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ABSTRACT Nervous system development and circuit formation requires neurons to migrate from their birthplaces to specific
destinations.Migrating neurons detect extracellular cues that provide guidance information. In Caenorhabditis elegans, the Q right (QR)
and Q left (QL) neuroblast descendants migrate long distances in opposite directions. The Hox gene lin-39 cell autonomously promotes
anterior QR descendant migration, and mab-5/Hox cell autonomously promotes posterior QL descendant migration. Here we describe
a nonautonomous role of mab-5 in regulating both QR and QL descendant migrations, a role masked by redundancy with lin-39. A
third Hox gene, egl-5/Abdominal-B, also likely nonautonomously regulates Q descendant migrations. In the lin-39 mab-5 egl-5 triple
mutant, little if any QR and QL descendant migration occurs. In addition to well-described roles of lin-39 and mab-5 in the Q
descendants, our results suggest that lin-39, mab-5, and egl-5 might also pattern the posterior region of the animal for Q descendant
migration. Previous studies showed that the spon-1 gene might be a target of MAB-5 in Q descendant migration. spon-1 encodes a
secreted basement membrane molecule similar to vertebrate F-spondin. Here we show that spon-1 acts nonautonomously to control Q
descendant migration, and might function as a permissive rather than instructive signal for cell migration. We find that increased levels
of MAB-5 in body wall muscle (BWM) can drive the spon-1 promoter adjacent to the Q cells, and loss of spon-1 suppresses mab-5 gain
of function. Thus, MAB-5 might nonautonomously control Q descendant migrations by patterning the posterior region of the animal to
which Q cells respond. spon-1 expression from BWMs might be part of the posterior patterning necessary for directed Q descendant
migration.
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HOX transcription factors are principal regulators of cell
fate and controlmajor aspects of development, including

nervous system development. Hox factors regulate nervous
system development in part through cell-autonomous speci-
fication of cell fate, axon guidance, and regulation of migra-
tory neural progenitors (Studer et al. 1996; Gavalas et al.
1997; Arenkiel et al. 2004). Additionally there is evidence
that Hox genes in the developing brain can cell nonautono-
mously control axon guidance (Gavalas et al. 1997). Neuron

migration is an important aspect of nervous system develop-
ment and many neurons and neuroblasts migrate from their
initial birthplace to specific regions of the periphery (neural
crest) or cortex. The Q neuroblasts of Caenorhabditis elegans
represent a tractable and well-studied model for Hox gene-
controlled neuroblast migration (Chapman et al. 2008;
Middelkoop and Korswagen 2014). The Q neuroblasts Q
right (QR) and Q left (QL) are bilaterally symmetric cells that
undergo identical patterns of division, migration, and apo-
ptosis to produce three neurons each (Sulston and Horvitz
1977). QR on the right side of the animal migrates anteriorly,
undergoing cell division and migration, giving rise to three
neurons, with AQR migrating the farthest residing near the
posterior pharyngeal bulb (Sulston and Horvitz 1977;
Chapman et al. 2008). QL migrates posteriorly undergoing
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identical cell divisions, giving rise to three neurons, of which
PQRmigrates the farthest to reside posterior to the anus, near
the phasmid ganglion (Chalfie et al. 1983; Kenyon 1986;
Salser and Kenyon 1992; Whangbo and Kenyon 1999;
Korswagen et al. 2000; Chapman et al. 2008).

Hox transcription factors govern QR and QL descendant
migrations. Canonical Wnt signaling through detection of

extracellular EGL-20/Wnt induces transcription of antenna-
pedia-like Hox genemab-5 in the Q cells (Maloof et al. 1999).
MAB-5 is necessary in the QL lineage for posterior migration,
and in the absence of MAB-5 all QL daughters migrate ante-
riorly (Harris et al. 1996). MAB-5 is also sufficient for poste-
rior Q cell migrations, as expression of MAB-5 in QR causes
posterior migration of the entire QR lineage (Salser and

Figure 1 C. elegans Hox genes lin-39, mab-5, and egl-5 affect Q descendant migrations. (A) Diagram of a dorsal view of wild-type Q descendant
migration. EGL-20/Wnt (maroon shading) induces MAB-5 in QL and descendants, which directs posterior migration. QR and descendants do not
respond to EGL-20/Wnt, and express lin-39, driving anterior migration. (B) Position on LGIII (7.5–7.8 Mbp) of the three C. elegans Hox genes that effect
postembryonic development. (C) representation of cells that express lin-39 (red) , mab-5 (green), and egl-5 (blue) during the L1 larval stage. Dashed
ovals represent BWMs, solid ovals the P cells, and blue circular cells near the anus represent the rectal epithelium where egl-5 is expressed. (D–J)
Positions of Q descendants AQR and PQR in L4/young adult animals. lqIs58[Pgcy-32::cfp] micrographs were merged with DIC micrographs in wild-type
and mutants. In all micrographs unless otherwise noted, dorsal is up, anterior is left. Bar, 10 mm.
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Kenyon 1992). Levels of MAB-5 appear to be tightly con-
trolled, as MAB-5 is able to both activate and inhibit its
own expression to ensure a specific level of MAB-5
(Mentink et al. 2014). There is strong evidence that the di-
rectional control of MAB-5 is cell autonomous. Q cell-specific
knockdown of mab-5 causes complete anterior migration of
PQR, and specific induction of MAB-5 in anterior migrating Q
descendants causes them to reverse direction of migration
(Cowing and Kenyon 1992; Harris et al. 1996; Shen et al.
2014). The genes that MAB-5 controls to drive posterior mi-
gration are largely unknown. A recent study used whole or-
ganism RNA sequencing (RNA-seq) ofmab-5mutants paired
with functional analysis to determine genes regulated by
MAB-5 in migration (Tamayo et al. 2013). This study found
enrichment for secreted and transmembrane molecules reg-
ulated by MAB-5, suggesting that MAB-5 might directly reg-
ulate a cell’s interaction with its environment.

TheDeformed-like Hox gene lin-39 is required in QR descen-
dants for anterior migration. Both QL and QR initially express
lin-39, but mab-5 inhibits lin-39 expression in QL when it is
expressed in response to Wnt signaling (Clark et al. 1993;
Salser et al. 1993; Wang et al. 2013). lin-39 drives expression
of theMIG-13 transmembrane receptormolecule in QL descen-
dants, which, along with SDN-1/syndecan, mediates anterior
migration (Wang et al. 2013; Sundararajan et al. 2015).

The C. elegans genome contains an abbreviated Hox clus-
ter on linkage group III containing, among other Hox genes,
lin-39, mab-5, and the Abdominal-B-like Hox gene egl-5.
These genes control posterior body regions that represent
their order on the chromosome (Kenyon 1986; Chisholm
1991; Clark et al. 1993; Van Auken et al. 2000). The most
anterior gene lin-39 is expressed in QR and transiently in QL,
but also in the P3–P8 cells, hyp7 hypodermis, ventral cord

neurons, and sex myoblasts (Clandinin et al. 1997; Maloof
et al. 1999; Yang et al. 2005; Wagmaister et al. 2006a,b; Kalis
et al. 2014). lin-39 mutants show improper development of
P3–8.p cells, which results in vulvaless animals (Clark et al.
1993; Salser et al. 1993). Next,mab-5 is expressed in QL, but
also in posterior body wall muscles (BWMs), P7–P12, and the
V5 and V6 hypodermal seam cells (Kenyon 1986; Salser and
Kenyon 1996; Ji et al. 2013). MAB-5 and LIN-39 can act in
parallel in the P cells, where they are both expressed, or play
opposing roles in Q neuroblast migration where MAB-5 di-
rects posterior migration, and LIN-39 promotes anterior mi-
gration (Salser and Kenyon 1992; Clark et al. 1993; Wang
et al. 2013). MAB-5 also interacts genetically with the more
posteriorly expressed Hox gene egl-5 (Chisholm 1991;
Ferreira et al. 1999). egl-5 is expressed in the tail region of
the animal, including BWMs, P11–P12, V6 descendants,
HSN, PVM, PVC, and rectal epithelial cells, but not the Q cells
(Ferreira et al. 1999). mab-5 and egl-5 interact in different
ways depending on the cell. In P10–P11, MAB-5 inhibits egl-5
expression, and in V6 descendants MAB-5 promotes expres-
sion of egl-5 (Chisholm 1991; Ferreira et al. 1999; Li et al.
2009). These three C. elegans Hox genes have complex cell-
specific interactions controlling development of midbody and
posterior regions. All functions of these Hox genes described
to date appear to be cell-autonomous roles, including the
roles of LIN-39 and MAB-5 in Q descendant migration.

Previous studies show that MAB-5 acts in the Q descendants
themselves to control direction of migration. In this work, we
describe a new, nonautonomous role ofmab-5 in the ability ofQ
descendants to migrate, but not direction. We show that lin-39
andmab-5 act in parallel in both AQR and PQRmigration, and
that transgenic expression ofmab-5 in posterior BWMs rescues
AQR and PQR defects in lin-39mab-5 double mutants. Further,

Figure 2 AQR and PQR migration
defects in lin-39, mab-5, and egl-
5. (A) Schematic of an animal with
scoring zones indicated (see Ma-
terials and Methods). The wild-
type positions of AQR (position
1) and PQR (position 5) are indi-
cated. (B and C) Percent of AQR
and PQR residing at each position
in adult animals as visualized by
lqIs58[Pgcy-32::cfp]. Error bars
represent 23 standard error of
the proportion. Fisher’s exact test
was used to determine signifi-
cance of difference. Genotypes
with the Pspon-1::mab-5 trans-
gene represent combined results
from two independently derived
arrays with similar effects.
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we describe AQR and PQR migration defects in egl-5 mutants,
expression of which is not detectable in Q lineages. Together,
these results point to a nonautonomous role of mab-5 and pos-
sibly lin-39 and egl-5 in Qmigrations. Expression of these genes
might pattern the posterior of the animal, providing migration
information to the Q descendants. Thus, MAB-5 and LIN-39
might both establish an anterior–posterior Q descendant guid-
ance system (nonautonomous role) and control how the Q de-
scendants respond to this guidance system (autonomous role).

A previous RNA-seq study identified spon-1 as a potential
transcriptional target ofMAB-5 (Tamayo et al. 2013). Themab-
5(e1751) gain-of-function (gof) mutation causes ectopic
expression of mab-5 in many cells, including QR, and drives
posterior migration of the QR descendant AQR (Salser et al.
1993; Chapman et al. 2008). RNA-mediated interference
(RNAi) knockdown of spon-1 partially suppressed posterior
AQRmigration inmab-5(gof), suggesting that spon-1mediates
the effects of mab-5(gof) in posterior migration (Tamayo et al.
2013). spon-1 encodes a secreted basement membrane mole-
cule similar to vertebrate F-spondin (Woo et al. 2008). In ver-
tebrates, F-spondin is secreted by the floor plate of the neural
tube and has multiple roles in neural adhesion, neural crest
migration, and axon guidance (Klar et al. 1992; Burstyn-Cohen
et al. 1999; Debby-Brafman et al. 1999; Zisman et al. 2007).
F-spondin becomes processed into three peptides that can
both attract and repel developing axons (Tzarfaty-Majar et al.
2001; Zisman et al. 2007). F-spondin has been implicated in
Alzheimer’s disease (AD) as a binding partner to amyloid pre-
cursor protein, with F-spondin treatment improving memory
and b-amyloid levels in AD model mice (Ho and Sudhof 2004;
Hoe et al. 2005; Hafez et al. 2012). In addition to its role in
disease, F-spondin is conserved in many species, including and
has domain similarity to the established nervous system devel-
opment molecule Reeler (Klar et al. 1992; Higashijima et al.
1997; Burstyn-Cohen et al. 1999; Hu et al. 2016). In C. elegans,
SPON-1/F-spondin plays a role in neural adhesion and devel-
opment (Woo et al. 2008). spon-1 is required for muscle cell
adhesion, and null or strong loss-of-function mutants are em-
bryonic lethal (Woo et al. 2008). Despite being an important
nervous system development molecule, little is known about
the regulation of F-spondin expression. Here we show that
spon-1 itself is required for AQR and PQR migration. Further-
more, we show that spon-1 promoter activity in BWMs can be
driven by MAB-5, and that spon-1 phenotypes are rescued by

BWM-derived SPON-1. Finally, we present evidence that spon-1
acts in BWM to mediate the effects of mab-5(gof). Taken to-
gether, our results suggest that mab-5 has a nonautonomous
role in Q descendant migration, possibly by patterning the pos-
terior region of the animal for proper Qmigration. Further, they
suggest that the spon-1/F-spondin gene might be a target of
MAB-5 in posterior BWMs, which in part provides information
for Q descendant migration.

Materials and Methods

Genetics

All experiments were carried out using standard C. elegans
technique at 20�C (Brenner, 1974). Mutations used were:
LGX: lqIs2[Posm-6::gfp]; LGI: lrp-1(ku156). LGII: spon-1(e2623,
ju430ts, ju402), hlh-1(cc561), muIs16[mab-5::gfp]. LGIII:
mab-5(e1239, e2088, and e1751), lin-39(n1760), egl-5(n945),
rdvIs1[Pegl-17::mCherry]. LGIV: lqIs80 [Pscm::gfp::caax]. LGV:
sid-1(pk3321), lqIs58[Pgcy-32::cfp], wgIs54 [egl-5::TY1::
egfp::3xFLAG, UNC-119+]. Unknown chromosomal location,
lqIs227 and lqIs228 [Pspon-1::gfp], and lqIs271[Pmyo-3::mab-
5]. lqIs227 and lqIs228 were created by integration of juEx592
(Woo et al., 2008), and lqIs271 by integration of lqEx808. Extra-
chromosomal arrays were generated using standard gonadal in-
jection (Mello and Fire, 1995) and include: lqEx708 and lqEx709
[Pscm::spon-1(RNAi), Pgcy-32::cfp]; lqEx732 and lqEx937 [Pegl-
17::spon-1(RNAi), Pgcy-32::cfp]; lqEx808 [Pmyo-3::mab-5, Pgcy-
32::cfp]; lqEx834 [Pegl-17::myr-mCherry, Pegl-17::mCherry::
HIS-24]; lqEx849 [Pegl-17::REELER, Pgcy-32::yfp]; lqEx854
[Pegl-17::REELER::gfp, Pgcy-32::cfp]; lqEx855, lqEx856 and
lqEx858 [Pegl-17::TSR1-5, Pgcy-32::cfp]; lqEx859 and lqEx860
[Pmyo-3::spon-1, Pgcy-32::cfp]; lqEx897 and lqEx898 [Pspon-
1::mab-5::cfp, Pgcy-32::yfp]; lqEx759 [Pegl-17::spon-1];
lqEx938, lqEx940 and lqEx941 [Pmyo-3::spon-1(RNAi), Pscm::gfp,
Pgcy-32::mCherry]; lqEx942 [Pgcy-32::yfp], into lin-39(n1760)
egl-5(n945); lqEx930 and lqEx943 [Pspon-1::EGL-5::cfp, Pgcy-32::
yfp].

Transgene construction

Details about transgene construction are available by request.
The entire spon-1 genomic region was amplified by PCR and
placed behindmyo-3 and egl-17 promoters. Pegl-17::SP::TSR1-5
contained the spon-1 endogenous signal peptide, first 29 resi-
dues, followed by the five thrombospondin repeats, residues

Figure 3 Pspon-1::gfp expres-
sion. Micrographs of an L1 larva
at 4–4.5 hr posthatching are
shown. (A) Pspon-1::gfp expres-
sion in posterior BWMs. (B) Qx.
a/p visualized using rdvIs1[Pegl-
17::mCherry]. (C) Merged Pspon-
1::gfp, Pegl-17::mCherry, and DIC
images. The animal is coiled such
that the anterior (A) is near the
posterior (P). Dorsal (D) and ventral
(V) are indicated. Bar, 10 mm.
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431–819. Pegl-17::Reeler was made by using the first 430 resi-
dues, which contain both the Reeler and Spondin domains.
Pmyo-3::mab-5 was using a mab-5 complementary DNA with
the first endogenous mab-5 intron (the mab-5 minigene).
Pspon-1::mab-5::cfp was made fusing the mab-5 minigene to
cfp at the C terminus. Pspon-1::egl-5::cfp was made using the
entire egl-5 genomic region.

Scoring AQR and PQR migration

Scoringwas done using Pgcy-32, which is expressed exclusively
in AQR, PQR, and URXl/r (Chapman et al. 2008). The position
of AQR and PQR was scored as previously described using a
compound fluorescent microscope (Chapman et al. 2008; Dyer
et al. 2010). ju430ts animalswere allowed to lay eggs for 3 hr at
15�, then plates were shifted to 20�. Some animals exhibited
pat phenotype; viable animalswere scored for AQR and PQR as
described above. The triple mutant lin-39 mab-5 egl-5 was
maintained over the hT2 balancer, and scored progeny had
wild-type maternal contribution for each gene. Some Hox sin-
gle and double mutant combinations were balanced by hT2.
Positions 4a and 4b were separated by the PDE neuron marked
by Posm-6::gfp, which represents the region of Q cell birth.
Neurons directly over the PDE were marked as position 4a.
Significance of differencewas determined by Fisher’s exact test.

Line scan analysis of Pspon-1::gfp expression

Animals were synchronized to 4–4.5 hr posthatching using
previous published techniques (Honigberg and Kenyon 2000;
Chapman et al. 2008). Animals were mounted on a 2% (w/v)
agarose pad in M9 containing 5 mM sodium azide. Fluores-
cent micrographs were acquired for 100 ms at 3100 using a
Qimaging Rolera EM CCD camera and Metamorph software.
Intensity of GFP was measured using ImageJ. Lines were
drawn 1 pixel wide from the center of the posterior pharyn-
geal bulb to the posterior end of the anus on both dorsal and

ventral BWM segments. Segmented lines were drawn through
BWM nuclei, with pixels set at the anterior, posterior, and cen-
ter of each muscle cell. Only animals that had both left and
right muscle quadrants aligned were scored. To account for
animal curvature, we averaged pixel intensity over each per-
centage of each line measured. This gives a percentage refer-
ring to the percentage of distance from anterior to posterior of
the animal. This gave similar results to artificial straightening
using ImageJ and was less cumbersome. Twenty animals were
imaged on both dorsal and ventral segments for each genotype,
yielding 40 scans per genotype. In our analysis, dorsal and
ventral data were combined for each animal, and any dorsal–
ventral differences were not included. Standard deviations
were calculated for each percentage position (error bars),
and a two-tailed Student’s t-test with unequal variance was
used to determine significance of difference at each percentage
position using a Bonferroni correction formultiple comparisons
(100 in each genotype, Q , 0.05, P , 0.0005). Transgenes
lqIs227 and lqIs228 showed similar posterior bias and lqIs227
was chosen for subsequent analysis due to chromosomal loca-
tion (lqIs227 is on the region of LGI balanced by hT2). For lin-
39 mab-5 egl-5 triple hox line scan analysis, lqIs228 was used
for comparison, due to linkage of the lqIs227 transgene.

Data availability

The authors state that all data necessary for confirming the
conclusions presented in the article are represented fully
within the article.

Results

Hox genes mab-5, lin-39, and egl-5 control QR and QL
descendant migrations

The bilateral neuroblasts QR and QL, born in the posterior
between the vulva and anus, give rise to the AQR and PQR

Figure 4 Full-length egl-5::gfp
expression. Fluorescent micro-
graphs of posterior region of an
L1 larva at 5–5.5 hr posthatching,
dorsal view. Anterior is left. Bar,
5 mm. (A) egl-5::gfp (wgIs54).
The asterisk indicates rectal epi-
thelial expression of egl-5::gfp,
and brackets indicate nuclei
of posterior BWMs or P cells.
The punctate fluorescence ante-
rior to the bracketed nuclei is
background autofluorescence of
the gut. (B) Pegl-17::mCherry. (C)
Merged image. (D and E) egl-5::
gfp and Pspon-1::egl-5 transgenic
rescue of egl-5(n945) as described
for Figure 2. Combined results of
two independent Pspon-1::egl-5
arrays that showed similar effects
are shown.
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neurons, respectively (Sulston and Horvitz 1977) (Figure
1A). Inwild-type animals, AQRmigrates anteriorly to a region
near the anterior deirid, and PQR migrates posteriorly to a
position posterior to the anus in the phasmid ganglion (White
et al. 1986; Chapman et al. 2008) (Figure 1A). The Hox tran-
scription factors lin-39, mab-5, and egl-5 are expressed in
specific regions ranging from anterior to posterior and resem-
ble a Hox cluster on chromosome III (Kenyon 1986; Chisholm
1991; Clark et al. 1993; Salser et al. 1993; Wang et al. 1993;
Van Auken et al. 2000) (Figure 1, B and C). MAB-5 is required
in QL to direct QL descendant migrations including PQR
(Salser and Kenyon 1992) (Figure 1, A and E). LIN-39 has
been shown to cell-autonomously promote anterior migra-
tion of QR descendants, and lin-39 is normally inhibited by
MAB-5 in QL.a/p to allow for posterior migration (Figure 1, A
and F) (Harris et al. 1996; Wang et al. 2013).

We scored AQR and PQR position using Pgcy-32::cfp along
five positions in the animal as previously described (see Ma-
terials andMethods and Figure 2A) (Chapman et al. 2008). As
expected, lin-39 mutants showed shortened anterior migra-
tion of the QR descendant AQR (Figure 1F and Figure 2B).
lin-39 displayed minor (4%), but significant defects in PQR
migration (Figure 2C). mab-5 mutants affected only PQR
migration, with 100% of PQR misdirected, mostly residing
in the normal anterior position of AQR (Figure 1E and Figure
2, B and C). egl-5 mutants were reported to have weak QL
defects (Desai and Horvitz 1989; Chisholm 1991). We found
that egl-5 affected both AQR and PQR migration: 2% of AQR
failed to migrate fully and 16% of PQR failed to migrate, or
migrated anteriorly (Figure 1G and Figure 2, B and C).

Previous studies found that lin-39 andmab-5 act in parallel
in QR descendant migration (Clark et al. 1993; Wang et al.

1993). In a lin-39 mab-5 double mutant, AQR migration de-
fects were significantly stronger compared to lin-39 alone,
and misdirected PQRs failed in their anterior migration (Fig-
ure 1H and Figure 2, B and C). These data suggest that MAB-
5 acts in parallel with LIN-39 in anterior migration.

mab-5 egl-5 double mutants showed no significant differ-
ence in AQR migration from egl-5 alone (Figure 2B). Most
PQR were directed anteriorly in the mab-5 egl-5 double, but
some failed in their anterior migration, consistent with the
weak anterior AQR migration defects in egl-5 single mutants.
lin-39 egl-5 double mutants had AQR defects similar to an
additive effect of lin-39 and egl-5 single mutants (Figure 1I
and Figure 2, B and C). PQR defects in lin-39 egl-5 animals
were significantly increased compared to an additive effect of
both single mutants, suggesting they act in parallel (Figure 2,
B and C). Similarly, the lin-39 mab-5 egl-5 triple mutant
showed significantly more severe AQR and PQR migration
defects compared to any double Hox mutant (Figure 1J and
Figure 2, B and C). Most AQR and PQR remained near their
birth positions with minimal anterior or posterior migration.
These results suggest that lin-39, mab-5, and egl-5 are re-
quired in parallel for both anterior and posterior migration
of QL and QR descendants AQR and PQR, and in their ab-
sence, very little migration occurs.

mab-5 and egl-5 can act in BWM to control AQR and
PQR migration

These data suggest that the Hox genes LIN-39, MAB-5, and
EGL-5 act in parallel pathways to promote both anterior and
posteriormigration of QR andQL descendants AQR and PQR.
mab-5 is not expressed in QR descendants (Salser et al. 1993;
Harris et al. 1996; Salser and Kenyon 1996), and lin-39

Figure 5 AQR and PQR migra-
tion defects in spon-1 mutants.
(A) Diagram of the predicted
819-residue SPON-1 molecule
with Reeler, Spondin, Thrombo-
spondin (TSR), and Kunitz serine
protease inhibitor (KUNITZ) do-
mains shown. The positions of
mutations are indicated. (B) A
spon-1(e2623) young adult ani-
mal with defects in AQR and
PQR migration (merged cfp and
DIC micrographs). Bar, 20 mm.
(C and D) AQR and PQR migra-
tion defects in spon-1 as de-
scribed in Figure 2. Error bars
represent 23 standard error of
the proportion. (E–E99) spon-
1(ju402)M+ arrested L1 animals
with Pgcy-32::cfp. (E) PQR rever-
sal in migration direction. (E9)
Complete AQR and PQR migra-
tion. (E99) AQR directional defect.
(F and G) Percent of AQR (F), and
PQR (G) that show defects in
spon-1(ju402)M+-arrested L1 ani-
mals.
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autonomously drives anterior QR descendant migration and
is repressed in QL by mab-5 (Harris et al. 1996; Wang et al.
2013). However, both are expressed in other posterior cells,
including P cells, and MAB-5 in posterior BWMs and seam
cells (Salser et al. 1993; Wang et al. 1993; Clandinin et al.
1997; Maloof et al. 1999; Yang et al. 2005; Wagmaister et al.
2006a,b) (Figure 1C). Thus, the effects of mab-5 on AQR
migration and lin-39 on PQR migration might be due to their
roles in cells other than Q descendants. However lin-39 is
expressed briefly in QL lineage, which could be important
for initial migration (Wang et al. 1993).

MAB-5 is expressed in posterior BWMs (Salser et al. 1993)
(Figure 1C). We drove expression of MAB-5 specifically in
BWMs using the promoter of the spon-1 gene (Woo et al.
2008). At the time of Q descendant migration, Pspon-1::gfp
was expressed most strongly in posterior BWMs in the region
of the Q cells, but not in the Q cells themselves (Figure 3).
Pspon-1::mab-5 significantly rescued the AQR and PQR de-
fects seen in the lin-39 mab-5 double mutant [e.g., 4–44% of
AQR in position 1, and 2–19% of PQR in position 1 (P ,
0.05)] (Figure 2, B and C). These results show that MAB-5
can have a role in AQR and PQRmigration through activity in
BWMs. Importantly, direction of PQR migration was not res-
cued by Pspon-1::mab-5 (e.g., PQRs still migrated anteriorly).
Direction of migration is an established cell-autonomous role
of mab-5 and not expected to be rescued by muscle-specific
Pspon-1::mab-5. This also shows that Pspon-1::mab-5 did not
lead to expression of mab-5 in the Q descendants, as trans-
genic expression ofmab-5 in Q descendants leads to posterior
migration of AQR and PQR (Josephson et al. 2016). These
data argue that mab-5 has a nonautonomous role in anterior
AQR and PQR migration.

egl-5 is expressed in posterior cells, but not in the Q cells
(Ferreira et al. 1999). We examined expression of the full-
length egl-5::gfp(wgIs54) transgene from the modENCODE
project (Niu et al. 2011). This transgene rescued PQR migra-
tion defects of egl-5(n945) (Figure 4), but showed no detect-
able expression in the Q cells. egl-5::gfp was expressed in
other posterior cells, consistent with previously described
expression (Figure 4) (Ferreira et al. 1999). Similar to above,
we tested the nonautonomous role of EGL-5 by expressing it
from the spon-1 promoter. Pspon-1::egl-5::cfpweakly effected
PQR migration on its own and rescued the stronger PQR
migration defects of egl-5 (Figure 4) but did not rescue the
coiler phenotype of egl-5 (data not shown). These data are
consistent with a nonautonomous role of EGL-5 in Q descen-
dant migration, likely in posterior BWM.

SPON-1 is required for proper Q descendant migration

Potential MAB-5 transcriptional targets in Q descendant mi-
gration were identified previously by whole-animal RNA-seq
onwild-type andmab-5mutants coupled with functional sup-
pression of mab-5(e1751) gof (Tamayo et al. 2013). spon-1
transcripts were over-represented in mab-5(gof), and reduc-
tion of spon-1 function partially suppressed posterior AQR
migration in mab-5(gof) (Tamayo et al. 2013). These results
indicate that spon-1 expression is regulated by MAB-5 and
that SPON-1 is required for posterior AQR migration in mab-
5(gof). spon-1 encodes a molecule similar to vertebrate
F-spondin, a secreted basement membrane molecule, and is
required for proper muscle cell attachment and neural devel-
opment (Woo et al. 2008) (Figure 5A).

spon-1 null mutation results in embryonic lethality due to
muscle cell detachment (Woo et al. 2008). We first used the

Figure 6 Muscle-derived SPON-1 rescues AQR
and PQR migration. (A and B) Quantification of
AQR (A) and PQR (B) positions as in Figure 2.
Pmyo-3::spon-1 represents the transgene express-
ing SPON-1 in BWM cells. Asterisk indicates signif-
icant (n . 100, P , 0.05 Fisher’s exact test)
difference from corresponding spon-1 mutant (ex-
cept for ju402, which is lethal). Data for transgenic
arrays are the combined results from two indepen-
dently derived arrays with similar effects.
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viable hypomorphic alleles e2623 and ju430ts and the em-
bryonic lethal putative null ju402 to analyze AQR and PQR
migration (Woo et al. 2008) (Figure 5A). Both hypomorphic
mutants displayed AQR and PQRmigration defects (Figure 5,
B–D). spon-1(ju402) animals with wild-type maternal contri-
bution (M+) displayed the paralyzed, arrested at twofold-
stage-of-elongation characteristic of BWM defects. Despite
elongation arrest at the twofold stage, many embryos still
hatched and displayed AQR and PQR migration (Figure
5E). Arrested ju402 L1 larvae showed AQR and PQR migra-
tion defects (45 and 60%, respectively), with directional mi-
gration defects observed for both (Figure 5, E–G). Combined
with the effects in weaker hypomorphic spon-1 mutants,
these results show that SPON-1 function is required for the
ability to migrate, as well as direction of migration in the A/P
axis.

SPON-1 can act in BWMs to control Q
descendant migration

spon-1(+) expression driven in all BWMs using the myo-3
promoter rescued AQR and PQR defects of hypomorphic
e2623 and ju430 mutants (Figure 6). It also rescued the le-
thality and AQR and PQR defects of the null ju402 mutant
(Figure 6). This suggests that SPON-1 can function in BWMs
to control AQR and PQRmigration. Themyo-3 promoter does
not show the posterior BWM expression bias observed with
the spon-1 promoter (Figure 3), yet Pmyo-3::spon-1 effi-
ciently rescued directional AQR and PQR defects in spon-
1(ju402). This suggests that spon-1 might play a permissive
rather than instructive role in migration, but an instructive
role cannot be excluded.

In awild-type background, expression of SPON-1 in BWMs
by Pmyo-3::spon-1 caused weak but significant defects (Table
1), suggesting that ectopic SPON-1 expression might perturb

cell migration. While Pspon-1::gfp expression is not normally
observed in the Q lineages (Figure 3), expression of spon-1 in
the Q neuroblasts using the Q cell-specific Pegl-17 promoter
(Branda and Stern 2000; Cordes et al. 2006) caused defects
in AQR (3%) and PQR (19%) migration in a wild-type back-
ground (Figure 1 and Table 1). We used this transgenic con-
struct to test which parts of the SPON-1 molecule can perturb
AQR and PQR migration. Vertebrate F-spondin is cleaved,
forming multiple fragments (Zisman et al. 2007). The frag-
ment containing thrombospondin repeats (TSR)1–4 binds to
a lipoprotein receptor-related protein (LRP), which repels
axons, while the TSR5–6 fragment and the Reeler fragment
both serve as attractants to developing axons. Weak and vari-
able defects were observed with both fragments (Table 1),
suggesting that both the TSR repeats and the Reeler/Spondin
domain might participate in perturbing AQR and PQR migra-
tion. The C. elegans LRP molecule LRP-1 was not required for
the effects of full-length spon-1 expression, as lrp-1(ku156)
had no affect on AQR/PQR migration and did not modify the
Pegl-17::spon-1 phenotype (data not shown).

MAB-5 promotes spon-1 expression in BWMs

spon-1 transcripts were over-represented in the transcrip-
tome of mab-5 gain-of-function animals, indicating that
MAB-5 stimulates spon-1 expression (Tamayo et al. 2013).
Previous reports indicated that Pspon-1::gfpwas expressed in
BWM cells (Woo et al. 2008). We analyzed Pspon-1::gfp ex-
pression at the time when the Q descendants are beginning
their migrations in early L1 larvae 4–4.5 hr posthatching.
Expression was observed in posterior BWM cells (Figure 3),
but not in the Q cells as determined by the Q cell-specific
marker rdvIs1 (Pegl-17::mCherry) (Branda and Stern 2000;
Ou et al. 2010) (Figure 3). Pspon-1::gfp expression was in
BWM cells adjacent to the Q neuroblasts, with expression

Table 1 mab-5 and spon-1 ectopic expression

Animals were scored with Pgcy-32::cfp marking AQR and PQR. All genotypes with transgenes except Pmyo-3::mab-5 and wild-type were scored as combined results of two
or more independently-derived extrachromosomal arrays with similar effects. Pmyo-3::mab-5 is an integrated line. “Reeler” constructs contain the first 430 amino acids of
SPON-1, while “SP::TSR-5” constructs contain the endogenous signal peptide (29 residues) followed by residues 431–819.
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extending posteriorly to the tail, but only a short distance
anteriorly (Figure 3).

The gain-of-function mab-5(e1751) allele causes ectopic
expression ofmab-5 in several tissues, including the QR line-
age (Salser and Kenyon 1992; Salser et al. 1993). We found
an increase in expression of the Pspon-1::gfp transgene in
mab-5(gof) (Figure 7). While no expression was observed
outside of BWMs, the extent of Pspon-1::gfp expression was
increased anteriorly, with robust expression frequently pre-
sent in anterior BWMs, sometimes reaching into the head
(Figure 7, C and D). We quantified pixel intensity along line
scans through the BWMs from anterior to posterior to quan-
tify GFP intensity along the A/P axis (Figure 7 and Figure 8)
(see Materials and Methods). Wild-type animals had little de-
tectable expression along the first anterior 20%, after which
GFP intensity rose steadily with the region of highest GFP
intensity also correlated to the location of Q birth (Figure 3
and Figure 8A). mab-5(gof) had a significant increase in
Pspon-1::gfp expression along the entire animal but still
maintained the highest intensity around the Q cell birthplace
(Figure 7, C and D and Figure 8A). These results indicate that
mab-5(gof) increased Pspon-1::gfp in BWMs. This result is
consistent with the RNA-seq results showing spon-1 over-
representation in mab-5(e1751)gof animals (Tamayo et al.

2013). A whole-organism RNA-seq strategy was used in this
study, so the sum of expression in all cells of the animal, in-
cluding BWMs, was assayed. mab-5 is expressed in QL and
descendants as well as in other cells in the posterior, includ-
ing posterior BWMs (Salser et al. 1993). We confirmed
posterior BWM expression of the full-length mab-5::gfp trans-
gene muIs16 in early L1 animals at the time when Q descen-
dants begin migration (Hunter et al. 1999) (Figure 9).

We drove mab-5 expression in all BWMs using the myo-3
promoter. Pmyo-3::mab-5 animals were grossly misshapen
and could not be reliably quantifiedwith line scans. However,
in early L1 larvae, Pmyo-3::mab-5 caused uniform expression
of Pspon-1::gfp in all BWM cells from head to tail (Figure 7, E
and F). These results show that in the BWMs, MAB-5 can
activate Pspon-1::gfp expression. Together with the previous
RNA-seq results (Tamayo et al. 2013), these data suggest that
MAB-5 drives endogenous spon-1 expression in posterior
BWMs adjacent to the Q cells.

MAB-5 is not required for spon-1 expression in BWMs

Consistent with the previous RNA-seq study that showed no
effect on spon-1 transcript levels inmab-5(lof), two lof alleles,
mab-5(e1239) and mab-5(e2088), had generally the same
Pspon-1::gfp expression pattern as wild-type (Figure 8B)

Figure 7 Pspon-1::gfp expression in mab-5 gain of
function. Fluorescent micrographs of Pspon-1::gfp-
expressing L1 larvae 4–4.5 hr posthatching. Fluores-
cent Pspon-1::gfp (A, C, and E) and merged DIC (B,
D, and F) micrographs. Dashed lines indicate regions of
BWM used in line scans for the analysis in Figure 6 (An,
anterior near the posterior pharyngeal bulb; P, poste-
rior near the anus) (see Materials and Methods). Bar,
10 mm.
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(Tamayo et al. 2013). Thus, while MAB-5 was sufficient to
drive spon-1 expression in BWMs, it was not required for
spon-1 expression.

Because spon-1 expression persisted in mab-5(lof) ani-
mals, we speculated that other Hox genes egl-5 and lin-39
might act in parallel with mab-5 to activate spon-1 expres-
sion, especially given the parallel roles in AQR and PQR mi-
gration noted here (Figure 2).We tested egl-5 singlemutants,
mab-5 egl-5 double mutants, and a triple hox lin-39 mab-5
egl-5mutant on Pspon-1::gfp expression. None had any strik-
ing differences from wild-type animals (Figure 10A and Fig-
ure 11). However, despite triple Hox mutants’ grossly
misshapen bodies, they maintained a slightly increased ex-
pression pattern (Figure 11). An hlh-1 binding site predicted
by chromatin immunoprecipitation sequencing (ChIP-seq) is
upstream of spon-1 (Lei et al. 2010; Niu et al. 2011). hlh-1
is the C. elegans myoD homolog and is required for BWM

formation (Chen et al. 1992, 1994). We tested the hypomor-
phic hlh-1(cc561) (Harfe et al. 1998) allele on Pspon-1::gfp
expression and found no significant difference from wild-type
(Figure 10B). Taken together, this suggests other factors
might cooperate with MAB-5 to promote spon-1 expression.

In double mutants of the spon-1(e2623) hypomorphic allele
and mab-5(null) alleles e2088 and e1239, AQR migration de-
fects generally resembled spon-1 alone (Table 2). Doubles with
hypomorphic mab-5 alleles mu114 and bx54 displayed signifi-
cantly more AQR migration failure (Table 2). Misdirected PQR
anteriormigration also failed in doublemutants, with hypomor-
phicmab-5 alleles having the stronger effect (Table 2). The lack
of strong genetic interaction betweenmab-5 and spon-1 loss-of-
function mutations is consistent with our finding that mab-5 is
not required for spon-1 expression.While we do not understand
the nature of the genetic interactions with the mab-5 hypo-
morphs, the results suggest that residual mab-5 activity in
spon-1(e2623) antagonizes anterior AQR and PQR migration.

SPON-1 suppresses mab-5 gain of function

The gain-of-function mab-5(e1751) allele causes posterior
migration of both AQR and PQR (Figure 12, A and B)
(Chapman et al. 2008; Tamayo et al. 2013). Previously,
SPON-1 was shown to be required for the full effect of
mab-5(gof), as spon-1 knock-down with feeding RNAi par-
tially suppressed posterior AQR migration in mab-5(gof)
(Tamayo et al. 2013). The spon-1 e2623 and ju430ts muta-
tions also significantly suppressed posterior AQR migration
to a similar extent in mab-5 gain of function (Figure 12D):
mab-5(e1751) displayed 78% of AQR neurons migrating pos-
teriorly to the anus to the normal position of PQR, whereas
mab-5(e1751); spon-1(e2623) displayed 56%, and mab-
5(e1751); spon-1(ju430ts) at 15� had 57% of PQR posterior
to the anus (P , 0.05) (Figure 12D).

We used transgenic RNAi of spon-1 driven from themyo-3,
egl-17, and scm promoters to knock down spon-1 (Esposito
et al. 2007; Sundararajan and Lundquist 2012). Alone, Pmyo-
3:: spon-1(RNAi)weakly affected AQR (1% defective) migra-
tion (Table 1). Because SPON-1 synthesis occurs in BWM and
is required for embryogenesis, viable Pmyo-3::spon-1(RNAi)
transgenes likely cause weak disruption of BWM-derived
SPON-1 (i.e., too weak to cause lethality). However, each
RNAi construct suppressed mab-5(gof) (Figure 12, C and
D).mab-5(e1751) rarely displayed AQR that were positioned
anterior to the PDE neurons, the place of Q cell birth. Inmab-
5(e1751); Pegl-17::spon-1(RNAi) animals, AQR neurons
were observed anterior to the PDE neuron (Figure 12C), il-
lustrating suppression of mab-5(e1751)gof. In C. elegans,
RNAi can spread from one cell to another via the double-
stranded RNA channel SID-1, which has been used as a tool
for cell-specific RNAi (Winston et al. 2002; Calixto et al.
2010). Suppression caused by the Q cell-specific Pegl-17::
spon-1(RNAi) transgene was abolished by the sid-1 mutation
(Figure 12D). This suggests that suppressionwas due to RNAi
spreading from the Q cells (likely to BWM), and that restric-
tion of RNAi to the Q cells did not perturb spon-1 function. In

Figure 8 Quantification of Pspon-1::gfp intensity in BWMs. Graphs rep-
resent intensities of Pspon-1::gfp expression determined by line scans
through BWM quadrants in L1 animals 4–4.5 hr posthatching (see Ma-
terials and Methods). The y-axis represents the intensity of GFP in arbitrary
units (AU). The x-axis corresponds to position on the animal (0% is the
posterior pharyngeal bulb, 100% is at the anus). The approximate region
of Q neuroblast birth is shaded gray. Dashed error bars represent one
standard deviation. Colored bars along the x-axis correspond to regions
of significant difference compared to wild-type (Q , 0.05, multiple com-
parison corrected Student’s t-test, n = 40 BWM quadrants) (two per
animal, dorsal and ventral combined). (A) mab-5(e1751) gain of function.
(B) mab-5 putative null mutants e2088 and e1239.
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sum, these data indicate that SPON-1, likely from the BWMs,
is partially required for posterior AQR migration observed in
mab-5(gof).

Discussion

Two main themes emerge from this work. First, our data
indicate that the Hox factors MAB-5, EGL-5, and possibly
LIN-39 have nonautonomous parallel roles in Q descendant
migrations. For MAB-5, this role is in contrast to the well-
described autonomous function in QL. The nonautonomous
roles of LIN-39 andMAB-5 are not apparent in single mutants
due to redundancy, although lin-39mutants show some PQR
migration defects. Second, this work shows that the secreted
basement membrane molecule SPON-1, similar to vertebrate
F-spondin, might be a transcriptional target of MAB-5 in
the BWM cells that nonautonomously influences Q cell
migrations.

A nonautonomous role of MAB-5 in Q
descendant migration

Here we report a previously undescribed role of the Hox gene
mab-5 in the migration of the QR and QL descendants AQR
and PQR. Previous studies showed thatMAB-5 autonomously
regulates posterior migration of QL descendants (Salser and
Kenyon 1992) and that LIN-39 is autonomously required for
anterior migration of QR descendants (Harris et al. 1996;
Wang et al. 2013). We found that lin-39 mab-5 double mu-
tants displayed enhanced AQR anterior migration defects
compared to lin-39, suggesting that mab-5 and lin-39 act in
parallel pathways for anterior AQR migration. Furthermore,
lin-39 mutants alone displayed posterior PQR migration de-
fects. MAB-5 expression is not observed in the QR/AQR

lineage (Salser et al. 1993), andwhen expressed in this lineage,
drives posterior migration. Additionally, lin-39 is transiently
expressed in QL/PQR lineage but is inhibited byMAB-5 expres-
sion in this lineage when QL descendant migration occurs
(Wang et al. 2013). These data suggest that LIN-39 and
MAB-5 might have roles outside of the Q cells to regulate an-
terior AQR and posterior PQR migration. lin-39 andmab-5 are
expressed in other posterior cells, includingmab-5 in posterior
and midbody BWM (Salser et al. 1993; Clandinin et al. 1997;
Maloof et al. 1999; Yang et al. 2005; Wagmaister et al.
2006a,b). Expression of mab-5 in posterior BWMs rescued
AQRmigration defects in the lin-39 mab-5 double mutant to re-
semble lin-39 alone. It also rescued anterior migration defects
of PQR in the lin-39 mab-5 double. Of note, BWM expression of
mab-5 did not rescue the directional defects of PQR in the lin-39
mab-5 double mutant, as all PQR still migrated anteriorly. Pos-
terior migration of PQR is a cell-autonomous role ofmab-5, and
BWM expression of mab-5 would not be expected to rescue
directional defects. Together, these data point to a nonautono-
mous role of MAB-5 in anterior AQR and PQR migration. The
posterior PQR defects of lin-39 could be due to a nonautono-
mous role or could be due to transient lin-39 expression in the
QL lineage (which is known to occur in mab-5 mutants). This
nonautonomous role for MAB-5 on cell migration is in contrast
to much of the work done with Hox genes that primarily has
focused on cell-autonomous roles of these genes, but there is
precedence for Hox genes in vertebrates noncell autonomously
controlling axon guidance (Gavalas et al. 1997).

The lin-39 mab-5 egl-5 triple mutant shows little or no Q
descendant migration

egl-5 mutants displayed PQR migration defects and weak
AQR migration defects, consistent with previous reports of

Figure 9 Expression of mab-5::gfp (muIs16) in
wild-type animals. Fluorescent micrographs of
muIs16 animals 4–4.5 hr posthatching with left
(A and C) and right (B) side of animal in focus.
C is an enlargement of section in A to show
faint expression in QLa/p. (D) Merge of A and B
and DIC. Bars, 5 mm.
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Q lineage defects in egl-5 (Chisholm 1991). Functional full-
length egl-5::gfp expression was not observed in the Q line-
ages, and expressing EGL-5 specifically in posterior BWMs
rescued egl-5 defects. This suggests that egl-5might also non-
autonomously regulate PQR migration, although expression
in the Q lineages cannot be excluded as a possibility. The
posterior PQR migration defects might be stronger in egl-5
mutants, because the QL descendants migrate posteriorly
through the region that expresses egl-5.

egl-5 did not enhance mab-5 or lin-39 defects, but did
enhance AQR defects in the lin-39 mab-5 egl-5 triple, which
showedminimal migration of AQR and PQR away from the Q
cell birthplace. This suggests that these three Hox genes act
together to promote migration of the Q descendants, and in
their absence, little or no anterior or posterior migration
away from the Q cell birthplace occurs. In light of evidence
presented here of a nonautonomous role of MAB-5, the

nearly complete lack of AQR and PQR migration in the lin-
39 egl-5 mab-5 triple is likely due to failure of both autono-
mous and nonautonomous roles of these molecules in AQR
and PQR migration.

SPON-1/F-spondin controls Q descendant migration

Previously, RNA-seq identified spon-1/F-spondin as being pos-
itively regulated by MAB-5 in Q descendant migration
(Tamayo et al. 2013). We found that mutations in spon-1
caused AQR and PQR incomplete migration and directional
defects. spon-1mutants partially suppressedmab-5(gof), con-
sistent with previous results using RNAi against spon-1
(Tamayo et al. 2013). Restriction of spon-1 RNAi to the Q
lineages was insufficient for suppression, whereas RNAi in
surrounding tissues and/or BWM resulted in suppression.
This result suggests that spon-1 acts nonautonomously in
suppression of mab-5(gof). This is consistent with Pspon-1::
gfp expression, which we observed in posterior BWMs adja-
cent to the Q cells but not in the Q cells themselves.

spon-1was expressed in posterior BWMs adjacent to the Q
neuroblasts, and spon-1 mutants displayed directional AQR
and PQRmigration defects. These results suggest that SPON-
1 might provide directional guidance information for Q de-
scendant migration. However, expression of SPON-1 from all
BWM cells, from anterior to posterior, efficiently rescued
AQR and PQR defects, a result not expected of a cue pro-
viding directional information. Therefore, SPON-1 might
generally promote the ability of cells to migrate. The local-
ized expression of spon-1 adjacent to the Q cells in early L1
might represent a need for high levels of SPON-1 or newly
synthesized SPON-1 to generally stimulate cell migration at
that time. While Pmyo-3::spon-1 does not provide localized
expression, it might provide high levels of expression
throughout larval development, when it is needed for cell
migration. However, this does not explain the directional
migration defects in spon-1 mutants. Pmyo-3::spon-1 expres-
sion caused weak AQR and PQR defects alone, consistent
with a potential role in directed guidance. However, the pre-
ponderance of evidence suggests a permissive role of SPON-1
in cell migration, which differs from F-spondin in vertebrates,
where it acts as a repellent to migrating neural crest cells
(Debby-Brafman et al. 1999). However, there are also cases
where F-spondin serves as an attractant and permissive sig-
nal to developing axons (Burstyn-Cohen et al. 1998, 1999;
Zisman et al. 2007).

Increased levels of MAB-5 stimulates Pspon-1::gfp
expression in BWM

Wehave shown that a Pspon-1::gfp transcriptional reporterwas
expressed at higher levels and more broadly in mab-5(gof),
consistent with previous RNA-seq showing that endogenous
spon-1 transcripts are over-represented in mab-5(gof) animals
(Tamayo et al.2013). Expression ofmab-5 in all BWMs resulted
in robust Pspon-1::gfp expression in all BWMs, even those in the
anterior. These experiments indicate that increased MAB-5 ac-
tivity in the BWMs drives Pspon-1:gfp expression. A ChIP-seq

Figure 10 egl-5 and hlh-1 are not required for body wall expression of
Pspon-1::gfp. Graphs represent intensities of Pspon-1::gfp expression de-
termined by line scans through BWM quadrants in L1 animals 4–4.5 hr
posthatching (see Materials and Methods). The y-axis represents the in-
tensity of GFP in arbitrary units (AU). The x-axis corresponds to position on
the animal (0% is the posterior pharyngeal bulb, 100% is at the anus).
The approximate region of Q neuroblast birth is shaded gray. Dashed
error bars represent one standard deviation. Colored bars along the
x-axis correspond to regions of significant difference compared to wild
type (Q , 0.05, multiple comparison corrected Student’s t-test, n =
40 BWM quadrants) (two per animal, dorsal and ventral combined). (A)
Wild-type, egl-5, and mab-5 egl-5 double mutant. (B) Wild-type and
hlh-1(cc561) hypomorphic allele.
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study using MAB-5 (Niu et al. 2011) did not identify the spon-1
locus as a potential MAB-5 target. Thus, MAB-5 might indi-
rectly regulate spon-1 expression in BWM. However, this
ChIP-seq study was done with L3 larvae, long after Q migra-
tion, so any transient interaction at the spon-1 promoter in L1
would have beenmissed. Becausewe only see increased Pspon-
1::gfp levels in animals with overexpression ofmab-5, it is pos-
sible that the increase in Pspon-1::gfp is due to aberrant binding
to the spon-1 promoter or other enhancers that may not occur
in wild-type animals.

Complete loss of SPON-1 function causes embryonic le-
thality, and mab-5 mutants are not lethal, suggesting that
MAB-5 is not the only factor that regulates spon-1 expression.
Indeed, mab-5(lof) mutants did not affect Pspon-1:gfp, con-
sistent with RNA-seq showing no effect ofmab-5(lof) on spon-
1 transcript accumulation (Tamayo et al. 2013). The lin-39
mab-5 egl-5 triple mutant also was able to express Pspon-1::
gfp readily and may have increased spon-1 expression. This
indicates that neither LIN-39 nor EGL-5 cooperate with MAB-
5 in Pspon-1::gfp expression. The spon-1 locus contains a pre-
dicted hlh-1 binding region (Niu et al. 2011), but hlh-1 also
did not influence spon-1 expression. While MAB-5 is suffi-
cient to drive spon-1 expression, other factors might be re-
quired redundantly withmab-5 in normal spon-1 expression.
Furthermore, LIN-39 and EGL-5 might be required for the

expression of factors that act in parallel to factors regulated
bymab-5 (e.g., spon-1). This redundancy could be in the same
cell or in distinct cells, each expressing factors that influence
AQR and PQR migration.

In addition to the well-characterized cell-autonomous
function of LIN-39 and MAB-5 in Q migration, we find possi-
ble roles outside of the Q lineage to promote migration, roles
that have been masked by redundancy of function of these

Figure 11 Pspon-1::gfp in lin-39 mab-5 egl-5 triple
mutant. Fluorescent micrographs (A–C) and merged
DIC micrographs (A9, B9, and C9) of three lin-
39(n1760) mab-5(e1239) egl-5(n945) M+ animals with
Pspon-1::gfp. Animals are 4–4.5 hr posthatching. Bar,
10 mM. Anterior is to the left, and dorsal is up. (D)
Graphs representing intensity of Pspon-1:gfp expres-
sion in lin-39 mab-5 egl-5 M+ as in Figure 8.

Table 2 mab-5; spon-1 double mutant analysis

AQR position (%) PQR position (%)

Genotype 1 2 3 4 5 N 1 2 3 4 5 N

spon-1(e2623) 98 1 1 0 0 158 0 1 0 1 98 159
mab-5(e2088) 100 0 0 0 0 249 96 2 1 0 1 249
mab-5(e2088);
spon-1(e2623)

100 0 0 0 0 146 87 9 2 2 0 249

mab-5(e1239) 99 1 0 0 0 283 99 1 0 0 0 283
mab-5(e1239);
spon-1(e2623)

97 2 0 0 1 316 92 3 3 1 1 316

mab-5(bx54) 100 0 0 0 0 161 86 11 2 1 0 161
mab-5(bx54);
spon-1(e2623)

88* 7 5 1 0 176 80 13 5 1 2 176

mab-5(mu114) 100 0 0 0 0 202 83 11 4 0 1 202
mab-5(mu114);
spon-1(e2623)

89* 9 0 0 0 226 72 20 7 0 0 225

* P , 0.05 compared to corresponding additive effect (not tested for PQR).
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molecules. We show evidence for a novel nonautonomous
role of the Hox gene mab-5 in Q migrations. lin-39, mab-5,
and egl-5 have distinct expression patterns, yet appear to
have overlapping functions in promoting Q lineage migra-
tions. We speculate that LIN-39, MAB-5, and EGL-5 pattern
the posterior region of the animal for use as a substrate for Q
migrations (a nonautonomous role), and that LIN-39 and
MAB-5 control the response of the Q descendants to that
posterior pattern (an autonomous role). Our data indi-
cate that secreted basement membrane molecule SPON-1/
F-spondin might be a target of MAB-5 in BWM and is important
for Q descendant migration. In the absence of lin-39, mab-5,
and egl-5, very little Q descendant migration away from the Q
cell birthplace occurs, suggesting multiple and parallel path-
ways are regulated by these Hox factors in Q migrations.
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