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Fig. 5. ceh-36 acts cell-autonomously to establish a bilateral asymmetry. (A) Gene structure of ceh-36 and mutations associated with each
mutant are shown. The black boxes indicate exons; white boxes indicate untranslated regions. (B) Mosaic analysis of ceh-36. Mosaic animals were
grouped into four classes based on cell fates and the presence of the extrachromosomal array in ABaraappaaa (see text). The number of mosaic
animals in each class is indicated. (C) Determination of the site of the extrachromosomal array loss in each of the 28 Class IV animals. A region of
the cell lineage showing the origin of ABaraappaaa is shown. The numbers represent the fraction of the Class IV animals in which the
extrachromosomal array was lost at the corresponding cell division. (D) Cell lineage diagram indicates the sites of actions of ceh-36 and ngn-1. The
wild-type ceh-36 gene in the MI great grandmother cell (ABaraapp) is necessary and sufficient to rescue the Ml transformation of ceh-36(n5333)
mutants. The wild-type ngn-7 gene in the MI grandmother cell (ABaraappa) is necessary and sufficient to rescue the Ml transformation of ngn-

1(n1921) mutants.

(Chang et al., 2003; Johnston and Hobert, 2003), and in inx-19,
nsy-4 and unc-43 mutants, in which the asymmetry of the AWC
neurons is lost (Chuang et al., 2007; Troemel et al., 1999;
Vanhoven et al., 2006), both MI and e3D were correctly specified
(see Table S5A,B in the supplementary material). These results
indicate that ceh-36, ngn-1 and hlh-2 represent components of a
novel pathway that establishes a bilateral asymmetry in the C.
elegans nervous system.

ceh-36 acts cell autonomously to establish a left-
right asymmetry

To identify when and where ceh-36 functions to generate MI, we
performed a mosaic analysis of ceh-36 similar to our ngn-1 mosaic
analysis. We generated ceh-36(n5333) mutant animals carrying an
extrachromosomal array containing the ceh-36 rescuing construct
marked with the cell-autonomous gfp markers sur-5::gfp (Yochem
et al., 1998) and unc-119::gfp (Maduro and Pilgrim, 1995), and
determined in each animal: (1) the fate of ABaraappaaa, i.e. an MI

neuronal fate or an e3D-like fate; and (2) the presence or the
absence of the array in the ABaraappaaa cell. Based on these
criteria, we classified each animal into one of four categories, as
we did in our ngn-1 mosaic analysis (Fig. 5B). Of 350 animals
examined, 28 animals contained ABaraappaaa transformed into an
e3D-like cell. All of these 28 animals were classified as Class IV,
no animals were categorized as Class III. The remaining 322
animals contained an ABaraappaaa that differentiated into an MI
neuron. Of these animals, 288 animals were classified as Class I,
and the remaining 34 animals were categorized as Class II (Fig.
5B). In short, our data support a strong association between the
specification of the MI neuron fate and the presence of the array in
ABaraappaaa (P<0.001) and indicate that ceh-36 acts cell-
autonomously to generate bilateral asymmetry in the cell lineage.

We further examined the 28 animals of Class IV, in which
ABaraappaaa was transformed into an e3D-like cell that had lost
the array and determined the cell division at which the array had
been mitotically lost. We identified eight animals that had an extra
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Fig. 6. Expression of ceh-36 is
left-right asymmetric.

(A-C) Expression of ceh-36 at the
stage of the Ml grandmother cell.
(A)Nomarski image of an embryo
carrying ceh-36::9fp.

(B) Fluorescence image of the same
embryo. (C) Merged image of A
and B. The arrows indicate the Ml
grandmother cell, ABaraappa; the
arrowheads indicate the e3D
grandmother cell, ABaraapaa.
(D-F) Expression of ceh-36 at the
stage of the MI mother cell.
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(D) Nomarski image of an embryo
carrying ceh-36::gfp.

(E) Fluorescence image of the same
embryo. (F) Merged image of D and
E. The arrows indicate the Ml
mother cell, ABaraappaa; the
arrowheads indicate the e3D
mother cell, ABaraapaaa. Anterior
is towards the left; ventral is
towards the top. Scale bar: 5 pm.
(G) A model for the establishment
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e3D-like cell and had lost the array at the cell division of ABaraap
(Fig. 5C). By contrast, we identified no animals that had lost the
array at the next cell division, that of the MI great grandmother
cell, ABaraapp (Fig. 5C). Together, these findings indicate that the
presence of the ceh-36 wild-type gene in the MI great grandmother
cell is both necessary and sufficient to rescue the MI transformation
defect of ceh-36(n5333).

Left-right asymmetric expression of ngn-1 and
hlh-2 is abolished in ceh-36 mutants

Our mosaic analyses suggest that the site of ces-36 action is one cell
division earlier than that of ngn-1 action: our ceh-36 mosaic analysis
indicates that the presence of the ceh-36 wild-type gene in the MI
great grandmother cell (ABaraapp) is both necessary and sufficient
to generate MI, while our ngn-1 mosaic analysis indicates that the
presence of the ngn-1 wild-type gene in the MI grandmother cell
(ABaraappa) is both necessary and sufficient to generate MI (Fig.

Right Muscle Cell

5D). Because these observations suggest that ceh-36 acts upstream
of or in parallel to ngn-1, we examined expression of ngn-1 in ceh-
36(n5333) mutant embryos. We observed developing ceh-36(n5333)
mutant embryos carrying ngn-1::gfp and found that NGN-1::GFP
was not detectable in the MI mother cell (Fig. 4D-F). We also asked
whether expression of 4lh-2 in the MI mother cell requires ceh-36.
We observed developing ceh-36(n5333) mutant embryos carrying
hih-2::gfp and found that HLH-2::GFP was not detectable in the MI
mother cell (Fig. 4J-L). These observations indicate that
establishment of left-right asymmetric expression of ngn-I and hlh-
2 requires ceh-36 and that ceh-36 acts upstream of ngn-1 and hlh-2
to establish left-right asymmetry in the cell lineage.

Expression of ceh-36 is left-right asymmetric

To identify when and where ceh-36 is expressed during
embryogenesis, we generated a translational ceh-36:.:gfp fusion
gene by an in-frame insertion of a gfp-coding sequence into the 3’
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end of the ceh-36-coding sequence flanked by the 2.5 kb 5’
upstream and 1.1 kb 3’ downstream genomic sequence. We
integrated this ceh-36::gfp transgene into the C. elegans genome
and found that the ceh-36::gfp transgene rescued the MI
transformation of ceh-36(n5333) mutants (see Table S4 in the
supplementary material), indicating that this ceh-36::gfp is
functional. We observed developing wild-type embryos carrying
the ceh-36.::gfp transgene and found that CEH-36::GFP was
present in the MI grandmother cell but not in the e3D grandmother
cell (Fig. 6A-C). CEH-36::GFP in the MI grandmother cell became
detectable 25 minutes after this cell was generated. We also found
that CEH-36::GFP was present in the MI mother cell but not in the
e3D mother cell (Fig. 6D-F). These results indicate that the ceh-
36/ngn-1/hlh-2 transcriptional cascade acts specifically on the right
of the cell lineage but not on the left to generate MI and establish
left-right asymmetry in this cell lineage.

DISCUSSION

Bilateral asymmetry is a conserved and fundamental feature of
nervous systems. Despite its importance, the molecular and cellular
mechanisms that establish neuroanatomical asymmetry have been
largely elusive. Although Otx homeodomain proteins and proneural
bHLH transcription factors have been shown to promote
neurogenesis, they have not previously been shown to establish
bilateral asymmetry. In this study, we show that two proneural
bHLH genes, ngn-1 and hlh-2, and the Otx homeodomain gene
ceh-36 are required to generate the single left-right unpaired MI
motoneuron. Our results indicate that CEH-36 proteins are present
in the MI grandmother cell but not in the e3D grandmother cell.
ceh-36 is required for the asymmetric expression of ngn-1 and hlh-
2. We propose that the asymmetric localization of CEH-36 proteins
promotes asymmetric expression of ngn-/ and hlh-2 in the MI
grandmother cell but not in the e3D grandmother cell. The ngn-1
and Alh-2 products generated in the MI grandmother cell are then
transmitted to the MI mother cell, leading to the formation of a
heterodimer between NGN-1 and HLH-2 in the MI mother cell but
not in the e3D mother cell. This asymmetric localization of NGN-
1 and HLH-2 then induces an asymmetric neurogenic program,
giving rise to the MI neuron on the right side of the cell lineage and
the e3D epithelial cell on the left (Fig. 6G).

Our ceh-36 mosaic analysis indicates that the presence of the
ceh-36 wild-type gene in the MI great grandmother cell
(ABaraapp) is necessary and sufficient to generate an MI neuron.
This observation suggests that transcription of ceh-36 initiates in
this cell (Fig. 6G). Our expression analysis of ceh-36 supports this
notion: we observed a CEH-36::GFP functional protein localized
to the nucleus of the MI grandmother cell 25 minutes after its
generation. Because fluorophore formation of the variant of GFP
we used requires at least 30 minutes (Heim et al., 1995), and
because the MI great grandmother cell divides about 30 minutes
after its generation to give rise to the MI grandmother cell, it is
highly likely that transcription of cek-36 indeed initiates in the MI
great grandmother cell. By contrast, our expression analysis of cek-
36 indicates that CEH-36::GFP was not detectable in the e3D
grandmother cell. This observation suggests that ceh-36 is not
transcribed in the e3D great grandmother cell, ABaraapa. Although
post-transcriptional regulation remains a formal possibility, we
suggest that the developmental program establishing the MI-e3D
bilateral asymmetry is specified by the asymmetric transcription of
ceh-36 in the MI great grandmother cell, ABaraapp, but not in the
e3D great grandmother cell, ABaraapa (Fig. 6G). Thus, the
determination of the left-right asymmetry of this cell lineage occurs

at least three cell generations prior to the generation of MI and e3D
within the two sister cells, ABaraapa and ABaraapp, that first
separate the left and right branches of cell lineage. We suggest that
this initial apparently cryptic asymmetry between ABaraapa and
ABaraapp is transduced to the post-mitotic MI neuron by a CEH-
36/NGN-1/HLH-2 transcriptional cascade that acts through
multiple rounds of cell division on the right side.

Our results indicate that mutations in genes required to establish
the non-anatomical bilateral asymmetries of the AWC and ASE
neurons do not affect the MI-e3D anatomical asymmetry. Thus,
the ceh-36/ngn-1/hlh-2 transcriptional cascade is a novel pathway
involved in establishing bilateral asymmetry in the C. elegans
nervous system. The AWC bilateral asymmetry is established after
the generation of the two post-mitotic AWC neurons through an
interaction between these cells (e.g. Chuang et al., 2007).
Likewise, the ASE bilateral asymmetry is established by a
regulatory pathway that acts within the two post-mitotic ASE
neurons (Johnston et al., 2005). By contrast, our results indicate
that ceh-36 and ngn-1 act within dividing cells that are progenitors
to MI and e3D in order to establish the MI-e3D bilateral
asymmetry. Thus, our studies reveal a novel mechanism in which
a CEH-36/NGN-1/HLH-2 pathway acts through three rounds of
cell division to establish an anatomical bilateral asymmetry
manifested by post-mitotic differentiated cells.

Our finding that ngn-1 and ceh-36 are required to generate the
MI neuron demonstrates that the role of neurogenin and Otx genes
in promoting neurogenesis is evolutionarily conserved from C.
elegans to mammals (Fode et al., 1998; Ma et al., 1998; Omodei et
al., 2008). Do these genes in vertebrates also act to establish
bilateral asymmetry in the nervous system? The epithalamus of the
diencephalon displays anatomical asymmetries in many vertebrate
species (Concha and Wilson, 2001). For example, in zebrafish, the
habenular nuclei in the dorsal diencephalon display anatomical left-
right asymmetry (Concha et al., 2000). It has been shown that the
establishment of this left-right difference in the habenular structure
requires asymmetry in the timing of neurogenesis (Aizawa et al.,
2007) and that the habenula express the zebrafish ngnl gene
(Mueller and Wullimann, 2003). In addition, the zebrafish ngn3
gene is asymmetrically expressed in the anterior-ventral
diencephalon, with stronger expression on the left side than on the
right (Wang et al., 2001). Furthermore, in mammals, Otx2 is
required for the generation of the mesencephalic dopaminergic
neurons, in which it promotes expression of ngn? in the
mesencephalic dopaminergic progenitors (Omodei et al., 2008). It
has been shown that ngn2 is also required for the generation of the
mesencephalic dopaminergic neurons, including those located in
the retro-rubral area (Andersson et al., 2006), and that the retro-
rubral area displays bilateral asymmetry in the number of the
dopaminergic neurons (Zaborszky and Vadasz, 2001). Given our
results, these observations raise the intriguing possibility that an
evolutionarily conserved transcriptional cascade composed of an
Otx homeodomain gene and a neurogenin bHLH gene is involved
in establishment of nervous system bilateral asymmetry in many
animals, including mammals.
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