rapidly transition from an equipotent, hybrid precursor state to
their terminal and stable ASEL and ASER end states.

Our previous molecular analyses of class I and class II mutants
identified several gene regulatory factors including transcription
factors and microRNAs (miRNAs) that control ASEL�R asym-
metry (Fig. 1A). However, a key question left unanswered was
how left�right asymmetric expression of the miRNA mir-273, the
most upstream regulatory factor in the cascade shown in Fig. 1A,
is controlled. We show here that these previously described gene
regulatory factors interact with one another in a double-negative
feedback loop that provides a simple explanation for the stability
of ASEL and ASER cell fates.

Although feedback loops have previously been found as regula-
tory motifs that regulate cell fate decisions, the loop that we
describe here is unique in its involvement of multiple miRNAs. A
substantial, but still largely unknown, number of genes in metazoan
genomes codes for miRNAs. Despite their abundance, the cellular
and molecular contexts in which miRNAs exert their function in
vivo are only beginning to be defined (7). Our analysis provides
previously uncharacterized insights into the integration of miRNAs
into gene regulatory networks. Moreover, the regulatory interac-
tions that we describe here demonstrate that miRNAs can auto-
regulate their expression through double-negative feedback regu-
lation. Our findings corroborate the role of miRNAs as important
developmental switches that control terminally differentiated cel-
lular states.

Materials and Methods
All mutant strains were described in refs. 4–6. The following
transgenes were used (4–6, 8, 9): otIs114 [lim-6 prom::gfp, rol-6
(d)], syIs63 [cog-1::gfp; dpy-20 (�)], syIs73 [cog-1prom::gfp; dpy-20
(�)], otEx1749 [mir-273prom2::gfp; unc-122prom:gfp], otEx1759
[ceh-36 prom::gfp::die-13�UTR; rol-6 (d)], ntIs1 [gcy-5prom::gfp; lin-15
(�)], otIs3 [gcy-7prom::gfp; lin-15 (�)], otIs162 [gcy-6 prom::gfp;
lin-15 (�)], otIs160 [lsy-6prom::gfp; unc-122prom:gfp], otIs151
[ceh-36 prom::rfp; rol-6 (d)], otEx1382 [ceh-36 prom::lsy-6; rol-6 (d)],
otEx959 [die-1::gfp; rol-6 (d)], otEx1192 [gcy-5prom::die-1; unc-
122prom:gfp], ynIs54 [flp-20prom::gfp], ynIs [flp-4prom::gfp]. The
otEx2302 [gcy-22prom::gfp; unc-122prom:gfp] transgene contains 2
kb of the gcy-22 promoter. hen-1ASER::gfp will be described
elsewhere. Each array was crossed into the respective genetic
backgrounds. In all cases where gfp expression was observed in
cells other than ASE, the ASE neurons were unambiguously
identified through the use of a transgene that expresses rfp
bilaterally in ASEL and ASER (otIs151). In some cases, the
subjective assessment of relative expression levels was confirmed
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