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ABSTRACT Migration of neurons and neural crest cells is of central importance to the development of nervous systems. In Caeno-
rhabditis elegans, the QL neuroblast on the left migrates posteriorly, and QR on the right migrates anteriorly, despite similar lineages
and birth positions with regard to the left-right axis. Initial migration is independent of a Wnt signal that controls later anterior—
posterior Q descendant migration. Previous studies showed that the transmembrane proteins UNC-40/DCC and MIG-21, a novel
thrombospondin type | repeat containing protein, act redundantly in left-side QL posterior migration. Here we show that the LAR
receptor protein tyrosine phosphatase PTP-3 acts with MIG-21 in parallel to UNC-40 in QL posterior migration. We also show that in
right-side QR, the UNC-40 and PTP-3/MIG-21 pathways mutually inhibit each other’s role in posterior migration, allowing anterior QR
migration. Finally, we present evidence that these proteins act autonomously in the Q neuroblasts. These studies indicate an inherent
left-right asymmetry in the Q neuroblasts with regard to UNC-40, PTP-3, and MIG-21 function that results in posterior vs. anterior

migration.

ELL migration is a fundamental event in the develop-

ment of nervous systems. In the vertebrate central ner-
vous system, neurons and neuroblasts migrate radially to
populate distinct layers in the cerebellar and cerebral corti-
ces, and neural crest cells migrate along distinct paths in
the vertebrate embryo to give rise to the peripheral nervous
system. The Q neuroblasts in Caenorhabditis elegans are
a useful model to study the migration of neuroblasts and
neurons in the anterior-posterior axis. The Q neuroblasts
are a bilaterally symmetric pair of cells in the posterior—
lateral region of the animal, with QR on the right side and
QL on the left side (Sulston and Horvitz 1977). The Q
neuroblasts are born in embryogenesis and are the sisters
of the V5 hypodermal seam cells. By 5 hr after hatching,
QR has migrated anteriorly and divided over the V4 seam
cell, and QL has migrated posteriorly and divided over the
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V5 seam cell (Honigberg and Kenyon 2000; Chapman et al.
2008; Dyer et al. 2010). The resulting Q cell descendants
then undergo a pattern of migration, division, and pro-
grammed cell death resulting in three neurons each (AQR,
SDQR, and AVM on the right from QR; and PQR, SDQL,
and PVM on the left from QL) (Sulston and Horvitz 1977;
Chalfie and Sulston 1981). The QR descendant AQR mi-
grates the longest distance to a region near the anterior
deirid ganglion in the head, and the QL descendant PQR
migrates the longest distance posteriorly to the phasmid
ganglion in the tail (Sulston and Horvitz 1977; White
et al. 1986; Chapman et al. 2008). The posterior migration
of QL descendants requires the activity of the MAB-5/Hox
transcription factor, expression of which is induced in QL
descendants by an EGL-20/Wnt signal emanating from the
posterior (Chalfie et al. 1983; Kenyon 1986; Salser and
Kenyon 1992; Harris et al. 1996; Whangbo and Kenyon 1999;
Korswagen et al. 2000; Herman 2003; Eisenmann 2005).
QR migrates anteriorly and does not normally receive this
EGL-20/Wnt signal, and thus does not express MAB-5/Hox.

The initial anterior and posterior migrations of the QR
and QL neuroblasts do not depend on MAB-5 or EGL-20/Wnt
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(Chapman et al. 2008), as QL and QR protrude and polarize
normally in mab-5 and egl-20 mutants. While initial Q mi-
gration is independent of EGL-20/Wnt, the five Wnt genes
are involved in subsequent Q descendant guidance along the
anterior—posterior axis (Pan et al. 2006; Harterink et al.
2011; Zinovyeva et al. 2008).

The initial Q migrations can affect subsequent MAB-5 ex-
pression in the Q descendants (Chapman et al. 2008; Middel-
koop et al. 2012). The extent of posterior protrusion correlates
with mab-5 expression, with more mab-5 expression in cells
that protrude posteriorly (Middelkoop et al. 2012), consistent
with exposure to the posterior EGL-20/Wnt signal. QR is in-
herently less sensitive to the EGL-20/Wnt signal than QL
(Whangbo and Kenyon 1999; Middelkoop et al. 2012), a dif-
ference that seems to be mediated by the MIG-21 molecule
(i-e., in mig-21 mutants the differential sensitivity is abolished)
(Middelkoop et al. 2012).

Previous studies have revealed mechanisms of initial Q
neuroblast migration that is independent of EGL-20/Wnt and
MAB-5/Hox. The transmembrane immunoglobulin superfam-
ily receptor UNC-40/Deleted in Colorectal Cancer (DCC) con-
trols the anterior—posterior protrusion and migration of both
QR and QL (Honigberg and Kenyon 2000; Middelkoop et al.
2012). UNC-40/DCC is an UNC-6/Netrin receptor that regu-
lates cell and growth cone migrations in the dorsal-ventral
axis (Hedgecock et al. 1990; Keino-Masu 1996). UNC-6/Netrin
is not involved with UNC-40/DCC in anterior—posterior Q
migration (Honigberg and Kenyon 2000), nor does it act
with UNC-40 in muscle arm extension (Alexander et al
2009), suggesting that UNC-40/DCC might utilize other
ligands in these processes.

To identify additional genes that might act with UNC-40
in initial Q protrusion and migration, we conducted a for-
ward genetic screen for mutants with altered migrations of
the QL and QR descendant neurons AQR and PQR, with the
idea that they might also affect Q protrusion and migration.
This screen identified three new mutations in the mig-21
gene (Du and Chalfie 2001), which encodes a small trans-
membrane molecule with two extracellular thrombospondin
type I domains. MIG-21 was shown previously to affect Q
protrusion and migration and Q descendant migration and
to control differential sensitivity of QL and QR to the
EGL-20/Wnt signal (Du and Chalfie 2001; Middelkoop
et al. 2012).

A previous screen for Q descendant migration mutants
identified qid-5(mu245) (Ch'ng et al. 2003), which we
found caused misdirected AQR and PQR similar to unc-40
and mig-21. We sequenced the genome of a qid-5(mu245)
strain and discovered that qid-5(mu245) is a new and po-
tential null allele of the ptp-3 gene, which was previously
implicated in Q protrusion and migration (Williams 2003)
and which encodes a LAR-type receptor protein tyrosine
phosphatase (Harrington et al. 2002; Ackley et al. 2005).
The ptp-3 locus encodes a family of transmembrane mole-
cules characterized by extracellular immunoglobulin and fi-
bronectin type III repeats and two intracellular phosphatase
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domains. PTP-3/LAR-related molecules are involved in mul-
tiple aspects of nervous system development, including axon
guidance, neurite development, and synaptic organization
(Ackley et al. 2005; Johnson et al. 2006; Pawson et al.
2008; Hofmeyer and Treisman 2009; Wang et al. 2012), cell
movements in gastrulation (Harrington et al. 2002), and
germline stem cell maintenance (Srinivasan et al. 2012).

Analysis of double and triple mutants involving unc-40,
ptp-3, and mig-21 revealed distinct interactions in QL vs. QR.
In QL we found that UNC-40 and MIG-21 act redundantly in
posterior migration, similar to a recently published study
(Middelkoop et al. 2012). We also found that PTP-3 acts
in parallel to UNC-40 in QL posterior migration and might
act in the same pathway as MIG-21. Surprisingly, we found
that the abnormal posterior migration of QR in ptp-3 and
mig-21 mutants was suppressed by unc-40, and vice versa,
leading us to speculate that in QR, UNC-40 and a PTP-3/
MIG-21 pathway might mutually inhibit each other’s role
in posterior migration, allowing for anterior migration of
QR. Cell-specific rescue and RNAi experiments indicate that
MIG-21, UNC-40, and PTP-3 can act cell autonomously in
the Q cells to guide Q migrations.

In sum, we have identified three transmembrane mole-
cules, UNC-40, MIG-21, and PTP-3, that control posterior
Q cell migration. UNC-40 and MIG-21/PTP-3 act in parallel
in QL and act as mutual inhibitors of one another in QR.
These novel interactions between UNC-40, PTP-3, and MIG-
21, indicate that complex transmembrane receptor interac-
tions guide initial Q cell protrusion and migration, and that,
despite apparent bilateral symmetry, QL and QR use inher-
ently distinct mechanisms to guide initial anterior—posterior
migration.

Materials and Methods
C. elegans genetics

All experiments were conducted at 20° using standard cul-
ture techniques (Sulston and Hodgkin 1988). The following
mutations were used: LGI unc-40(e1430), unc-40(e271),
unc-40(n324); LGII ptp-3(mu256), ptp-3(mu245), ptp-3
(0k244), muls32[mec-4::gfp]; LGIII mig-21(u787), mig-21
(1937), mig-21(lq78), mig-21(1q84); LGIV lqIs80[Pscm pro-
moter::gfp::caax]; LGV sid-1(pk3321), lqIs58[Pgcy-32 pro-
moter::cfp], ayls9[Pegl-17::gfp] (Branda and Stern 2000);
LG unassigned [qls146[Pscm promoter::unc-40(RNAi)],
[qgEx661[Pscm promoter::mig-21(RNAi)], lqIs166[Pscm pro-
moter::ptp-3(RNAi)]; lqls151[Pscm promoter::unc-40(+)::
gfpl, lgEx637[Pscm promoter::ptp-3B(+)::gfp)], juls197
[ptp-3B(+)::gfpl, l[qEx593[mig-21(+)], lqEx712 [Pdpy-7::
ptp-3B(+)], IqgEx714 [Pegl-17::unc-40(+)], [gEx716 [Pegl-
17::ptp3B(+)]. Trangenes were constructed by standard
gonadal microinjection to produce extrachromosomal arrays
and were stably integrated into the genome using standard
trimethylpsoralen and ultraviolet light treatment (Mello and
Fire 1995).
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Isolation of mig-21 alleles and characterization
of the mig-21 locus

The mig-21 alleles [q37, lq78, and [q84 were isolated in an
EMS screen for new mutations that affect the positions of the
Q cell descendants AQR and PQR (E. A. Lundquist, unpub-
lished results). Single nucleotide polymorphism (SNP) map-
ping was used to assign these mutations to linkage groups as
described in Davis et al. (2005). Briefly, males from the poly-
morphic Hawaiian strain CB4856 were mated to hermaphro-
dites harboring the new mutation in the N2 background,
which also contained the [gIs58 V and [qIs80 IV marker trans-
genes. Single F, heterozygous hermaphrodites were plated
singly, and 10-20 F, animals with AQR and PQR migration
defects (mutant segregants) were subjected to PCR using the
SNP primers described in Davis et al. (2005). The PCR prod-
ucts were digested with Dral restriction enzyme to detect the
SNP. Relative agarose gel electrophoresis band intensities
were used to determine which CB4856-associated SNP’s were
underrepresented in the mutant segregants. [q37, [q78, and
[q84 all showed linkage to SNP’s on LGIII, and each failed to
complement each other and mig-21(u787) for AQR and PQR
defects (data not shown). The mig-21 locus from each strain
was amplified by polymerase chain reaction (PCR), and the
PCR products were sequenced to identify the lesions associ-
ated with each allele (primer sequences available upon re-
quest). [q37 was a G-to-A transition (position LGIII 5,877,678
WS228) resulting in a C-to-Y missense change; [q78 was a
G-to-A transition (position LGIII 5,877,466 WS228) resulting
in a G-to-E missense; and [q84 was a G-to-A missense (position
LGIII 5,877,289 WS228) resulting in an altered 3’ splice site.

A transgene containing the wild-type mig-21(+) locus was
generated by amplifying and cloning the mig-21 gene from N2
genomic DNA. This fragment consisted of the entire region
from the predicted upstream and downstream genes relative
to FO1F1.13 (LGIII 5,878,514 to 5,876,277, WormBase
WS229). The region was sequenced to ensure that no muta-
tions had been introduced by PCR. This construct (IgEx593)
rescued the AQR and PQR migration defects of mig-21(u787).

In an unrelated experiment, the transcriptomes of L1
larvae ~5 hr after hatching were sequenced using next-
generation RNA seq on the Illumina Genome Analyzer IIx
(GAIIx) platform (Cofactor Genomics, St. Louis). Sequenc-
ing reads were mapped to the C. elegans reference genome
using TopHat (Langmead et al. 2009) and visualized using
the Integrated Genomics Viewer 2.0.15 (Robinson et al.
2011; Thorvaldsdottir et al. 2012). The reads that mapped
to the mig-21 locus are shown in Figure S1 and confirmed the
gene structure diagrammed in Figure S2. The 3’ end of the
gene structure is identical to that described in Middelkoop
et al. (2012). The 5’ end differed from the Middelkoop
et al. (2012) prediction, and was confirmed by a transcript
sequencing read as shown on WormBase WS229 (read
MM454 FPK17YKO1AZZNG). The prediction described here
contains a predicted N-terminal signal sequence not found
in the Middelkoop et al. (2012) prediction.

ptp-3(mu245) identification

The previously identified gid-5(mu245) mutant affected
AQR and PQR migration in a manner similar to mig-21. To
identify the gene affected by qid-5(mu245), we subjected
a strain harboring the mutation (LE2577; qid-5(mu245)
muls32 IT; [qIs80 Iv; lqls58 V) to genome resequencing using
the Mlumina GAIIx platform (special thanks to O. Hobert
and A. Boyanov, Columbia University, New York). LE2577
reads were compared to the C. elegans reference genome
using MAQgene (Bigelow et al. 2009), which also catego-
rized the predicted effects the polymorphisms had on gene
structure and function. LE2577 harbored a predicted C-to-A
mutation (position LGII 10,995,118 in WS229) that resulted
in a premature stop codon in the ptp-3 gene. gid-5(mu245)
had been previously mapped to a region of LGII that con-
tains ptp-3. qid-5(mu245) failed to complement ptp-3 for
AQR and PQR migration defects (data not shown), indicat-
ing that mu245 is an allele of ptp-3.

Scoring AQR and PQR migration defects

Defects in AQR and PQR migration were quantified as
described previously (Chapman et al. 2008). AQR and PQR
were assayed using the gcy-32::c¢fp transgene [qIs58 in L4 or
young adult animals. Five regions along the anterior—poste-
rior axis of the animal were considered. Position 1 repre-
sents the wild-type position of AQR in the anterior deirid
ganglion just posterior to the pharynx; position 2 represents
a region anterior to the vulva but posterior to the anterior
deirid; position 3 represents a region proximal to the vulva
(~10 AQR or PQR cell body widths to the anterior and
posterior of the vulva); position 4 represents the birthplace
of the Q neuroblasts near the posterior deirid ganglion; and
position 5 represents the wild-type position of PQR posterior
to the anus in the phasmid ganglion. At least 100 animals of
each genotype were scored for AQR and PQR position relative
to this scale. Only positions 1 and 5, the unambiguous posi-
tions of wild-type AQR and PQR, were used in statistical anal-
ysis. Significance was determined using Fisher’s exact test.

Scoring Q neuroblast migration defects

The protrusion and migration of the Q neuroblasts was
quantified as described previously (Chapman et al. 2008).
To synchronize animals, adults and larvae were washed from
plates, leaving behind eggs. At one-half-hour time points,
newly hatched larvae were washed from these plates and
allowed to develop on freshly seeded NGM plates. Q cells
were analyzed at 2, 3, and 4 hr after synchronization. At 2—
2.5 hr posthatch, the Q neuroblasts extend anterior (QR)
and posterior (QL) protrusions. By 3-3.5 hr, the Q neuro-
blasts have migrated above their respective seam cells (V4
for QR; V5 for QL). At 4-4.5 hr, the Q neuroblasts undergo
their first division above the seam cells. Protrusion at 2-2.5
hr was scored as anterior if the cell protruded over the V4
seam, as no protrusion if it failed to protrude, and posterior
if it protruded over the V5 seam cell. Migration at the 3- to
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3.5-hr stage was scored as anterior if the Q cells migrated
over the V4 seam cell, as migration failure if the Q cells failed
to migrate, and as posterior if the Q cells migrated over the V5
seam cell. Position of division at 4-4.5 hr was scored as ante-
rior if the Q cells divided over the V4 seam cell, as between if
the Q cells divided between the V4 and V5 seam cells, and
posterior if the Q cells divided over the V5 seam cell. At least
25 cells were scored for each genotype, and significance of
difference in migration between genotypes was determined by
Fisher’s exact analysis. Only position of division at 4-4.5 hr
was included in Figure 6, but a table with all of the time-point
data are included as Table S1.

ptp-3 and unc-40 transgenes

A transgene consisting of the wild-type ptp-3B gene and up-
stream region fused in frame to gfp (juls197[ptp-3B::gfpl)
(Ackley et al. 2005) rescued AQR and PQR defects of ptp-3
(mu256). We amplified the coding region from this construct
and placed it behind the scm promoter to drive ptp-3B::gfp
expression specifically in the seam cells and early Q cells
(lgEx637[scm promoter::ptp-3B::gfp]) (Chapman et al.
2008). Primer and plasmid sequences are available upon re-
quest. We created an scm promoter::unc-40::gfp transgene
(lgIs151[scm promoter::unc-40(+)::gfp]) by amplifying the
unc-40::gfp coding region from the previously described
mec-4 promoter::unc-40::gfp plasmid (Levy-Strumpf and
Culotti 2007) and placing it behind the scm promoter. The
dpy-7 promoter (Gilleard et al 1997) (LGX: 7,537,743-
7,538,087; WS232) was amplified by PCR and placed up-
stream of ptp-3B(+) and the egl-17 promoter (Branda and
Stern 2000; Cordes et al. 2006) (LGX: 485,131-489,794;
WS232) was amplified by PCR and placed upstream of unc-
40(+) and ptp-3B(+). The coding regions of these transgenes
were sequenced to ensure that no errors had been introduced
by PCR.

Transgenic RNA-mediated gene interference (RNAI)

We used a cell-specific transgenic RNAi approach as de-
scribed previously (Esposito et al. 2007). Fragments of the
mig-21, unc-40, and ptp-3 coding regions were amplified by
PCR and inserted behind the scm promoter in a plasmid
(primer and plasmid sequences available upon request).
For each gene, a “sense” and “antisense” orientation relative
to the scm promoter was isolated. An equimolar mixture
of the sense and antisense plasmids was used to construct
transgenic animals. These transgenic animals were pre-
dicted to express both sense and antisense RNAs driven by
the scm promoter in the seam cells and Q cells, which was
expected to trigger a double-stranded RNA response in these
cells (RNAI). Using this approach, mig-21(RNAi) phenocop-
ied mig-21 mutations in AQR and PQR migration. While ptp-
3(RNAi) and unc-40(RNAi) had no effect on their own, they
both enhanced the effects of mutations in the other. Trans-
genes were crossed into the sid-1(pk3321) background to
test potential dsRNA spreading and systemic effects of the
transgenes.
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Results
mig-21 allele isolation and the mig-21 locus

In a screen for new mutations with AQR and PQR migration
defects, we identified three new mutations, lg37, [q78, and
[q84, that caused directional migration defects of both
AQR and PQR. These three alleles mapped to linkage group
III (see Materials and Methods) and failed to complement
one another for AQR and PQR migration (data not shown),
suggesting they affected the same gene. The mig-21 gene,
which was previously shown to affect Q descendant migra-
tions (Du and Chalfie 2001; Middelkoop et al. 2012), resides
on linkage group (LG) III. mig-21(u787) failed to comple-
ment [q37, [q78, and [g84 for AQR and PQR migration
defects (data not shown), indicating that these mutations
were new alleles of mig-21.

mig-21 corresponds to the FO1F1.13 gene in WormBase
(Middelkoop et al. 2012). To confirm the mig-21 locus struc-
ture, we sequenced transcripts from early L1 animals using
next generation sequencing (RNA seq) (see Materials and
Methods). From these reads (Supporting Information, Figure
S1) and from cDNAs reported on WormBase, a mig-21 gene
structure was determined as depicted in Figures S1 and S2.
The 3’ end (exons 2-5) was identical to that reported by
Middelkoop et al. (2012). The first exon defined by RNA seq
in our prediction differed from the first exon of the Middelkoop
et al. (2012) model (Figure S1), which is upstream and non-
overlapping with our first exon. The initiator ATG in the
Middelkoop et al. (2012) model is 167 bp upstream of our
predicted ATG. No RNA seq reads aligned to this 167-bp up-
stream exon region (Figure S1), indicating that it is not actively
transcribed and is not an exon of mig-21. A transcript with our
predicted structure could be produced by transgenes described
in Middelkoop et al. (2012), as these included our entire pre-
dicted region as well as the 167-bp upstream sequence.

The mig-21 locus described here can encode a 313-residue
type I transmembrane molecule with an N-terminal signal
sequence, two predicted extracellular thrombospondin type
I domains, a transmembrane domain, and a short cytoplas-
mic tail with no obvious similarity to other molecules (Figure
1 and Figure S2). This MIG-21 molecule contained a predicted
N-terminal signal sequence not found in the Middelkoop et al.
(2012) prediction, supporting the accuracy of exon 1 in our
gene model.

Sequencing of the mig-21 gene from [q37, lq78, and [q84
revealed nucleotide lesions associated with each allele (Fig-
ure S1 and Figure 1). [q37 contained a G-to-A transition
resulting in a missense cysteine to phenylalanine change in
the first thrombospondin type I domain. [q78 showed a G-to-
A transition resulting in a glycine-to-glutamic acid missense
change in an unconserved region of the predicted extracellu-
lar domain, and [g84 harbored a G-to-A transition in the 3’
splice site of the fourth intron. The previously characterized
mig-21(u787) mutation is G-to-A transition, resulting in a pre-
mature stop codon (tryptophan 65).
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n324(*)

PTP — mu256(fs)

Figure 1 Three transmembrane molecules affect Q neuroblast protrusion
and migration. Diagrams of UNC-40/DCC, PTP-3B/LAR, and MIG-21 are
shown. The relative positions of nucleotide lesions associated with each
mutation used here are indicated. *, nonsense premature stop codon; m,
missense mutation; and 3’ splice, the mutation affects the 3’ splice site at
that position in the transcript. Ig, immunoglobulin | domain; FNIII, fibro-
nectin type Il domain; TM, transmembrane domain; P1, P2, and P3, con-
served, proline-rich domains; PTP, protein tyrosine phosphatase domain;
TSPI, thrombospondin type | domain.

MIG-21 controls AQR and PQR migration

Our mig-21 results reported here with the Q cell descen-
dants AQR and PQR migration are similar to those reported
in Middelkoop et al. (2012), who used the position of the
QL.pax and QR.pax neurons (SDQL/R, AVM, and PVM) also
derived from QL and QR. AQR and PQR were visualized
with a gcy-32::¢fp transgene described previously (Chapman
et al. 2008). In wild type, the QR descendant AQR on the
right migrates anteriorly to the anterior deirid ganglion, and
the QL descendant PQR on the left migrates posteriorly to
the phasmid ganglion in the tail (Figure 2, A-C). We found
that mutations in mig-21 caused directional defects in both
AQR and PQR migration, with PQR affected more strongly
(Figures 2 and 3). PQR sometimes migrated anteriorly, and
AQR sometimes migrated posteriorly. mig-21(u787), a pre-
dicted premature stop codon, was consistently the strongest
allele, especially in AQR migration, and is likely a null (Fig-
ure 3). The other alleles [q37, [q78, and [q84 might be hy-
pomorphic alleles. A transgene harboring a wild-type copy
of the mig-21 locus (see Materials and Methods) rescued the

AQR and PQR migration defects of mig-21(u787) (Figure 3).
These results indicate that MIG-21 is involved in determin-
ing the direction of AQR and PQR migration.

MIG-21 controls early Q neuroblast migration

Previous results suggested that defects in AQR and PQR
migration could be due to earlier defects in the protrusion
and migration of the Q neuroblasts from which AQR and
PQR are derived (Chapman et al. 2008; Dyer et al. 2010).
We analyzed early Q cell protrusion and migration using the
scm::GFP::CAAX reporter gene described previously (Chapman
et al. 2008; Dyer et al. 2010). At 1-1.5 hr posthatching,
protrusions start as small filopodial structures that later
become large protrusions at 2-2.5 hr after hatching (Figure
4, A-C). QR protrudes anteriorly over the V4 seam cell and
QL protrudes posteriorly over V5. At 3-3.5 hr after hatching,
the Q cell bodies migrate to reside atop V4 (for QR) and V5
(for QL) (Figure 4, A, D, and E). At 4-4.5 hr after hatching,
the Q cells undergo their first division atop the respective
seam cells (Figure 4, A, F, and G).

mig-21(u787) and mig-21(lq37) mutants displayed defects
in the direction of Q neuroblast protrusion (Figure 5, A and B),
similar to results in Middelkoop et al. (2012). QR sometimes
protruded and migrated posteriorly, and QL sometimes pro-
truded and migrated anteriorly. Directional protrusion defects
were noted at the first sign of protrusion, suggesting that MIG-
21 affects the initial decision about direction of protrusion. We
also noted that some protrusions were shorter compared with
wild type. mig-21 Q cell bodies also migrated in the wrong
direction and divided atop the incorrect seam cell; QR some-
times migrated posteriorly and divided over V5, and QL some-
times migrated posteriorly and divided over V4. In some cases
MIG-21 Q cells failed to migrate (Figure 5F) and divided be-
tween the V4 and V5 cells or on their posterior or anterior
edges, respectively.

Defects in mig-21 at the stage of division (4-4.5 hr after
hatching) are quantified in Figure 6. QL migration was es-
sentially randomized in both mig-21(u787) and mig-21
(1g37), and QR was less severely affected. These data are
consistent with Middelkoop et al. (2012). We also quantified
initial protrusion at 2-2.5 hr and migration at 3-3.5 hr, and
similar trends were observed (see Table S1).

UNC-40/DCC controls early Q neuroblast migration

Previous studies have shown that the immunoglobulin su-
perfamily receptor molecule UNC-40/Deleted in Colorectal
Cancer controls early Q neuroblast protrusion (Honigberg
and Kenyon 2000; Middelkoop et al. 2012). We found sim-
ilar results using the scm::GFP::CAAX reporter to visualize
the Q cells (Chapman et al. 2008). In unc-40 mutants, Q
cells often initially protruded and migrated in the wrong
direction and failed to migrate fully atop the seam cells
before dividing (Figures 5E and 6). While similar to mig-21,
the penetrance of the unc-40(n324) and unc-40(e1430) phe-
notypes was consistently lower than those of mig-21(u787)
and mig-21(1q37).
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Figure 2 AQR and PQR migration in wild-type and mutants. (A) Simpli-
fied diagram of QR and QL migrations and divisions that result in three
neurons from each. QR on the right migrates anteriorly above V4 and
divides, and the daughters continue anterior migrations and divisions to
produce three neurons PQR, SDQR, and AVM. QL on the left migrates
posteriorly above V5, divides, and, in response to MAB-5 expression, the
daughters continue posterior migration and division to produce PQR,
SDQL, and PVM. (B) Diagram showing the scoring positions used in Fig-
ures 3 and 7-9 (see Materials and Methods). Position 1 is the normal final
position of AQR near the anterior deirid ganglion, and position 5 is the
normal final position of PQR behind the anus in the phasmid ganglion.
The asterisk at position 4 represents the approximate birth place of the Q
neuroblasts. Position 3 is proximate to the vulva, and position 2 is anterior
to the vulva but still posterior to the anterior deirid ganglion. (C-E) Fluo-
rescent micrographs of animals expressing cyan fluorescent protein (cfp)
from the gcy-32 promoter in AQR, PQR, and the URXL/R neurons. v,
position of the vulva. The scale bar in panel C represents 10 wM for
panels C-E. In all micrographs, anterior is to the left, and dorsal is up.

unc-40 also displayed defects in AQR and PQR direction
and extent of migration (Figure 3). PQR was more strongly
affected than AQR, and the defects were less penetrant than
those in mig-21. PQR migration defects were significantly
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less severe in unc-40(e1430) compared to unc-40(n324),
suggesting that unc-40(e1430) might retain some function,
although AQR migration and QL/QR migration were not
significantly different between unc-40(e1430) and unc-40
(n324). A third unc-40 allele, e271, caused defects similar
to unc-40(n324) that were significantly more severe than
unc-40(e1430) (Figure 3). Furthermore, the n324/e1430
trans-heterozygote resembled n324 alone (Figure 3). To-
gether, these data suggest that unc-40(e1430) is a hypo-
morph, although it is also possible that unc-40(e1430)
carries a linked recessive suppressor mutation not found
in the other strains.

PTP-3/LAR controls early Q neuroblast migration

To identify other molecules with roles in Q migration similar
to MIG-21 and UNC-40, we assayed mutants that had been
shown previously to affect Q descendant migrations. gid-5
(mu245) was shown to affect the placement of the AVM and
PVM Q descendants (Ch’'ng et al. 2003). We found that gid-5
(mu245) also affected AQR and PQR direction and extent of
migration similar to unc-40 and mig-21. We used next gen-
eration sequencing to determine the genome sequence of
a qid-5(mu245) strain (see Materials and Methods). qid-5
(mu245) had been previously mapped to the region of link-
age group II (Ch’'ng et al. 2003), and in this region of the
genome we discovered a premature stop codon in the ptp-3
gene. ptp-3 had been shown previously to affect Q and de-
scendant migrations (Williams 2003), and we found that
qid-5(mu245) failed to complement ptp-3(mu256) for AQR
and PQR migration (data not shown).

The previously described ptp-3(mu256) allele is a single
nucleotide insertion in the coding region for the first phos-
phatase domain (Ackley et al. 2005) (Figure 1 and Figure
S3). ptp-3(mu245) introduces a TCA/serine to TAA prema-
ture stop at codon 905 in the ptp-3A open reading frame and
is predicted to affect all known ptp-3 transcripts except the
shortest, ptp-3C (Figure 1 and Figure S3). As described below,
the ptp-3B transcript is the relevant transcript for Q cell mi-
gration. ptp-3B encodes an isoform of a LAR receptor tyrosine
phosphatase-like molecule and consists of an extracellular
domain with two fibronectin III repeats, a transmembrane
domain, and an intracellular domain with two tyrosine phos-
phatase domains (Figure 1) (Harrington et al. 2002).

Both ptp-3(mu245) and ptp-3(mu256) caused defects in
AQR and PQR migration that resembled mig-21 and unc-40
(Figure 3). ptp-3(mu256) was shown previously to affect
early Q direction and extent of protrusion (Williams 2003),
and we found that ptp-3(mu245) also affected initial Q di-
rection of protrusion and migration similar to unc-40 and
mig-21 (Figure 6). The ptp-3(ok244) deletion allele affects
only a subset of ptp-3 predicted transcripts with extended
5’ exons (ptp-3A, D, and E; WormBase). ptp-3(0k244) caused
no defects in AQR or PQR migration (Figure 3) or in early Q
neuroblast protrusion and migration (data not shown), sug-
gesting that the ptp-3A, D, and E products are not involved
in Q migrations. The ptp-3B transcript is the only known
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transcript affected by mu245 and not affected by ok244
(Figure S3), suggesting that ptp-3B is the relevant isoform
in Q and descendant migrations. As shown below, a ptp-3B
transgene rescued ptp-3(mu256), consistent with this
notion.

ptp-3(mu245) displayed significantly more posteriorly di-
rected QR cells and AQR neurons and anterior QL migration
than ptp-3(mu256) (Figures 3 and 6), suggesting that ptp-3
(mu245) might be a stronger loss-of-function allele than ptp-3
(mu256) and might be a null for the affected isoforms, in-
cluding ptp-3B. While unc-40, ptp-3, and mig-21 mutations all
affected Q and descendant migrations in a similar manner,
mig-21 and ptp-3 mutants generally had stronger effects than
unc-40 mutants.

MIG-21 and UNC-40 act redundantly in posterior
QL migration

mig-21 and unc-40 mutations both displayed defects in QL
posterior protrusion and migration, with some QL cells pro-
truding and migrating to the anterior. mig-21(u787); unc-40
(n324) double mutants had QL migration defects that were
significantly and synergistically more severe than either mu-
tant alone (Figure 6). This phenotypic synergy suggests that
UNC-40 and MIG-21 normally act redundantly to control QL
posterior migration. These results are consistent with
Middelkoop et al. (2012), who also found that MIG-21 and
UNC-40 redundantly control posterior QL protrusion. The
unc-40(e1430); mig-21(u787) defects were not significantly
different from mig-21(u787) alone (Figure 6), supporting the
idea that unc-40(e1430) is a hypomorph.

PQR migration was also significantly more severely
affected in double mutants of two distinct unc-40 and mig-
21 alleles than the single mutants alone (Figure 7). In unc-

40(n324); mig-21(u787) doubles, the putative double null,
only 2% of PQR neurons migrated posteriorly. These results
indicate that UNC-40 and MIG-21 redundantly control pos-
terior protrusion and migration of QL and posterior migra-
tion of PQR.

Anterior QR migration is regulated through mutual
antagonism of MIG-21 and UNC-40

mig-21 and unc-40 mutants both displayed abnormal poste-
rior protrusion and migration of QR, which normally migrates
anteriorly (Figure 6). Surprisingly, unc-40; mig-21 double
mutants displayed significantly reduced posterior QR pro-
trusion and migration compared to either single mutant
alone (Figure 6). In fact, in no unc-40; mig-21 double mu-
tant scored did we observe a QR that had migrated posteri-
orly. These data suggest that wild-type UNC-40 activity was
required for posterior QR migration in mig-21 mutants, and
that wild-type MIG-21 activity was required for posterior QR
migration in unc-40 mutants. These results imply that in QR,
MIG-21 and UNC-40 might normally inhibit the other’s role
in posterior migration, resulting in the normal anterior migra-
tion of QR. When either MIG-21 or UNC-40 is missing, the
other is free to drive posterior protrusion and migration.

A similar trend was observed in AQR migration, as sig-
nificantly fewer AQRs migrated posteriorly in the unc-40; mig-
21 double mutants compared to mig-21 alone (Figure 7). The
exception was the unc-40(e1430); mig-21(1q37) combination,
which was not significantly different from mig-21(Iq37) alone,
again suggesting that unc-40(e1430) is a hypomorph.

In sum, these experiments indicate that MIG-21 and
UNC-40 are required for posterior Q cell and descendant
migration. In QL, MIG-21 and UNC-40 act redundantly to
drive posterior protrusion and migration. In QR, MIG-21 and
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UNC-40 might reciprocally inhibit each other, allowing an-
terior protrusion and migration. In other words, mutation of
one revealed a latent ability of QR to protrude and migrate
posteriorly, which was dependent on the other.

PTP-3 acts redundantly with UNC-40 in QL, similar
to MIG-21

We found that the unc-40(n324); ptp-3(mu256) double mu-
tant resulted in embryonic lethality (data not shown), and
we were unable to score Q cells and descendants in these
mutants. To circumvent this lethality, we used a transgenic
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Figure 4 Q neuroblast protrusion and migration in
wild type. (A) Diagram of Q neuroblast protrusion
and migration, with times after hatching indicated.
(B—G) Micrographs of wild-type Q neuroblasts and
seam cells V4 and V5 are shown at different stages
scored (see Materials and Methods). The Pscm::
gfp::caax transgene lq/s80 was used to visualize
these cells. In all micrographs, anterior is to the left,
and dorsal is up. (B and C) At 2-2.5 hr posthatch-
ing, QR sent a protrusion anteriorly over V4 and QL
posteriorly over V5 (arrows). (D and E) At 3-3.5 hr,
QR had migrated atop V4, and QL had migrated
atop V5. (F and G) At 4-4.5 hr, QR had divided
above V4 and QL atop V5 (daughter cells denoted
by asterisks). Bar (in A), 5 uM for each panel.

RNAI approach to knock down unc-40 and ptp-3 in the seam
cells and Q cells based on the approach described in Esposito
et al. (2007) (see Materials and Methods). Plasmids were
generated to drive expression of sense and antisense RNA
complementary to the unc-40 and ptp-3 genes under the con-
trol of the seam cell promoter (scm promoter), which is active
in the seam cells and early Q cells (Terns et al. 1997; Chapman
et al. 2008). Animals were made transgenic with a mix of
the sense and antisense plasmids, and the resulting trans-
genes were used in analysis. On their own, scm::ptp-3(RNAi)
and scm::unc-40(RNAi) lines, from hereon called ptp-3(RNAi)
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Figure 5 Q neuroblast polarization and migration in
mutants. Images are as described in Figure 4, but in dif-
ferent mutant backgrounds. In all micrographs, anterior is
to the left, and dorsal is up. (A-C) Images at 2-2.5 hr
posthatching. (A) QR neuroblast protruded to the poste-
rior over V5 in mig-21(u787) (arrow points to the protru-
sion). (B) QL neuroblast protruded to the anterior over V4
in a mig-21(lg37) mutant (arrow). (C) QR protruded pos-
teriorly over V5 in a ptp-3(mu256) mutant. (D) QL pro-
truded anteriorly (arrow). (E and F) Images at 3-3.5 hr
posthatching. (E) QR migrated posteriorly atop the V5
seam cell in an unc-40(e1430) mutant. (F) QL failed to
migrate and resided between V4 and V5 in mig-21
(u787). (G and H) Images at 4-4.5 hr posthatching. (G)
QR had divided atop V5 in ptp-3(mu256) (daughter cells
denoted by asterisks). (H) QL divided between V4 and V5

3-3.5h seam cells in ptp-3(mu256).
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and unc-40(RNA1), showed no defects in QR or QL migration
(data not shown). However, unc-40(RNAi); ptp-3(mu256)
and unc-40(RNAD); ptp-3(mu245) showed significantly more
anterior QL migration compared to ptp-3(mu256) and ptp-3
(mu245) alone (Figure 6). PQR migration was similarly
affected (Figure 7). These results indicate that UNC-40 and
PTP-3 act redundantly in QL protrusion and migration. unc-
40(RNAi) had no effect on its own, indicating that unc-40
(RNAi) eliminated some, but not all, unc-40 activity. ptp-3
(RNAi) also had no effect alone but enhanced the PQR mi-
gration defects of unc-40(n324) (Figure 7). These results
indicate that PTP-3 and UNC-40 redundantly control the
posterior protrusion and migration of QL and the posterior
migration of PQR, similar to MIG-21 and UNC-40.

PTP-3 and UNC-40 display mutual antagonism in QR,
similar to MIG-21 and UNC-40

The unc-40(RNAi); ptp-3(mu245) double mutant displayed sig-
nificantly fewer posterior QR and AQR migrations compared to
ptp-3(mu245) alone (Figures 6 and 7), suggesting mutual an-
tagonism in posterior QR migration as described for UNC-40
and MIG-21. unc-40(RNAi) in the ptp-3(mu256) hypomorphic
background resulted in fewer posterior QR, but this was not
statistically significant. This could be due to the fact that nei-

.- ‘\

4-4.5h

ther unc-40(RNAD) nor ptp-3(mu256) completely eliminates
function of either gene, and the hypomorphic ptp-3(mu256)
had fewer posterior QR/AQR than the null ptp-3(mu245).

In reciprocal experiments targeting ptp-3 with RNAi, we
found that ptp-3(RNA1); unc-40(n324) animals showed no
posterior AQR migration compared to 3% for unc-40(n324)
alone (Figure 7). While not statistically significant, this re-
sult is consistent with PTP-3 function being required for
posterior AQR migration in unc-40 mutants.

In sum, interactions between ptp-3 and unc-40 were similar
to those observed between mig-21 and unc-40: redundancy in
QL/PQR posterior migration and mutual suppression of pos-
terior QR/AQR migration.

PTP-3 and MIG-21 act in the same genetic pathway

ptp-3; mig-21 double mutants showed no significant change
in percentages of QL and QR that migrated to the posterior
compared to single mig-21(u787) mutants, suggesting that
they act in the same pathway (Figure 6). This is in contrast
to unc-40(n324); mig-21(u787) double mutants, which
strongly synergized in QL, suggesting action in parallel
pathways (Figure 6). AQR and PQR defects in mig-21; ptp-3
doubles were also not different from mig-21 alone (Figure
7). The lack of strong genetic enhancement in mig-21; ptp-3
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double mutants indicates that PTP-3 and MIG-21 act in the
same pathway in Q migrations.

The triple unc-40(RNAD; ptp-3(mu245); mig-21(u787) dis-
played significantly more QL and PQR defects than ptp-3
(mu245); mig-21(u787), indicating redundancy between unc-
40 and ptp-3/mig-21 (Figures 6 and 7). Triple mutant ptp-3
(mu245); mig-21(u787); unc-40(RNAi) QL and PQR defects
were not significantly more severe than unc-40(n324); mig-
21(u787) or unc-40(RNA1); ptp-3 doubles (Figures 6 and 7),
consistent with MIG-21 and PTP-3 acting in the same pathway
in parallel to UNC-40. The unc-40(RNAD); ptp-3(mu245); mig-
21(u787) triple also displayed significantly fewer posterior QR
and AQR migrations than ptp-3(mu245); mig-21(u787) (Fig-
ures 6 and 7), indicating mutual antagonism of UNC-40 and
PTP-3/MIG-21 in QR and AQR posterior migration.

This genetic analysis indicates UNC-40, MIG-21, and
PTP-3 all function to promote posterior Q cell and Q de-
scendant migration. IN QL, MIG-21 and PTP-3 act in the
same pathway in parallel to UNC-40. In QR, UNC-40 and
MIG-21/PTP-3 might define two pathways that mutually
antagonize the other’s activity in posterior migration, such
that anterior migration of these cells can result.

UNC-40, MIG-21, and PTP-3 can act autonomously
in the Q cells

We drove the expression of the unc-40 coding region fused
to green fluorescent protein (gfp) in the seam cells and Q cells
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using the scm promoter (see Materials and Methods). This
construct was expressed in these cells, and UNC-40::GFP
accumulated at the cell margins of the seam cells and Q cells
(Figure 8A). Furthermore, Pscm::unc-40::gfp rescued the
AQR and PQR migration defects of unc-40(n324) (Figure
8D), suggesting that UNC-40 activity in the seam cells
and/or Q cells is sufficient for AQR and PQR migration.

We also generated a transgene driving unc-40 expression
in the Q cells and not the seam cells using the egl-17 pro-
moter (Branda and Stern 2000; Cordes et al. 2006). At the
time of Q cell migration and division in early L1 (0-6 hr
posthatching), the egl-17 promoter drove gfp expression in
the Q cells in the posterior, with no detectable expression in
other posterior cells (Figure 8C and Middelkoop et al. 2012).
In the anterior, some pharyngeal cells, the M4 pharyngeal
neuron, and a cell that might be the head mesodermal cell
expressed egl-17::gfp (Figure 8C). After Q migration and
division (6-10 hr posthatching), egl-17::gfp expression was
detected in the P cells (the vulval precursor cells) in the
posterior (data not shown). However, at the time of Q mi-
gration, egl-17::gfp expression was limited to the Q cells in
the posterior.

The Pegl-17::unc-40 transgene rescued AQR and PQR mi-
gration defects of unc-40(n324) (Figure 8D). As the egl-17
promoter was active only in Q cells in the posterior at the
time of Q migration and division, Q cell expression is the
most likely source for unc-40 rescue. Although non-Q
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Figure 7 AQR and PQR migration in
double and triple mutants. Genotypes
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sources cannot be definitively excluded, this result suggests
that UNC-40 acts autonomously in the Q cells.

unc-40 RNAi driven by the scm promoter enhanced QL/
QR and AQR/PQR migration defects of ptp-3 and mig-21
(Figure 7), suggesting that UNC-40 acts in the seam cells
and/or Q cells. However, RNAi can spread from one tissue to
another (systemic RNAi) (Tabara et al. 1998; Timmons et al.
2001), so it is possible that RNAi expressed from the scm
promoter might spread to other tissues, and that knockdown
in other tissues is responsible for AQR and PQR migration
defects. The SID-1 protein is required for spreading of RNAI,
as SID-1 affects the ability of cells to accumulate extracellu-
lar dsRNA molecules (Winston et al. 2002). Previous studies
have used transgenic expression of sid-1 to sensitize neurons
to systemic RNAi (Calixto et al. 2010). Here, we test whether
SID-1 function is required for the effects of cell-specific RNAi
expressed by the scm promoter. We tested the efficacy of unc-
40(RNAi) enhancement of ptp-3(mu256) in a sid-1(pk3321)
background and found that AQR and PQR defects were
slightly but not significantly reduced compared to the sid-1
(+) background (Figure 9). Together with rescue of unc-40
mutants by the Pscm::unc-40 and Pegl-17::unc-40 construct,
these data indicate that UNC-40 acts in the Q cells in AQR
and PQR migration.

MIG-21 expression in the Q cells using the egl-17 pro-
moter rescued defects, indicating that MIG-21 acts autono-
mously in the Q cells (Middelkoop et al. 2012). We were
unable to obtain cell-specific rescue of mig-21 with a trans-
gene containing the scm promoter driving the mig-21(+)
coding region fused to gfp, nor could we detect GFP expres-

sion. The endogenous expression of mig-21 is transient in
the Q neuroblasts at the time that they are extending pro-
trusions (1-2 hr after hatching) and diminishes rapidly as
the cell bodies migrate (Middelkoop et al. 2012). Possibly,
the Pscm::mig-21::gfp construct is not expressed at the cor-
rect time or level to rescue mig-21 mutants.

We found that mig-21 RNAI expressed from the scm pro-
moter caused AQR and PQR migration defects (Figure 9).
Furthermore, mig-21(RNAI) significantly enhanced PQR mi-
gration defects of unc-40(n324), and unc-40(n324) signifi-
cantly suppressed AQR posterior migration of mig-21(RNAi),
similar to mig-21(u787) (Figure 9). unc-40(n324); mig-21
(RNAi); sid-1(pk3321) mutant AQR and PQR defects were
not significantly different from the sid-1(+) background
(Figure 9), suggesting that mig-21 knockdown in the seam
cells and/or Q cells was causing the defects. This is consis-
tent with previous studies showing cell autonomy of mig-21
function in the Q cells (Middelkoop et al. 2012).

Similar studies were conducted on ptp-3. A transgene con-
taining the endogenous ptp-3B gene under its own promoter
fused to gfp (see Materials and Methods) rescued AQR and
PQR migration defects of ptp-3(mu256), as did expression
from the dpy-7 promoter active in all hypodermis including
the seam cells and the early Q cells (Gilleard et al. 1997)
(Figure 8C). Q-cell-specific Pegl-17::ptp-3B expression also
rescued ptp-3(mu256) and ptp-3(mu245) AQR and PQR mi-
gration defects, suggesting autonomy of ptp-3 function in the
Q cells. However, expression of ptp-3B::gfp from the scm seam
cell promoter did not significantly rescue ptp-3(mu256)
(Figure 8C), despite robust expression of PTP-3B::GFP
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in the seam and Q cells and cell margin accumulation (Fig-
ure 8B). Furthermore, ptp-3 RNAI driven by the scm promoter
enhanced PQR migration defects of unc-40(n324) but the en-
hancement was abolished in a sid-1(pk3321) mutant back-
ground (Figure 9). That Pegl-17::ptp-3B rescued ptp-3 mutants
argues that ptp-3 can act cell autonomously, as the egl-17 pro-
moter was active only in the Q cells in the posterior at the time
of initial Q migration (Figure 8C). However, expression in
other cells driven by the egl-17 promoter (pharyngeal cells,
the M4 neuron, and later P cell expression) cannot be ex-
cluded. Lack of rescue by Pscm::ptp-3B and sid-1 sensitivity
of scm promoter-driven RNAi suggest that ptp-3 might also
have a nonautonomous role in Q cell migration.

Discussion

Previous results showed that MIG-21 and UNC-40 act re-
dundantly in posterior QL migration (Middelkoop et al.
2012). Our results presented here confirm this finding in
QL and suggest that MIG-21 and UNC-40 might repress each
other in posterior QR migration, allowing QR to migrate
anteriorly (Figure 9). In the mig-21; unc-40 double null
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relating genotypes on the x-axis with the percentage
of AQR and PQR in the five positions as described
in Materials and Methods and Figure 2. [Pscm::unc-
40(+)] is the Pscm promoter::unc-40::gfp transgene
Iqls151, shown in A; [ptp-3B(+)] is the full length
ptp-3B:.gfp under its own promoter (juls179), and
[Pscm::ptp-3B(+)] is the Pscm::ptp-3B::gfp transgene
(lgEx637) shown in B (see Materials and Methods).
Statistical significances of difference were determined
by Fisher exact analysis, and error bars represent two
times the standard error of the proportion.

mutant, there was no posterior migration of either QL or
QR, consistent with a central role of UNC-40 and MIG-21
in promoting posterior migration. The LAR receptor tyrosine
phosphatase PTP-3 has been implicated in Q cell and de-
scendant migration (Williams 2003). We present evidence
here that UNC-40 and PTP-3 act redundantly in posterior QL
migration, and that MIG-21 and PTP-3 might act in the same
pathway in parallel to UNC-40. unc-40 RNAi knockdown
consistently reduced posterior QR migration in ptp-3, similar
to unc-40 suppression of this defect in mig-21, and mig-21;
ptp-3 double mutants showed posterior QR migration simi-
lar to either single alone. Thus, MIG-21 and PTP-3 might act
in the same pathway in parallel to UNC-40 in Q migration
(Figure 10).

The initial protrusion and migration of QL and QR affect
the subsequent expression of MAB-5 in the Q descendants
and thus their anterior posterior migration (Chapman et al.
2008; Middelkoop et al. 2012). QR is inherently less sensitive
than QL to the EGL-20/Wnt signal that activates MAB-5 ex-
pression (Whangbo and Kenyon 1999), and MIG-21 appears
to mediate this differential sensitivity (Middelkoop et al. 2012).
That AQR and PQR defects generally follow the trend of QL
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Figure 9 Cell autonomous RNAi of mig-21, unc-
40, and ptp-3 and the effects of sid-1(pk3321). The

Percent of PQR

and QR migration defects in these mutants is consistent with
this idea that initial Q protrusion and migration affects mab-
5 expression and subsequent Q descendant migration.

MIG-21 and UNC-40 mutual inhibition in QR

We found that unc-40; mig-21 double mutants displayed no
posterior QR migration, in contrast to each single mutant alone,
which showed significant QR posterior migration. This result
suggests that UNC-40 and MIG-21 can promote posterior migra-
tion in QR as in QL, but in QR they mutually repress each other’s
activity, allowing anterior migration (Figure 10). In a mig-21
mutant, UNC-40 was free to promote posterior QR migration;
and in an unc-40 mutant, MIG-21 was free to promote posterior
QR migration. Thus, QL and QR have an inherently distinct
mechanism involving UNC-40, PTP-3, and MIG-21 to control
posterior vs. anterior migration. In both QL and QR, these
three molecules promote posterior migrations. However, in
QR, UNC-40 and MIG-21 repress each other’s activity, allow-
ing QR to migrate anteriorly. The nature of this inherent dif-
ference in UNC-40 and MIG-21 function in QL vs. QR is not
understood, but it might be that QL and QR express distinct
cytoplasmic molecules that govern this differential action, or
that there are differences in the extracellular environments
on the left vs. the right side, leading to this effect. There is pre-
cedence for differences in QL vs. QR, as QR is inherently less
sensitive than QL to the EGL-20/Wnt signal that induces MAB-
5/Hox expression (Whangbo and Kenyon 1999; Middelkoop
etal 2012). Indeed, MIG-21 itself is involved in this differential
sensitivity to EGL-20/Wnt, positioning MIG-21 as a key regula-
tor of differential responses in initial Q migrations as well as
subsequent MAB-5-dependent Q descendant migrations.

x-axis shows genotypes analyzed, and the y-axis
shows the percentage of AQR and PQR cells in
each of the five positions as described in Materials
and Methods and Figure 2. mig-21(RNAI) repre-
sents the scm::mig-21(RNAJ) transgene IQEX661;
unc-40(RNA|) represents the scm::unc-40(RNAI)
transgene Iqls146; and ptp-3(RNAI) represents the
scm::ptp-3(RNAJ) transgene Iqls166 (see Materials
and Methods). Statistical significances of difference
were determined by Fisher exact analysis, and error
bars represent two times the standard error of the
proportion.

While Middelkoop et al. (2012) did not address posterior
QR migration directly, their data (figure 6A of Middelkoop
et al. 2012) includes posteriorly directed QR cells in mig-21
(u787) mutants (~15-30%), with fewer in unc-40(e1430);
mig-21(u787) (~0-3%), consistent with our results. They also
reported posterior AQR migration in mig-21(u787), which
was abolished in unc-40(e1430); mig-21(u787), consistent
with our results and with their finding that unc-40(e1430);

Anterior QR migration

Y

Posterior QL migration
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Figure 10 Model of MIG-21, UNC-40, and PTP-3 in Q neuroblast pro-
trusion and migration. (A) Genetic interactions indicate that MIG-21,
UNC-40, and PTP-3 are all required for posterior migration. In QL, which
normally protrudes and migrates posteriorly, UNC-40 acts in parallel to
a pathway involving MIG-21 and PTP-3, as unc-40 enhanced both mig-21
and ptp-3, but mig-21 and ptp-3 did not significantly enhance each
other. In QR, which normally protrudes and migrates anteriorly, UNC-
40 and a pathway involving MIG-21 and PTP-3 mutually repress each
other in QR posterior protrusion and migration, resulting in anterior pro-
trusion and migration. Mutations in one pathway resulted in posterior QR
protrusion and migration that was dependent on the function of the
other.
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mig-21(u787) mutants showed little or no mab-5 expression
due to nearly complete anterior QR and QL migration.

unc-40; ptp-3 embryonic lethality

In our genetic analyses, we found that unc-40; ptp-3 double
mutants resulted in embryonic lethality. We did not char-
acterize this lethality here, but ptp-3 has been shown pre-
viously to cause defects in embryonic cell movements in
gastrulation resulting in low-penetrance embryonic lethality
and to act redundantly with other signaling molecules (e.g.,
VAB-1/Ephrin) in this process (Harrington et al. 2002). Our
results indicate that UNC-40 might have a role in gastrula-
tion cell movements in parallel to PTP-3, resulting in embry-
onic lethality in the double mutant.

Our genetic analysis suggests that unc-40(e1430) retains
some function and is a hypomorph. PQR migration defects
were significantly weaker in unc-40(e1430) compared to
unc-40(n324) and unc-40(e271), and an n324/¢1430 trans-
heterozygote was more severe than unc-40(e1430) and resem-
bled unc-40(n324) and unc-40(e271) homozygotes. While
there is no evidence of alternative splicing or alternative exon
use in unc-40, it is possible that this happens at a low fre-
quency that has not been detected molecularly, leading to
functional transcripts in the unc-40(e1430) background.

PTP-3/LAR controls Q migration

The LAR receptor protein tyrosine phosphatase PTP-3 was pre-
viously implicated in Q migration (Harrington et al. 2002;
Williams 2003; Ackley et al. 2005). We found that qid-5
(mu245) (Ch’ng et al. 2003) was a new allele of ptp-3.
mu245 was a premature stop codon early in the ptp-3B
coding region (exon 4), which encodes an extracellular por-
tion of the molecule (Figure 1). mu245 also affects the ptp-3A,
D, and E isoforms. However, these isoforms are not relevant
to Q migration, as ptp-3(0k244), a deletion that affects these
isoforms but not ptp-3B, caused no defects in QL, QR, AQR, or
PQR migration. Thus, ptp-3B is the relevant isoform in Q mi-
gration. One caveat is that the shortest ptp-3C isoform is not
affected by mu245 or ok244, so it is possible that ptp-3C also
contributes to Q migration.

ptp-3(mu245) mutants were significantly more severe than
ptp-3(mu256) mutants in QL and QR migration defects, sug-
gesting that ptp-3(mu256) is a hypomorph. ptp-3(mu256) is
a single nucleotide insertion in the coding region for the first
intracellular phosphatase domain (Ackley et al. 2005), and is
predicted to cause frameshifts and premature stops in all
known ptp-3 isoforms, including the shortest ptp-3C. It is
surprising that a frameshift mutation in a region shared by
all isoforms might be a hypomorph. One explanation is that
the ptp-3(mu256) transcript is subject to nonsense-mediated
mRNA decay, affecting all isoforms and functions of the lo-
cus. It is also conceivable that the mu256 insertion is spliced
out of some transcripts using cryptic splice sites, or that the
intracellular phosphatase domains of PTP-3 are not required
for its function in Q migration, and that despite a premature
stop codon, some PTP-3 is made in ptp-3(mu256), which
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lacks the intracellular domains. Consistent with these latter
possibilities, ptp-3(mu256) animals displayed some anti—PTP-
3 immunoreactivity using an antiserum against the entire in-
tracellular region, including the region before the mu256
insertion (Ackley et al. 2005). In photoreceptor axon path-
finding in Drosophila, the catalytic activity of the dLAR phos-
phatase is not required, but the intracellular domains are
still required to serve scaffolding functions (Hofmeyer and
Treisman 2009).

PTP-3 and MIG-21 might act in the same pathway
in parallel to UNC-40

Genetic data presented here suggest that MIG-21 and PTP-3
might act in the same pathway in parallel to UNC-40. The
ptp-3(mu245) phenotype resembled mig-21(u787) in sever-
ity QR migration defects compared to unc-40(n324) (ptp-3
and mig-21 had more severe QR and AQR defects than did
unc-40), and mig-21 and ptp-3 behaved in a similar manner
in genetic interactions with unc-40. In QL, unc-40 enhanced
both mig-21 and ptp-3, but ptp-3 did not enhance mig-21.
Furthermore, unc-40 reduced posterior QR migration in
both mig-21 and ptp-3, and QR posterior migration resem-
bled ptp-3 and mig-21 alone in the ptp-3; mig-21 double
mutants. Finally, the triple mutant ptp-3(mu245); mig-21
(u787); unc-40(RNAi) was not significantly different than
the ptp-3(mu245); unc-40(RNAi) double mutant. Taken to-
gether, these data suggest that PTP-3 and MIG-21 might act
together in a pathway in parallel to UNC-40.

UNC-40, PTP-3, and MIG-21 can act autonomously
in the Q cells

We found that UNC-40::GFP expressed in the Q cells using the
egl-17 promoter rescued AQR and PQR migration defects of
unc-40(n324) animals. Furthermore, unc-40(RNAi) and mig-
21(RNAI) expressed by the scm promoter enhanced AQR and
PQR migration defects similar to unc-40 and mig-21 alleles
and was not sensitive to sid-1(pk3321). These results suggest
that UNC-40 and MIG-21 act autonomously in the Q cells.
Rescue of ptp-3 mutants by expression of ptp-3B from the
egl-17 promoter active in the Q cells argues that ptp-3 can
act autonomously in the Q cells. However, expression in the
Q cells and the seam cells by the scm promoter did not rescue.
Possibly, the timing or levels of ptp-3B expression from the scm
promoter were not conducive to ptp-3 rescue. It is also possible
transgenic PTP-3B expression on the neighboring seam cells
might inhibit PTP-3B function in the Q cells, possibly through
a homophilic interaction, suggesting a possible nonautono-
mous role of PTP-3B. The sensitivity of scm promoter driven
ptp-3 RNAI to sid-1(pk3321) also hints at a possible nonau-
tonomous role of PTP-3. Thus, the Pegl-17::ptp-3B rescue
experiments argue that ptp-3 can act autonomously in the Q
cells, but ptp-3 might also have nonautonomous roles as well.
Most known roles of LAR have been shown to be or are
presumed to be cell autonomous (for examples, see Srinivasan
et al. 2012; Wang et al. 2012). Our studies indicate that PTP-
3B can act autonomously in the Q cells, possibly as a receptor.
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However, our data hint that ptp-3 might also have a nonauton-
omous role, possibly as a ligand. The transmembrane PTP-3
molecule could play a juxtacrine role, requiring cell—cell con-
tact. It is also possible that the extracellular domain of PTP-3 is
cleaved and serves as a diffusible signaling molecule. Indeed,
the extracellular domain of mammalian LAR is shed in
response to calcium ionophores, phorbol esters, and EGF
receptor activity mediated by the alpha-secretase matrix
metalloprotease ADAM-17/TACE (Aicher et al. 1997; Ruhe
et al. 2006; Haapasalo et al. 2007). These studies show that
ectodomain shedding is important for the regulation of the
intracellular domain of LAR (an autonomous function), but
it is possible that the cleaved ectodomain plays a nonauton-
omous signaling role.

We envision a mechanism in which UNC-40/DCC, PTP-3/
LAR, and MIG-21 act as receptors for an extracellular signal
that controls Q migration, and that these molecules interact
with each other distinctly in QR vs. QL (Figure 10). Our ge-
netic analysis suggests that PTP-3 and MIG-21 are in the same
genetic pathway in parallel to UNC-40. It is possible that these
molecules interact physically as co-receptors in complexes that
regulate responses to anterior—posterior guidance cues.

Many genes have been identified that control early Q
neuroblast migrations, yet none encode a molecule that acts
nonautonomously as a guidance signal. The transmembrane
CUB-domain containing molecule MIG-13 nonautonomously
guides Q descendants in the anterior—posterior axis and is
present on the commissures of motor axons in an anterior-
to-posterior gradient along the animal (Sym et al. 1999), but
MIG-13 does not affect early Q neuroblast migration. Further
studies of genes affecting this process might reveal a signaling
molecule that controls Q neuroblast migration via the parallel
PTP-3/LAR and UNC-40/DCC pathways.
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Figure S1 The mig-21 locus as defined by RNA seq transcript sequencing. Shown is output from the Integrated
Genome Viewer 2.0.15 program which aligned RNA seq reads (grey bars) from L1 larvae at 5-5.5 h post hatching to
the C. elegans genome. The FO1F1.13/mig-21 region is shown, as are the flanking genes FO1F1.12/aldo-1 and
FO1F1.2. Read polarity is indicated by a point at the end of each run, and thin lines between reads indicate that the
read aligned across a putative intron. The hatched box represents the region of exon 1 predicted in Middelkoop et
al., 2012 but that is not represented by reads in this RNA seq analysis.
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TSP1 #1
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Transmembrane

Figure S2 The mig-21 coding region. The DNA sequence of the mig-21 coding region as determined from cDNAs and
transcript sequencing runs on Wormbase, and from our RNA seq analysis. The predicted 5’ and 3’ untranslated
regions and introns are lowercase, and the open reading frame is upper case. A putative poly-A site in the 3" UTR is
underlined. Nucleotide lesions associated with mig-21 alleles are shown in red above the DNA sequence. The
putative polypeptide encoded by mig-21 is shown below the DNA sequence. A potential signal sequence, two
potential thrombospondin type | domains, and a potential transmembrane domain and highlighted in grey.
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mu245: ptp-3B exon 4 A
ACAATCTATGGTTACGCGCACAAGGATATCCGGACTCATATGTCAAGGCGAAGACAGTCGACGGAACCGATCTATCAAC

mu256: ptp-3B exon 12 GA
CTGCCACATATGGAGATATCGAGGTGACACTGTTGGAAAGCGTTCATTTGGCTCATTATACGATGAGAACGATGCGATT

Figure S3 The ptp-3 locus and mutations. A screen shot from Wormbase 229 of the ptp-3 locus with the A-E isoforms
indicated. The sites of ptp-3 mutations are shown, with the corresponding nucleotide changes below.
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Table S1 Data for Q protrusion and migration in mutants. The table contains data for QR and QL protrusion and
migration at three stages: 2-2.5 hours post-hatch when the Q cells have protruded; 3-3.5 h post hatch when the Q
cells have migrated; and 4-4.5 h post hatch, when the Q cells have undergone their first division.

Available for download at http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.112.145706/-/DC1/.
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